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Abstract

:

The demand for high-intensity lasers has grown ever since the invention of lasers in 1960, owing to their applications in the fields of inertial confinement fusion, plasma-based relativistic particle accelerators, complex X-ray and gamma-ray sources, and laboratory astrophysics. To create such high-intensity lasers, free-running lasers were either Q-switched or mode-locked to increase the peak power to the gigawatt range. Later, chirped pulse amplification was developed, allowing the generation of peak power up to   10 12   W. However, the next generation of high-intensity lasers might not be able to be driven by the solid-state technology alone as they are already operating close to their damage thresholds. In this scenario, concepts of amplification based on plasmas has the potential to revolutionize the laser industry, as plasma is already a broken-down medium, and hence does not pose any problems related to the damage thresholds. On the other hand, there are many other aspects that need to be addressed before developing technologies based on plasma-based amplification, and they are being investigated via theoretical and numerical methods and supported by several experiments. In this report, we review the prospects of employing plasma as the medium of amplification by utilising stimulated scattering techniques, such as the stimulated Raman scattering (SRS) and stimulated Brillouin scattering (SBS) techniques, to modulate high-power laser pulses, which would possibly be the key to the next generation of high-power lasers. The 1980s saw the commencement of research in this field, and possibilities of obtaining high peak powers were verified theoretically with the help of numerical calculations and simulations. The extent of amplification by these stimulated scattering schemes are limited by a number of instabilities such as forward Raman scattering (FRS), filamentation, etc., and here, magnetised plasma played an important role in counteracting these parasitic effects. The current research combines all these factors to experimentally realise a large-scale plasma-based amplifier, which can impact the high-energy laser industry in the near future.
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1. Introduction


The demand for high-intensity lasers has increased ever since the development of lasers in 1960 [1], owing to the applications of lasers, ranging from the principles governing optical ionisation processes of individual atoms to the collective reactions of laser-driven plasmas [2,3], such as inertial confinement fusion [4,5,6,7,8,9], plasma-based relativistic particle accelerators [10,11,12,13,14,15,16], complicated X-ray [17,18,19,20] and gamma-ray sources [21,22], or laboratory astrophysics [23,24,25]. In order to produce gigawatt-level (10   9   W) peak power in picosecond (ps) pulses, free-running laser oscillators were Q-switched and/or mode-locked in the 1960s [26]. Later, arrays of laser amplifiers further increased the peak power of gigawatt pulses [27,28]. However, beyond this power, the refractive index of the material varies nonlinearly and distorts the laser pulses [29]. Therefore, practically no advancements were made in the field of laser pulse amplification for almost 20 years until the technique of chirped pulse amplification (CPA) [30] was introduced in 1980. The majority of the high-power laser systems developed after the 1980s utilized the CPA technique to deliver high peak powers (10   6  –10   12   W) at short pulse durations (5–100 femtoseconds (fs)), capable of producing intensities of the order of 10   22   W/cm   2   [31,32]. However, the laser crystal and the stretcher/compressor gratings are crucial components of CPA-based amplifier, which can be easily damaged when operating near their respective damage threshold [33]. Hence, the only method by which to further amplify the laser pulse is the upgrading of crystals and compressors, e.g., through the use of two parallel diffraction gratings [29]. To attain power of the order of petawatt (10   15   W, PW), grating of ∼1 m diameter are required [34], which means that hundreds of such gratings would be required to extend the available power to the exawatt (10   18   W) range [29], making the development of such a system extremely costly and time-consuming, with the major drawback that they are easily harmed by the intensity of light [35]. A timeline of these developments is given in Figure 1.



The use of gases, liquids, and plasmas as amplifying media provides solutions that go beyond the limitations of solid optical materials [36,37,38] and achieve higher laser powers. Although the damage limits for compression systems based on reverse parametric amplification in liquids or gases are substantially greater, the pulse length in such systems is constrained by the phonon period, which is of the order of 100 picoseconds (ps) [39]. Therefore, suggestions to employ plasma as an amplifying medium were introduced, owing to their significantly greater damage thresholds [40,41,42], as they are already ionised matter, and various processes occurring in plasma supports amplification. In addition to serving as an amplifying medium, plasma can also be utilised to manipulate extremely powerful laser pulses [43,44,45,46]. The use of spatially structured plasmas as optical devices is another emerging area of research for the development of plasma-based optics [47,48], by which structured plasmas can be employed as polarizers or Bragg-type mirrors for ultrashort and powerful laser pulses [49]. Even though the area of research in which plasmas are employed for various applications in laser physics is growing fast and has a rich developmental history, the current review is based on the amplification of laser pulses in plasmas, especially via Raman and Brillouin processes in the plasma.



The three-wave energy coupling between a short seed pulse (tens to hundreds of fs) and a relatively longer and stronger pump pulse (of the order of ps or longer) forms the basis for plasma-based amplification and compression techniques. Both laser pulses generally have distinct frequencies and the objective of a plasma-based amplifier is to transfer the maximum possible energy to a short seed laser pulse that travels through plasma, in which an energetic counter-propagating pump pulse serves as the energy source. Collisions between particles are ignored in the most basic description of a plasma, and the particles only interact with one another through averaged magnetic and electrostatic fields produced by plasma currents and charge inhomogeneities. Therefore, a plasma can support two types of electrostatic waves in the absence of any externally applied strong magnetic fields: an electron plasma wave with a high frequency and an ion acoustic wave with a lower frequency, which are known as plasma waves. This plasma wave is used to mediate the energy transfer from the pump to the seed [35] as shown in Figure 2.



When the pulses cross each other, a beat is created at a frequency,    ω  p l a s m a   =  ω  p u m p   +  ω  s e e d    , where,   ω  p l a s m a   ,   ω  p u m p   , and   ω  s e e d    are the frequencies of plasma wave, pump, and the seed, respectively [35]. Resonant backscattering of the pump into the seed happens when the beat frequency is equal to the frequency of an undamped plasma oscillation, i.e., the seed pulse will be amplified at the expense of the pump. Once this process commences, the energy transfer continues even when the intensity of the seed is greater than that of the pump [35]. High-frequency electron Langmuir waves (SRS) or low-frequency ion waves (SBS) are the two possible plasma modes utilized for amplification [50]. Henceforth, the amplification due to SRS will be addressed as Raman amplification and the amplification due to SBS will be addressed as Brillouin amplification. The idea of amplifying laser pulses via instabilities in plasma (SRS and SBS) has been a topic of interest ever since they were identified to serve the purpose of barrier-free amplification [40,41,42,51,52]. However, it has only been explored widely in the recent years [52,53,54,55,56,57,58,59,60,61,62,63], complemented by an increase in efforts to use numerical simulations to optimise the parameters for strengthening these interactions [64,65,66,67,68,69]. In addition to this, the investigation of X-ray Raman amplification [70,71], the use of chirped laser pulses in Brillouin amplification and Raman amplification [69,72], and the investigation of a variety of unique pulse amplification configurations [73,74] has also drawn interest lately, allowing us to broaden the availability of potential amplifying media. The use of these amplification techniques in several fields of research has also contributed to its advancement. For example, at the National Ignition Facility in California, Brillouin scattering has also been employed to transmit energy via the cross-beam energy transfer scheme, allowing researchers to mitigate the adverse effects of the cross-beam energy transfer scheme [75,76,77,78,79,80]. Inertial confinement fusion [81,82,83,84,85,86,87,88,89,90,91,92], as well as wakefield acceleration [92,93,94,95,96,97] has been the subject of in-depth research on both Raman and Brillouin scattering.



Raman scattering and Brillouin scattering have various characteristics that can be utilized for laser beam amplification. For instance, the largest amplification ratios,   E  a m p    (i.e., the ratio of output energy to input energy of the seed pulse) and shortest output pulses are produced by Raman amplification, but it is sensitive to changes in experimental parameters and demands a precise matching of the laser and plasma frequencies [98]. Lower peak intensities or amplification ratios are produced by Brillouin amplification, but it is resistant to parameter changes or frequency mismatches, more effective (as less laser energy is retained in the plasma wave), and better suited for the creation of pulses with a high total power or energy [98]. The current article evaluates the potential of SRS and SBS in the context of amplification of laser pulses because amplified laser pulses are widely used in various fields as mentioned earlier. To address the advantages and drawbacks of SRS and SBS, parameters specific to these processes are quantified in SI units, unless otherwise specified.




2. Stimulated Raman Scattering (SRS)


2.1. Theory


In amplification via SRS (also known as backward Raman amplification), energy is transferred from an electromagnetic wave of frequency   ω  p u m p    (pump) to another counter-propagating electromagnetic wave, which is at a lower frequency of   ω  s e e d    (seed), and the Langmuir wave having frequency   ω  p l a s m a   . Therefore, it is referred to as a three-wave interaction process. The plasma medium is crucial here because, unlike other media supporting Raman processes such as gases or fibres, plasma is an ionised medium (i.e., considered as an "already broken-down" medium), and can endure extremely high intensities [99]. For the Raman interaction to take place, it is essential that the frequency and wavenumber matching conditions are represented mathematically as [100]


   ω  p u m p   =  ω  s e e d   +  ω  p l a s m a    



(1)






   k  p l a s m a   =  k  p u m p   +  k  s e e d    



(2)




and are satisfied. Here,   ω  p u m p   ,   ω  s e e d    and   ω  p l a s m a    are the frequencies of the pump laser, seed laser, and the Langmuir wave, respectively.   k  p u m p   ,   k  s e e d    and   k  p l a s m a    are the wavenumbers of the pump laser, seed laser, and the Langmuir wave, respectively. These conditions ensure that the energy and momentum conservation is satisfied, i.e., it ensures that a driving force in resonance with the third wave is produced as a result of the nonlinear interaction of the other two waves [100]. In terms of the laser wavelength of the pump     λ  p u m p    0   and seed     λ  s e e d    0   in vacuum, the expression for pump and seed laser frequencies can be written as [101]


   ω  p u m p ( s e e d )   =   2 π c    λ  p u m p 0    (  λ  s e e d 0   )    ≈   1.9 ×  10 11     λ  p u m p 0    (  λ  s e e d 0   )  /  ( c m )     s e  c  − 1   ,  



(3)




where, c is the speed of light in vacuum. The electron plasma frequency is close to the Langmuir wave frequency and it is given by [101]


   ω  p l a s m a   ≈  ω e  =    4 π  n e   e 2    m e    = 5.6 ×  10 4     n e   c  m 3     s e  c  − 1   ,  



(4)




where   ω e   is the electron plasma frequency and   n e   is the density of electrons in the plasma, given in cgs units. The propagation of laser pulses is supported by plasmas only if the plasma frequency is lower than the laser frequency [35]. For the seed pulse to propagate in a plasma, the following condition must be satisfied [101],


   ω  s e e d  2  =   4 π  e 2   n  c r     m e   ,  



(5)




and the critical number density of the plasma,   n  c r    is given by [101]


   n  c r   =   π  m e   c 2     e 2     λ  s e e d  2   0    .  



(6)








2.2. Factors Limiting Raman Amplification


2.2.1. Forward Raman Scattering (FRS)


The FRS instability of the pump is one of the primary drawbacks of existing backward Raman compressors and amplifiers [100]. In gases, FRS typically grows more quickly than the backward instability. The efficiency of the laser pulse compression by backward Raman scattering is severely constrained by the adverse forward-to-backward asymmetry of Raman gain.




2.2.2. Langmuir Wave Breaking


The energy fraction,    ω  p l a s m a    ω  p u m p     (the energy lost by the laser pump) is acquired by the Langmuir wave in the aforementioned resonant three-wave decay process. This process takes place at a specific spatial location for a short period of time which is equivalent to the duration of the amplified pulse as it passes through the plasma [101]. The Langmuir wave keeps the acquired energy for this duration, assuming no damping happens in such a short period. The transmission of pump energy to the backward propagating seed is facilitated by the Langmuir wave and this continues until the Langmuir wave can contain this energy. However, the phenomenon of wave breaking restricts the energy density of the Langmuir wave that can be supported by the plasma. When the electron quiver velocity in the wave approaches the phase velocity of the wave, the Langmuir wave breaks. This phase velocity of the wave is given by [101]


   υ  p h a s e   =   ω  p l a s m a    k  p l a s m a    ≈   c   ω  p l a s m a     2  ω  p u m p     .  



(7)







At wave breaking, the Langmuir wave energy density is given by [101]


   D  l a n g w b   =    n e   m e   υ  p h a s e  2   2   



(8)




and the energy density of laser pump at the limit of wave breaking is given by [54]


   D  p u m p   =  D  l a n g w b     ω  p u m p    2  ω  p l a s m a     .  



(9)







From this equation, it can be inferred that the pump slice losing energy within a specific plasma layer is twice as thick as this layer, which accounts for the factor 2 in the denominator. Consequently, the pump intensity at the Langmuir wave breaking threshold can be expressed as [101]


   I  w b   = c  D  p u m p   ≈    n e   m e   c 3   ω  p l a s m a     16  ω  p u m p     =  I m      n e   n  c r      3 / 2   ,  



(10)




where    I m  ≈    n  c r    m e   c 3   16   . When the conventional three-wave decay mechanism is considered, only a fraction of the pump energy (   I  w b   /  I 0   ) is consumed at pump laser intensities greater than the wave-breaking threshold (   I 0  >  I  w b    ) [54]. As a result, backward Raman amplification regimes where    I 0  <  I  w b    , described by the hydrodynamic or fluid description, must be considered to prevent Langmuir wave breaking.




2.2.3. Other Factors Limiting Raman Amplification


It is crucial to note that the archival literature goes into considerably more detail about both the adverse consequences discussed in this quick guide and those that are not. These include the production of superluminous precursors of the amplified pulse [102], pulse scattering by plasma density inhomogeneities [103], and parasitic effects of plasma noise on the Raman scattering of the pump and amplified pulses [29,54,58,104,105,106]. By choosing the right seed parameters, such as the seed duration, intensity [107], and the chirp of the seed [57], advantageous compression regimes are achievable. Additionally, the effect of relativistic electron nonlinearity on filamentation and detuning of amplified pulses are explored in detail [108,109,110]. Additionally, a detailed description of the robust operating regimes in density-temperature space has been provided [111]. Pulse depletion and plasma heating by inverse Bremsstrahlung are the two other topics discussed [112,113,114,115,116,117] with regards to this topic.





2.3. Mitigating the Limiting Factors of Raman Amplification


Over the past three decades, a great deal of research has been done on SRS in plasma [118,119,120]. The initial driving force for research was the need to comprehend the parametric instabilities that appeared in laser-driven fusion tests [76]. Raman amplification is only observed below the density ratio    n 0  /  n  c r   < 0.25   and it is forbidden for the energy densities beyond this value. There are linear and nonlinear regimes for Raman backscattering (RBS) amplification [121]. The gain is independent of the seed intensity in the linear domain and the pump depletion is minimal. Pump depletion and the accompanying temporal compression of the amplified pulse define the so-called “pulse regime”, which is a nonlinear regime. In this domain, Raman amplification and compression of ultrashort pulses in the plasma allows intensities to reach 10   20  –10   21   W/cm   2   in a small laboratory-scale device and an unmatched intensity of 10   25   W/cm   2   using PW-class lasers [122]. Such intensities open new research directions and results in useful applications such as laser wakefield accelerators, X-ray lasers, or fast ignition for inertial fusion [123].



Even though earlier studies related to Raman scattering aimed at understanding the instabilities occurring in the laser-driven fusion experiments [76], SRS improved the understanding of the process, leading to the establishment of a potential compact plasma-based amplifier/compressors that could provide PW laser powers [124]. Two regimes—the linear regime and the wave breaking regime are considered in SRS, whereas the linear regime of SRS is considered unsuitable for the amplification of ultrashort and ultraintense pulses due to pulse lengthening [29] and autoresonance [125], the wave breaking regime is potentially suitable for obtaining ultrashort, ultraintense laser pulses [126]. Investigations on the FRS of short-pulse relativistic-intensity laser pulses was carried out by deriving the differential equations that models the instability for a large pump and shows that the growth rate asymptotically approaches zero for ultrarelativistic intensities under some relevant conditions. The two initial conditions considered in [92] shows that there is an amplification of any noise by a factor of   10 4  . Reports on the measurement of the Raman backscatter produced by laser plasma interaction where the laser focal profile of the beam was smoothed by induced spatial incoherence (ISI) showed substantially less Raman backscatter than when a regular beam (without any smoothing) was used [127]. The commencement of the Raman scattering produced with an ISI smoothed laser beam was predicted well by a convective model that accounts for the instantaneous focal pattern. The backscattering measurements from plasmas produced by a short wavelength (351 nm) laser show clear thresholds and low-level saturation for the two plasmon instability, as well as for the absolute and convective Raman instabilities. The convective Raman instability occurs over a density range of   0.2  n c    to   0.5  n c   , and the scattered light spectra indicate the steepened density profile at the quarter critical density [82].



The relevance of stimulated scattering in backward and forward directions and self-modulation for an intense laser beam propagating in a plasma is assessed under conditions that are expected to be optimum for a plasma compressor. Two-dimensional simulations for calculating the small gain of the stoke pulse for various plasma parameters revealed that these processes should not seriously deplete the pump beam energy if the scattered waves are initially at the noise level, for the plasma compressor condition, and the self-modulation and filamentation does not alter the spatio-temporal qualities of the beam [128]. Later, amplification due to SRS was theoretically investigated by different research groups around the globe. All these investigations mainly used the three-wave interaction model and the PIC simulations for understanding the phenomenon behind SRS. Different effects such as wave breaking, field generation, and Landau damping limits Raman amplification [115]. However, the intensity obtained by Raman amplification, is limited to 10   17   to 10   18   W/cm   2   in these cases. Beams with larger unfocused beam diameter when focused to a small focal spot of the order of a few  μ m to tens of  μ m, can enhance the capability of Raman amplification to achieve intensities of the order of 10   22   W/cm   2  , which are important when considering experiments in the relativistic regime [100]. However, this may lead to effects such as filamentation and self-focusing. A simple three-wave model and PIC code was used to study Raman amplification away from wave-breaking and particle-trapping regimes [129]. The three-wave model is in good agreement to a fully kinetic PIC code for a particular peak probe intensity. The three-wave model allows simple calculations, and it allows us to modify a relatively reduced calculation compared to the PIC. The three-wave model also allows us to include effects like heating (reducing pump depletion without significantly reducing the probe amplitude) and collisional effects, with reduced efforts, whereas the PIC codes in general do not include these type of effects. A new theoretical model for the interaction between two counter-propagating laser pulses in an unmagnetised plasma was put forward by a group of researchers in 2009 [130]. Pulse compression and pulse-amplification mechanisms are explored through a one-dimensional fluid model for RBS. Amplification is obtained by transferring energy from a long pump pulse to a short seed pulse via the Langmuir plasma wave. In this theoretical model, changes in amplification were observed in accordance to the intensity profile of the pump pulse. A Gaussian and a ring intensity profile were considered in the simulations, wherein a highly certain intensity profile of the pump laser having a moderate total power, played an important role to provide better compression and amplification. A 50-fold pulse compression and greater peak power was obtained in these simulations, allowing the realization of a table top amplifier with peak intensities which are far beyond the abilities of the current CPA-based amplifiers [130].



The variation in the output intensity of the Raman amplifier due to FRS, modulational instability and Langmuir wave breaking are studied by using PIC simulation with Zohar code and a method of using intense seed pulse to simultaneously photo-ionize the plasma with its amplification was described in [131]. It was found that for an electron temperature,   T e   = 200 eV, plasma density lies between the threshold predicted in [132] and the breaking threshold for a cold plasma [131]. A saturation amplification was obtained at an intensity of ∼10   17   W/cm   2   at the optimal plasma density. The obtained amplification was in the form of the amplified pulse breaking into two lobes and a ceasing pump depletion. It was also verified that the seed achieves its maximum amplification when operating near the wave-breaking limit and the seed amplification decline quickly with declining density. The characteristics of the laser amplification by SRS and pulse compression characteristics during the amplification process was formulated by using a 1D fluid model [133]. Amplification is achieved through two stages i.e., by linear and nonlinear regimes in which the peak amplitudes grows exponentially and linearly respectively. The time evolution of compression of the first half of the seed and the rear half shows that broadening and compression phases are common but their behaviours are distinct. These results indicates that the efficiency of amplification is larger for the larger pump intensity and higher plasma density [133]. Furthermore, it was reported in [113] that powerful laser pulses could be effectively compressed through backward Raman scattering in plasmas with densities similar to low-density solids, i.e., ∼8.2 × 10   20   cm    − 3   . This work numerically examines the regions where the damping is strong (known as the quasitransient regime) with a simple model that considers major effects like RBS, relativistic electron nonlinearity, and Landu damping, indicating that the compression of powerful laser pulses in ionized low-density solids can be highly efficient [113]. Another investigation on the basis of a three-dimensional three-wave interaction model revealed the details of the transverse filamentation for seed pulse propagation in the  π  limit [68]. Reducing unnecessary plasma processes during the generation of ultraintense, ultrashort laser pulses by parametric processes in plasma leads to operational limits explained by filamentation. The applicability of three-wave interaction model is discussed by comparing 1D pulse forms with those obtained from 1D PIC simulations and Vlasov simulations. Kinetic simulations show that the leading pump pulse creates situation similar to those obtained from three-wave interaction model even though wave breaking happens. Vlasov simulations [134] show that wave-breaking criterion does not cause much disadvantage to the filamentation-free leading pulse propagation because the first pulse of the  π  pulse is more affected by the succeeding oscillations than the wave-breaking criterion. PIC simulations also supported the investigations on Raman amplification and compression of nanosecond (ns) laser pulses to ps duration [106]. The optimal pump and probe durations were found to increase with decreasing pump intensity for a constant pump-to-probe compression ratio. In addition to this, the relative importance of the undesirable instabilities remains the same (pump RBS and probe FRS) or even decreases (filamentation and modulational instability) with decreasing pump intensity. It was also found that the energy transfer efficiency of up to 60% was achieved, thereby allowing the Raman amplification in plasma to produce ps pulses with large energy and moderate intensity. Such pulses can be widely employed for a variety of high-energy density physics applications, including fast-ignition inertial confinement fusion [135] and radiographic diagnosis of dense plasmas by using X-rays and protons [136]. The first large scale multidimensional PIC simulation of the Raman amplification process predicted the ability to achieve multi-PW powers by using Raman amplification [59]. This technique is scalable at short wavelengths, allowing the compression of X-ray free electron laser pulse to attosecond duration. From these simulations, in general, it was discovered that more effective amplification results from raising the pump intensity and/or plasma density. However, this will also induce the growth of unwanted instabilities of both pump and seed and leading to reduced focusability. These issues narrow the parameter windows for effective Raman amplification. However, a parameter regime in which a 4-terrawatt (TW), 700  μ m FWHM, 25 ps laser pulse at 800 nm can be amplified to 2 PW peak intensity with 35% efficiency was reported in [59]. A theoretical simulation using 3D PIC simulation showed that SRS can generate and amplify twisted pulses to PW intensities in plasma [124]. The final intensity of the seed pulse of the order of 10   17   W/cm   2   and the seed laser spot size of the order of 1 mm, indicates the production of PW class twisted laser with orbital angular momentum (OAM). Simulations showed that the Raman amplification can also operate in the absence of exact frequency and wavenumber matching between the seed and pump as long as the seed is short enough for its Fourier components to still satisfy k-and- ω  matching conditions [124]. An alternate method to use plasma wave seed instead of counter-propagating laser seed in Raman amplification was proposed in 2017 [74]. Here, the seed pulse and the plasma wave (Langmuir wave) produces the same output as that of counter-propagating waves. It was found that in the nonlinear regime, for the corresponding laser seed, the output pulse reaches self-similar attractor solution [55]. Chirping the seed pulse frequency provides the same efficiency as chirping the wavelength of the plasma wave. The proposed method provides a great experimental advantage because it avoids the production and synchronization of the frequency shifted laser seed. This technique assures that the new method is a good alternative for implementing high-intensity laser compression in plasma with a specific advantage concerning the timing of the pulses. The Raman seed pulse amplification in 1D backscattering geometry using numerical simulations and analytical calculations were investigated elsewhere [64]. The results of three-wave interaction acquired from the PDE2D code [64] was compared with the new Vlasov code. For the linear stage of amplification, there is a lower limit for the pulse width of the seed for direct amplification. The smallest possible pulse width of the seed depends on the pump strength and the plasma density. With a fixed plasma density, the pulse produced during the initial period will be further amplified and may develop into a self-similar pulse solution in the nonlinear (pump depletion) regime [64]. Experimental investigation on the effect of chirp of the pump on Raman amplification is presented in plasma [137], where the chirp of the pump leads to a spatio-temporal frequency distribution of the gain. The effective interaction length was restricted to   π ∣  γ 0  / 2 α ∣   and gain was proportional to pump intensity. The measured scaling was corroborated to the evidence that super-radiant growth of the seed pulse occurs in a linear chirped pulse Raman amplifier. In view of this research, it can be inferred that chirped pulse Raman amplification (CPRA) is capable of controlling the amplification process from Raman linear regime to the Raman nonlinear regime or Compton regime, and it has the potential to serve as a high-efficiency, high-fidelity amplifier/compressor stage for high-power laser amplifiers.



Unprecedented ultra relativistic laser intensities can be achieved by compressing a powerful laser pulse by using backward Raman amplification (BRA) in plasma, followed by vacuum focusing to a small spot size [100]. Inhomogenity in the plasma density during BRA causes laser phase and amplitude distortions, limiting the focusibility of the pulse. Using a phase conjugated laser pulses helps to maintain the focusability in the nonlinear pump depletion regime of BRA [138]. Noise suppression and enhanced focusability in the plasma Raman amplifier with multi-frequency pump was reported elsewhere [139]. Amplification by resonant RBS in plasmas represents one of the most promising ways to generate ultraintense short laser pulses. According to numerical calculations, additional chirping of each of the beams mitigates Raman instability and these findings propose ways to implement the plasma Raman amplifier by using the multiple-beam pump. First, in uniform plasma, temperature fluctuations and seed precursor instabilities have little impact on focusability. Two beams with a frequency difference of   Δ ω ≈ 0.1 γ   are already enough, as demonstrated by numerical simulations [139], to prevent large-scale speckles in the pump construction and offer nearly optimal focusability with   η > 90 %   efficiency. The second reason for using multiple-beam pumps is to decrease plasma temperature variations. A large number of beams are needed to disperse pump energy over a wider bandwidth, which scales as   1 /  N   , and limits Raman instability. Distributing pump energy over a wide bandwidth may cause poor absorption by the intended signal, resulting in inadequate amplification. Seven to ten beams scattered over the spectral width   Δ ω ≈ N γ   were found to restrict thermal fluctuations while retaining signal amplification gain. Moreover, if a strong seed is utilised in the beginning of contact, the number of beams and pump bandwidth can be enhanced. It was also found that tuning the chirp of the pump can improve Raman amplification of undesired signals if the optimal chirping parameter (q) is not too high and enough chirping is provided to stabilise plasma temperature fluctuations and parasitic seed precursor amplification. Given these limits, the optimal chirping parameter is   q ≤ 0.1  , which is substantially lower than the value expected for homogeneous plasma. In light of all the findings, a mixed pump that superimposes laser beams with slightly varied frequencies is suggested as a promising method for amplifying ultra-intense laser pulses by RBS. Even with thermal fluctuations and seed precursors, a mixed pump is found to transmit ∼50% of the entire energy of the pump beam into the amplified pulse.



Investigations into the wave-breaking regime of Raman amplification are significant for increasing the intensity of a laser pulse [126]. Earlier studies of the Raman amplification reveals that the conversion efficiency would increase until the wave-breaking threshold, after which an increase of the pump intensity results in a decreased efficiency. Previous analytical predictions, Vlasov–Maxwell simulations and PIC simulations were compared in [126] by using a new 2D PIC simulation. This reveals that when the pump intensities go over the wave-breaking barrier, conversion efficiency drops monotonically. The effect of heating in the wave-breaking regime was investigated by using a three-wave model, leading to the identification of new regime in which a probe pulse may be compressed and amplified without significantly depleting the pump because of a shift in plasma resonance caused by heating the plasma. In the damping-dominant regimes, inverse Bremsstrahlung dominates at high densities and plasma preheating can increase the growth rate. Thermal effects can reduce the maximum achievable effciency due to a decreased wave-breaking limit at a finite temperature [115]. The coherent wave-breaking (CWB) regime of Raman amplification was identified in [140], where amplification occurs after the start of wave breaking and before the destruction of coherent coupling between the seed, pump and plasma wave due to phase mixing. Due to this, the amplification in this region has a transient effect. The CWB regime can be accessed by using short and intense seed pulses. The parameter scans reveal a clear distinction in behaviour between the below wave-breaking regime, where energy transfer efficiency is high but total energy transfer is low, and the wave-breaking regime, where efficiency is low, and CWB, where moderate efficiencies allow highest total energy transfer. Laser compression by SRS in a plasma with a time span compared to the time needed for the filamentation instabilities to occur was reported in [54]. The optimum regime for pulse amplification is the near-threshold region, which combines the maximum possible energy with maximum possible efficiency. At the wave-breaking limit, the compression efficiency can reach up to 100% [54]. This method reduces the costs related to building an ultrahigh-energy laser because large energy fluxes without beam filamentation can be sustained in this regime.



Generally, the seed pulses used in Raman amplification does not have enough intensity to reach the nonlinear optical regime. Consequently, there will be a longer stretch of an inefficient linear regime for the amplifier [137,141]. Following the method suggested in [142], this can be rectified by commencing amplification at focus where the seed effectiveness is maximum. The new geometry proposed increases the allowable pump energy keeping the seed pulse requirements unchanged and eliminates the difficulties in the seed ionisation scheme. This geometry utilises a multi-kilojoule pump pulse with sub-millijoule seed pulse to obtain very high pulse powers with only FRS and filamentation of the amplified pulse as limitation. In this scheme, a seed pulse of 0.3 mJ was amplified to ∼1.2 J, where FRS and filamentation were the only limitations. The progress on developing a plasma amplifier/compressor based on Raman scattering was reported in [62]. Here, a millijoule seed pulse was generated by using an external Raman gas cell, and the generated seed pulse was redshifted. To eliminate the angular spray of the amplified seed, the upper limit of the pump intensity is determined by the interaction between the shifted ps seed pulse and the ns pump pulse in a gas jet plasma. Raman amplification in this work was considered to be a function of pump and seed intensities. Even though the Landau damping was present, amplified pulse of energy up to 14 mJ was demonstrated. Saturation of amplification was detected when the seed energy was increased. PIC simulations shows that the saturation effect can be used to minimise the RBS loss for multiple crossing beams and the simulations also suggested that shorter seed pulses will be more helpful for overcoming the saturation and for efficient laser amplification and compression [62]. A 25 ps, 4 TW laser pulse was compressed to 25 fs, 1.5 PW by using PIC simulation [143], and for these optimal parameters, Raman amplification was supposed to be extended to centimeter-wide spot size, allowing the generation of 300 PW laser pulses as short as 30 fs.



Raman processes were also reported in various reports involving laser wakefield acceleration (LWFA). The stimulated Raman side scattering (SRSS) (which occurs at the beginning of the laser–plasma interaction, contributing to the evolution of pulse before the formation of wakefield) of an ultrashort high-power laser and the relativistic shift in plasma frequency was investigated in the plasmas created in LWFA [93]. The electron beam quality is decreased due to the excessive involvement of SRSS. A spatially resolved measurement of the intensity of the laser upon propagation through plasma indicates a prominent Stokes shift due to SSRS. SSRS contributes to reshaping the laser pulse to the matched pulse duration. It was found in this investigation that an improved focal spot quality, which is comparable to the matched spot, can increase the beam quality. Simultaneous measurements on high-energy electrons and plasma wave characteristics had been conducted in a self-modulated laser-wakefield accelerator, where acceleration of   10 8   electrons up to an energy greater than 1 MeV with a peak energy of approximately 30 MeV was observed from the background plasma [144]. A strong relation between the amplitude of the plasma wave and electron production with evidence of wave breaking was observed in this experiment, in which the electrons were accelerated in a self-modulated LWFA (SM-LWFA) at a relatively low power (2.5 TW). The optical diagnostics in the experiment indicated the presence of highly nonlinear, large amplitude plasma waves. The numerical simulations showed that the plasma electrons are pre-accelerated to a sufficient energy to be trapped by the high-phase velocity wakefield by the low-phase velocity beat waves generated by RBS. Both simulation and experiment shows that the acceleration and trapping of electrons heavily depend on the wakefield amplitude [144].



Raman amplification has great importance in the scientific field not just for amplification purpose but also other applications such as beam cleaning in plasma [144]. If the correlation time of the pump laser is longer than the inverse plasma frequency, backward Raman amplification in plasma can effectively compress a temporally incoherent pump laser into an intense, coherent amplification seed pulse. The noise-seeded instabilities such as filamentation and spontaneous scattering can be suppressed by the use of a moderately incoherent pump and this indicates that parametric plasma amplification with quasicoherent sources like free electron lasers (FELs) is technically possible and a means of enhancing the coherence of X-ray sources. Compared to SRS in the linear regime, Raman amplification is far more robust to incoherence and enables amplification to relativistic intensities with pump correlation times on the scale of the inverse plasma frequency. The robustness of Raman plasma amplifiers and the scheme of creating attosecond pulses from RBS in under-dense plasma was investigated in [145]. The output ∼300as with energy similar to the fourth-generation sources were created in the PIC simulations used in these investigation. Amplifying ultrashort laser pulses (200 fs) in microcapillary plasmas by counter-propagating pumping beam was reported in [146], where a 5 times increase in energy was observed. The parameters of this experiment support not only the amplification of the pulse but also an utterly rising instability, if the pump is not exhausted. Hence it is crucial to have entered a nonlinear pump depletion regime. In order to differentiate the anticipated spatio-temporal pulse evolution in this regime, there was not enough time resolution and evidence of pulse intensities that were significantly higher than the pump intensities. Non-ideal effects, such as defocusing, density inhomogeneities forcing the interaction off resonance, or damping effects, continue to make it difficult to develop a quantitative theory. Hence, this experiment is viewed as a first step toward showing how an ultrashort pulse might enter the pump depletion phase. It was demonstrated that the amplification decreased as the energy of the seed pulse increased because there was very little pumping energy available during this brief time window. Additional research on micro capillaries ∼200 mm long confirms the hypothesis of short interaction lengths, and the findings indicate agreement between the observed amplification and the linear growth rate [147]. Therefore the studies suggest that spatial impacts, both transverse and longitudinal, must be taken into account as interaction length increases. The preplasma must be completely ionised or have an ionization level high enough for the pumping pulse to ionise in order to eliminate problems such as ionization-induced defocusing. It would also be necessary to guide the laser pulses if the interaction length was more than the Rayleigh length, making the laser-produced plasma in microcapillaries inapplicable for amplifications. In Raman amplification experiments, alternative plasma-generating techniques such as discharges and laser sparks can also be used [147]. RBS and amplification was demonstrated in a gas-jet plasma [148]. Plasma density gradients can sometimes widen the band width of the RBS, which is constrained to double the linear growth rate. It has been noted that a 500 fs counter-propagating seed pulse is amplified by a factor of two. Two significant changes were introduced to the experimental setup from the previous microcapillary investigations mentioned in [147], enabling simultaneous plasma density measurements for the Raman resonance by swapping the microcapillary plasma for a high-pressure gas jet plasma and lower plasma density. The matching density is reduced by more than an order of magnitude, and the inverse Bremsstrahlung absorption (  ∝    n e   2   ) is decreased by two orders of magnitude by using a new pair of laser wavelengths. Hence the laser pulse damping is significantly reduced as compared to the microcapillary experiments. Amplification via gas-jet plasma (   n e  ≈ 1.3 ×  10 19    cm  − 3    ) and microcapillary plasmas (   n e  ≈ 1.1 ×  10 20    cm  − 3    ) produced an amplification of up to eight and two, respectively. The inhomogeneity of the plasma density was the main cause of the low amplification. The experiment was refined further by increasing the seed intensity, fine-tuning the spatial and temporal overlap between the seed and pump, and increasing the axial uniformity of the plasma density in order to produce greater amplification. By using the resonant Raman (occurring at the corresponding wavelength with different plasma densities) technique in a gas-jet plasma, it was found that short laser pulses can be amplified up to 95 times. The bandwidth of the amplified pulse widens as it is amplified. Shorter output pulses lead to more amplification, as per the pulse duration measurements with a single point autocorrelator. To show resonances at various densities, a broad-bandwidth seed was used. Substantial amplification is an important step toward achieving the nonlinear depletion regime and, ultimately, a workable technique for amplification of ultrashort laser pulses, even if the observations in [60] have not yet confirmed the onset of the nonlinear depletion regime.



Superradiant amplification (SRA) of ultrabrief laser pulses was demonstrated for the first time in [149]. The term SRA suggests that the pump pulse is coherently backscattered by all involved plasma electrons. The SRA mechanism is appealing as the last amplification stage of a CPA laser system because of the excellent focusability of the amplified signal pulse. A weak input signal pulse is initially amplified in the Raman regime until its strength rises to the point at which it enters the SRA regime, according to the results. By tightly focusing both pulses, the input signal intensity can be increased, thereby approaching the SRA regime in a short span of time. The amplification begins within the short Rayleigh length and moves into the diverging beam in this method, dispersing the energy over a larger area while maintaining the intensity below the relativistic level, making this technique suitable to attain PW powers. A counter-propagating fs laser pulse and a frequency-modulated broadband pump pulse with the same carrier frequency are used in an experimental demonstration for amplifying a fs pulse via SRS in a dielectric capillary filled with gas plasma [150]. The increase in spectral intensity by a factor of 10   3   and output energy ratio by a factor of 10   2   were the values obtained for amplification at the time of these investigations. The high level of pump-frequency modulation and plasma wave breaking prevented the utilization of the benefits of the capillary waveguide and achieving the nonlinear amplification regime with a high gain in their experiment. By lowering the pump-frequency modulation level and detuning the seed and pump carrier frequencies, the negative effects of these parameters were significantly decreased. As a result, the plasma concentration and, consequently, the plasma wave-breaking threshold, was raised. Therefore a hydrodynamic mechanism for plasma-wave breaking was suggested as the mechanism playing a significant role in the amplification restriction in the scheme under consideration based on experimental data and the outcomes of theoretical calculations.



Previous studies showed minimal amplification in gas-jet plasmas and short microcapillaries [147,148]. Recently, a plasma produced in a 2 mm long gas jet with an effective (i.e., with the right density) plasma length of ≈1–1.5 mm was shown to have an energy amplification of almost 100 times [60]. Amplification of energy up to ∼100 times [150] was observed in similar experiments, wherein the results were partially attributed to Compton scattering [151]. However, the vast majority of the amplification, appears to be in the resonant domain, as in other early investigations. It was reported that the Raman backscatter interaction in a 2-mm-long gas-jet plasma increased the strength of a sub-ps laser pulse by a factor of up to 1000 [123]. The intensity of the amplified pulse was more than an order of magnitude greater than that of the pump pulse as Raman amplification entered the nonlinear region. Gain saturation, bandwidth broadening, and pulse shortening features peculiar to the nonlinear regime were reported. The results were qualitatively consistent with simulation and theory. Successful improvement in the efficiency of the amplifier system was reported in [63]. A total of 6.4% of energy was transferred from the pump to an ultrashort pulse (50 fs), which was higher by a factor of 6 than previous reports [60,123] had found. To achieve this, a plasma with a sizable density gradient and a double-pass design was used to produce an unprecedentedly huge intensity amplification of nearly 20,000 times in a plasma of just 2 mm in length [123]. Additionally, this method not only enables the short pulse to draw more energy from the pump but also to continue compressing it to achieve very high output intensities, for instance, from 500 fs down to 90 fs in a single pass and even lower to 50 fs in a two-pass experiment [63]. In fact, intensities of the order of 10   24  –10   25   W/cm   2   is theoretically possible by employing a much larger pump laser and plasma (i.e., plasma with greater diameter and length) [54,152].



Even though several improvements in SRS were achieved, no experimental evidence of SRS was available for investigations on using a plasma waveguide for amplification of laser pulses, until its first appearance in [141]. Amplification of more than 900 times was reported when a 9 mm plasma waveguide was employed. However, the main challenges of using a plasma waveguide as an amplifier are the restrictions on the pulse duration and heating of the waveguide caused by the pump pulse. If the SRS regime is achieved, both restrictions may be relaxed as frequency matching is not necessary for SRS. On the other hand, the ability of the pump pulse to taper the on-axis density can be used to inhibit the near-FRS [105] of the amplifed seed pulse and the superluminous precursor [102] in a high-power amplifier. Pumps with ns pulse duration are prone to instabilities, such as filamentation, resulting in beam spray [153], due to the longer laser-plasma interaction time and reduction in the optical quality of the amplified pulse. The Raman scattering growing from thermal noise caused by these ns pumps also competes with the seed pulse. Even in a plasma amplifier designed for heating the plasma by using a ns-long pump results in significant Landau damping of the plasma wave. Understanding the coupling of multiple laser beams in inertial confinement fusion experiments, where the individual beams undergo SRS in the target interior, and the associated scatter can further be amplified as it crosses other beams after exiting the target, requires research on Raman amplification in a high-temperature plasma with strong Landau damping [154].



Raman amplification in a reasonably hot plasma with dominant Laudau damping using a ns pump pulse was demonstrated in [62]. As the seed energy rises, amplification approaches saturation. PIC simulations indicate particle trapping as the mechanism is compatible with the saturation. The loss via RBS of the numerous crossing beams employed for the indirect drive ignition of fusion processes may be reduced because of this saturation effect [154]. A shorter seed pulse may also be useful to get past the observed saturation and enable more effective Raman amplification and compression of laser pulses, according to the PIC simulations. In a Raman plasma amplifier, the goal is to produce plasma conditions where RBS is the fastest-growing instability, outpacing all rival effects such that, by leveraging that instability, a laser beam can be amplified and compressed to ultrahigh unfocused intensities. However, experimental results show that using this approach to achieve high efficiency is quite challenging. According to recent findings, SRS, SBS, and stimulated electron-acoustic scattering (SEAS) all occur simultaneously [155]. It is difficult to explain the presence of SEAS without noting the interaction between SRS and SBS. SEAS is a sign of substantial particle entrapment [155]. Raman amplification of short seed pulses with various chirp rates were examined in [156] by employing a chirped pump pulse in a plasma waveguide. The experimental findings were supported via PIC simulations, where slowly fluctuating amplitudes were considered. Electron entrapment and wave breaking were observed when the seed energy reaches several millijoules over periods of tens to hundreds of fs for 250 ps, 800 nm chirped pump pulses. These key saturation mechanisms result in spectral broadening and gain saturation. This also limits efficiency and inhibits access to the nonlinear zone. Observation and measurement of SRS occurring via the interaction between a large underdense, preformed plasma and an intense sub-ps laser pulse was investigated in [95]. The results were in agreement with the theory of the time-integrated reflectivity [157]. As the intensity of the interaction beam approaches 10   16   W/cm   2  , the SRS reflectivity increases and saturation was observed for the values greater than 10   17   W/cm   2  . These results suggest that short pulse driven SRS can be explained by the linear theory of three-wave parametric instabilities arising from thermal equilibrium noise [158]. Amplification of a 1 mJ, 1 ps, 1200 nm seed laser by a 30 J, 12 ns, 1054 nm pump beam in a low-density plasma was reported in [159]. When the plasma is close to the resonant density for SRS (compared to the measured transmissions at wavelengths just below the resonant value), the transmission of the seed beam is increased ∼25 times and amplification increases with increasing the pump intensity and plasma density. The simultaneous amplification and compression of an input pulse by using SRS in a millimeter-scale plasma to increase its intensity by more than two orders of magnitude is described in [63], where a double pass provided more amplification and compression of seed pulses. This method can be easily expanded upon in the future with a multi-pass, cavity-like architecture, making it possible to create a brand-new generation of ultrahigh-intensity laser systems that are compact and affordable.





3. Stimulated Brilliouin Scattering (SBS)


3.1. Theory


A three-wave coupling interaction between two electromagnetic waves and an ion-acoustic wave is referred to as SBS [160]. This is equivalent to the process in which an incident laser photon (frequency =   ω  p u m p    and wavenumber =   k  p u m p   , respectively) decays into an ion-acoustic wave (phonon) (with frequency =   ω  I A W    and wavenumber =   k  I A W   ), and a scattered photon (with frequency =   ω  s e e d    and wavenumber =   k  s e e d   ), which moves roughly opposite to the direction of the incident laser [161]. It is evident here that the effective transfer of energy in this process involves frequency and wavenumber matching requirements given by [50]


   ω  p u m p   =  ω  s e e d   +  ω  I A W    



(11)






   k  p u m p   =  k  s e e d   +  k  I A W   .  



(12)







SBS is an instability that amplifies both the scattered wave and the system’s inherent low-frequency mode [162,163]. However, the presence of an incident electromagnetic pump wave significantly alters the acoustic mode for sufficiently strong electromagnetic waves, as in modern laser-plasma interaction experiments relevant to laser fusion [163]. This happens for intensities where   ω  I A W    is greater than the traditional growth rate, i.e.,   γ 0  . Thus, stimulated scattering in this regime is known as SBS in the strong coupling mode or quasimode (sc-SBS) [164,165]. The modified low-frequency mode involved in the three-wave process is not a natural mode of the system without the pump wave; hence the term quasimode. The collective ion-acoustic wave serves as an intermediary in weak coupling (wc-SBS), whereas a driven mode is responsible for energy transmission from pump to seed in strong coupling. The equation for density perturbation (where the weakly coupled and highly coupled Brillouin scattering models diverge) is described by the three-wave interaction. The plasma density equation contains a first-order time derivative in the weak coupling regime, whereas a second-order time derivative is present in the strong coupling regime. Reaching the nonlinear stage, where the amplitude and width of the seed are driven by a self-similar behaviour, is a crucial issue for both amplification strategies [66,166,167].



The ponderomotive force (given by    F p  =   −  e 2    4 m  ω 2    ∇  (  E 2  )   ) produced by counter-propagating laser beams drives the charged particles to regions of lower intensity in a light field with a slowly varying envelope [168]. Here,  ω  is a high-frequency oscillation, E is the strength of the electric field, and e and m are the charge and mass of the particle, respectively. Although both ions and electrons are affected by the ponderomotive force, the changes in ion density arise from the response of the ions to the electrostatic field of the displaced electrons [168]. The electrostatic force on the ions is    m i  /  m e    times greater than the direct ponderomotive force because it is equal to the electrostatic force on the electrons, which should balance the ponderomotive force on the electrons [168]. As a result of this pondermotive force, the ion and electron densities fluctuate at a frequency equal to that of the difference between the pump and seed laser frequencies [168]. Although both electrostatic and pressure factors can affect the ion-acoustic waves in general, the electrostatic factors dominate for SBS and the pressure factors are disregarded as it is negligible compared to the electrostatic term [168]. By modulating the transverse current caused by the pump and scattering energy into the seed, the resulting electron density variations also provide an amplified seed pulse with a centre frequency that is lower than that of the ion accoustic wave. Both the seed and the density fluctuations evolve over time because the seed drives the density fluctuations intensely as it grows. The density fluctuation can only be described as a wave if the wavelength is less than the regime being considered, the duration of SBS is constrained by the period of the ion-acoustic waves [168], or in the case of sc-SBS, the period of the quasimode [168]. The highest intensity and minimum pulse duration attained in practical systems are constrained by the emergence of other instabilities such as FRS, filamemtation etc., as discussed in Section 3.2 [66,169].




3.2. Factors Limiting Brillouin Scattering


It is important to consider the factors limiting Brillouin scattering in the context of amplification of laser pulses as it helps in optimising the respective laser and plasma parameters to attain higher amplification ratio. With regard to this, effects of the resonance state, filamentation, and forward Raman scattering [66,169] are evaluated and summarised in the following sections. The laser beat drives a low frequency ion mode in Brillouin amplification schemes. Amplification can either be wc-SBS or sc-SBS. The driven plasma mode in the strong coupling (sc) as opposed to the weak coupling (wc) Brillouin scenario is a quasimode with a significantly higher frequency compared to an ion acoustic wave. wc-SBS always occurs in the plasma density regime    n 0  /  n  c r   < 0.25   [168]. However, for strongly coupled Brillouin amplification, two plasma density regimes can be considered (i)    n 0  /  n  c r   > 0.25  , referred to as greater than subquarter-critical density and (ii)    n 0  /  n  c r   < 0.25  , referred to as less than subquarter-critical density. Here,   n 0   and   n  c r    are the density of plasma electrons and the critical density (i.e., density at which the pump beam can no longer propagate), respectively [170]. These regimes are differentiated from each other by understanding the instabilities arising during amplification via Brilloiun processes. Although a reduction in the growth of instabilities such as filamentation [111] is observed for    n 0  /  n  c r   < 0.25  , SRS is prohibited in    n 0  /  n  c r   > 0.25   [171], eliminating a broad range of instabilities that prohibit amplification. In addition to this, larger plasma densities facilitate a quick growth in SBS, causing a quick rise in the Brillouin-amplified pulse and hence an increase in the compression ratio leading to amplification [60]. The factors that can degrade amplification via Brillouin processes are discussed below.



3.2.1. Forward Raman Scattering


Landau damping prohibits the occurrence of triggered RBS in plasmas at densities less than subquarter-critical density, when the electron temperatures are high. However, as mentioned in [172,173], FRS of the seed can still obstruct Brillouin amplification. The resonant conditions for the FRS of the seed are:    ω  s e e d   =  ω  p l a s m a   +  ω  s c a t t e r e d     and    k  s e e d   =  k  p l a s m a   +  k  s c a t t e r e d    , causing the scattered light to be downshifted from the seed by the plasma frequency [172]. The difference between the seed and the dispersed light must now be   k  p l a s m a    because the seed and the scattered light copropagate [173,174] with a phase velocity, c in FRS, and the plasma wave is not easily Landau-damped.


   k  p l a s m a   =   ω  p u m p   c   1 −  1 −   ω e   ω  p u m p      =   ω e  c   



(13)







The growth rate of FRS (  Γ  F R S   ), is evaluated by using the equation [173,174]


   Γ  F R S   =   b 0   2  2      ω  e  2   ω  p u m p    ,  



(14)




where    b 0  =  E  0 , s e e d   /  E  r e l     is the normalised seed amplitude. Here,   E  0 , s e e d    is the maximum electric field of seed pulse and    E  r e l   =  m e   ω L  c / e  , is a constant. Equation (14) determines the growth rate of FRS, providing information about its effect on SBS. Because the growth rate of FRS is lower than that of SBS at a fixed   a 0   and under typical conditions, the FRS of the pump should not be a major concern [168]. However, when the ratio of electric field strength of the seed (  b 0  ) to that of the pump (  a 0  ) equals the growth rate of Brillouin backscattering, FRS must be considered, i.e., the condition where    Γ  F R S   =  Γ  S B S    . To express this analytically in the strongly coupled regime, consider the equation below [168],


  ω =   1 2  + i   3  2        v  o s c  2   k  p u m p  2   ω  p i  2    2  ω  p u m p       1 3   ,  



(15)




where,    v  o s c   =  a 0  c   is the electron oscillation velocity and   ω  p i    is the ion plasma frequency. From Equations (14) and (15) and considering the constants, 2    1 6    3     1 2   ≈   1.94, the ratio    b 0   a 0    can be written as


    b 0   a 0   = 1.94     Z  m e    m i     1 3    1   a 0  1 3    N  2 3     .  



(16)







Thus, the highest attainable seed intensity before FRS adversely affects the seed growth is approximated by the ratio    b 0  /  a 0    for which    Γ  F R S   =  Γ  S B S     [168]. For     n 0   n  c r    > 0.05  ,    b 0  /  a 0    is less than 3, implying that it would not be feasible to amplify a seed to an intensity greater than 10 times that of the pump for   0.05 ≤ N ≤ 0.25  , where N is    n 0  /  n  c r    , for Brillouin amplification. Hence, the usefulness of SBS in this domain is severely constrained because the aim of parametric plasma amplification is to produce pulses of higher intensity than what can be produced in conventional solid-state systems. It should be emphasised here that FRS does not provide a challenge for   N > 0.25  , like RBS. The growth of FRS is slower than RBS and amplification by SRS typically takes place at lower plasma densities than amplification by SBS. Therefore, FRS does not have the same negative effects on Raman amplification as it does in the case of Brillouin amplification. It is worth noting here that when    Γ  R B S   =  Γ  F R S    , then we have


    b 0   a 0   =   2   N  3 / 4    ,  



(17)




which has a minimum value of 4 at N = 0.25 and tends to increase to 45 at N = 0.01, which implies that the seed can be amplified to an intensity greater than 10 times that of pump.




3.2.2. Filamentation


Filamentation is yet another phenomena that needs to be addressed in order to get maximum amplification via the Brillouin amplification. Filamentation, or the transverse collapse of a laser beam caused by ponderomotive [175,176], relativistic [177,178], or thermal [179,180] changes in the refractive index of the plasma, can also limit the level of attainable amplification. An intensity-dependent change in the refractive index results in the self-focusing of a beam, which in turn causes filamentation. This occurs in plasmas due to heating, ponderomotive expulsion of electrons and ions, or a decrease in plasma frequency due to the relativistic increase in the mass of electrons in strong fields [168]. The challenge of filamentation instabilities at high plasma densities has been an important topic of research due to the usefulness of SBS at   N < 0.25   [173,181].





3.3. Mitigating the Limiting Factors for Brillouin Amplification


Several factors define the regimes suitable for amplification of the seed pulse via Brillouin and Raman processes [71,161,181]. For example, the extent of amplification is constrained by the maximum duration of the pump pulse to prevent filamentation. The effectiveness of amplification needs to be high for the process to be useful. Therefore, there is a need to avoid wave breaking and a transition from weak coupling to strong coupling is advantageous. For Brillouin seed amplification, analysis of these factors initially led to the conclusion that plasma density should be suitably low because high density causes filamentation. In contrary to the strong coupling regime, very low density encourages weak coupling. Although long pulses may break, short pulses have inefficient energy transmission [126]. Despite the prominence of these considerations, several studies continued to concentrate on the range    n 0  /  n  c r   >   0.25 because the rate of Brillouin amplification in this regime is particularly high. Therefore, the primary goals of these investigations were to reduce wave breaking and filamentation. The following Section 3.3.1 will consider the progress made by using plasmas with densities less than subquarter-critical densities (   n 0  /  n  c r   <   0.25) for amplification and Section 3.3.2 briefs the investigations conducted in plasmas with densities above subquarter-critical densities (   n 0  /  n  c r   >   0.25).



3.3.1. Studies under Subquarter-Critical Plasma Densities


Plasma densities ∼   n 0  /  n  c r   <   0.25, notably in the range   0.05 <  n 0  /  n  c r   < 0.15  , have been the focus of majority of experimental research and numerical calculations [106,161,167,170,181]. In exchange for a lower growth of filamentation instability, these efforts accept the presence of parasitic SRS.



In a proof-of-concept experiment by E. Guillaume in 2014, the possibility of transmitting energy through stimulated Brillouin backscattering from a long pump pulse of 15 ps to a short seed pulse of 1 ps [161] was demonstrated, revealing the dependence of experimental parameters on Brillouin amplification and an optimal experimental condition for such experiments. This experimental observation of Brillouin scattering by using two beams from the same laser system shows that the transfer of energy to the Brillouin peaks and its wavelength depends on factors such as plasma density, intensity of laser pulses, two plasmon decay instability, and SRS instabilities. The experiments supported by OSIRIS (PIC code) revealed a substantial increase in the SBS signal with increasing plasma density [161]. These findings were reinforced by further studies [61] in which energy transfer from the pump to the seed of up to 2.5% has been obtained. The first experimental evidence of amplification of short pulses using sc-SBS in the pump depletion regime was reported in [61], where pulses of the same wavelengths were used. Here, energy transfer and amplification were demonstrated in the regime corresponding to SRS excitation. The decrease in amplification for densities higher than 0.1   n c   is correlated to the decreased transmission of the two pulses. In addition, these investigations reveal that lowering inhomogenities in the plasma density improves pulse propagation and attenuation. This happens because, in a homogeneous plasma, increasing plasma density above 0.25   n c   while maintaining low attenuation improves the interaction conditions leading to maximum amplification factor. Furthermore, the investigations also suggested that the effective interaction length could be increased by using a multistage configuration. Although these investigations [61,161] focused on increasing plasma density for mitigating the limitations of SBS for amplification, a group of other studies relied on optical chirp as a crucial strategy, in which the possibility of reducing SRS by manipulating pump/probe frequency chirp was explored [72]. The time evolution of a seed depended on the initial seed duration, in the linear nonchirped case. The spectrum featured two broad peaks (corresponding to the compression of the seed) which propagates outward from the center during the amplification process. The RBS of the pump caused by the thermal fluctuations in plasma is a significant problem that creates ultraintense, ultrashort laser pulses. A theoretical investigation of the RBS instability caused by plasma noise was reported in [182], explaining the effect of RBS in SBS. It was demonstrated that density gradients inside the plasma can be utilised to detune the Raman resonance such that it stabilises the backscatter of the pump from thermal noise while maintaining the functional Raman amplification of the seed [58]. Later, it was found that the pump was intrinsically chirped because the ps to ns long pulse was created by chirping a fs pulse that was collected from a CPA system [111]. Numerical PIC simulations in [183] showed that chirping of the pump decreases the undesirable effects in Brillouin amplification. A detailed investigation on the effect of optical chirp to Raman amplification [184] demonstrated the superradiant scaling in the linear domain of Raman seed development [185] triggering the investigation of the effect of chirping of the pump on the Brillouin amplification of the seed [72]. Here, the characteristics of the plasma and laser were selected to support the ion acoustic waves and hence, the interactions described were in the weak coupling regime [72]. The effect of the chirp rate on the seed profile and its amplification rate were discovered in this investigation, and it was also found that when this technique is used to maximise Brillouin seed amplification, the chirp should be powerful enough to prevent noticeable pump backscatter. Pulse width of the seed is another parameter that supports this aspect. Short pulses end up as relatively broader pulses following the initial redistribution in the linear regime, thereby demonstrating that broarder starting pulses are preferable for plasma-based amplification. Experiments on sc-SBS amplification of a seed pulse by a chirped pump [166] demonstrated that chirping the pump has a strong influence on the shape of the seed in the nonlinear amplification regime, which could mitigate SRS of the pump before interacting with the seed. This experiment suggested that plasma densities lower than   n c   avoid filamentation, and chirping the pump helps to lower parasitic effects in sc-SBS. The rate of amplification in the nonlinear regime, seed profile, and the linear seed development were influenced by chirp rate. An analytical model for unstable seed evolution using a chirped pump developed in this investigation proved that the evolution of the seed is not symmetric to the direction of the chirp. Compared to chirpless strong coupling, chirp lowers the exponential growth of FRS. However, in the nonlinear phase, the sign of the chirp affects the superradiant pulse shape. Choosing the right chirp can reduce tail oscillations and for the opposite chirp, Raman-like oscillations develop, affecting the maximum attainable amplitude of the seed. The effect of chirping on various parameters are given in Figure 3.



A detailed analysis of the various stages in the strong coupling Brillouin plasma amplification, emphasising the importance of the chirp was investigated in [69]. This was found to be intrinsic to the amplification process, induced by chirped laser pulses, or connected with the plasma profile. Chirping could alter energy transmission, and the direction of energy flow is explained by the time-dependent phase relation [186]. Optimization of interaction conditions for efficient short laser pulse amplification by SBS in the strongly coupled regime was demonstrated in 2016 [186], supported by 1D PIC simulations with SMILEI, implying both the full kinetic treatment and all competing effects, such as spontaneous SBS, SRS, and FRS. It was observed here that amplification of short seed is possible depending on the intensity of the seed, and the amplification mechanism was found to differ for low and high intensity seed pulses. The seed may stretch before reaching a self-similar regime when the intensity is low, and at high intensities, if the matching condition for SRS is not satisfied, electron contribution becomes significant. It was also proven that it is challenging both experimentally as well as theoretically to amplify from low to high intensities in a single pass, and hence, a multistage process should be considered to provide large amplifications. In this process, the pulse amplified by a pump in a plasma cell should interact with another pump in the adjacent cell. However, in this case, issues related to self-focusing and filamentation become important owing to amplification of the seed pulse to relativistic intensities in this process. Similar work on nonlinear Brillouin amplification of finite-duration seed pulses in the strong coupling regime showed some qualitative similarities between Raman and sc-Brillouin seed growth [66], recommending the inclusion of spatial inhomogeneity, wave-particle interaction, and frequency chirping for the growth of seed pulses. In addition, it was suggested that precise limits caused by wave breaking and filamentation should be determined for effective amplification via parametric processes. Following this, most of the further investigations focused on the strong coupling regime for amplification of laser pulses.



Plasma-based laser amplification was considered as a possible way to overcome the technological limits of present-day laser systems to achieve exawatt laser pulses [55]. The first observation of the signatures of transition from linear to self-similar regimes of sc-SBS was reported here, where sub-ps pulses were amplified by a factor of 5 with an energy transfer of the order of a few tens of millijoules. Pulse shortening, spectral broadening, and downshifting were observed when the sc-SBS amplification entered the self-similar zone, thereby increasing the gain. This observation was further supported by the power law relationship between gain and amplification length; i.e., when the interaction length is doubled, the gain in energy and intensity increase by a factor of 1.4. An independent investigation on the impact of filamentation (caused by the relativistic self-focusing effect) in the amplification of short pulses by sc-SBS [169] found out that the filamentation instability destroys the amplified seed profile in sc-SBS amplification within a typical parameter area. Despite the fact that an increase in plasma density accelerates the formation of the sc-SBS, preventing Raman scattering, the filamentation instability adversely affects SBS. Although some previous reports suggested a nominal plasma density,    n e  /  n  c r   = 0.3   [167] to eliminate Raman scattering in the sc-SBS, the high plasma density leads to severe filamentation instability, hindering effective amplification. The independent investigation on sc-SBS in [181,187] suggested a plasma density of    n e  /  n  c r   = 0.05   to prevent filamentation. It was found that structured plasmas can exploit the effective energy transfer between a long pump pulse with high energy and a short seed pulse with low energy. Alongside this research, the spectra of ultrashort laser pulses in plasma amplifiers were investigated [187], supporting the claim in [181]. These investigations suggested that the amplification of laser pulses by plasmas are based on a coupling of three waves: two transverse electromagnetic waves and a longitudinal plasma response and that the SRS and SBS signals have been observed simultaneously. However, it was also found that the SRS and SBS signatures do not overlap. Kinetic simulations demonstrate that a pure sc-SBS amplification regime cannot be maintained for short seed pulses (10 fs) with high intensities (∼10   18   W/cm   2  ). The SRS or SBS processes were quenched when the plasma density exceeds    n 0  /  n  c r   > 0.25  , making Raman excitation impossible, or if the frequency spread of the seed pulse (  Δ  ω s   ) is inadequate to link with the initial SRS excitation, i.e.,   Δ  ω s  < Δ Ω ≈  ω  p u m p   −  ω  e p    , before wave breaking. As densities below quarter-critical are more favourable [181] and extremely short pulses reach relativistic intensities faster, mixing is unlikely to be avoided in experiments. Analysing the spatial and temporal spectra obtained from 1D PIC simulations in [98], it was, however, observed that only SRS is present at plasma densities less than 0.25, and SBS is not present in this regime, which is contrary to the observation reported in [181,187]. Effects of pulse and seed intensities to commence the process, optimal ion and electron temperatures, plasma length, density profile, and its variations on the parametric processes remain unresolved at this stage, leaving room for tuning different parameters to maximise efficiency and intensity in the sc-SBS regime.



To fill the gap, an investigation of the possibility of mitigating SRS by adding an external magnetic field was presented in [188], wherein the best results were obtained at a plasma density of    n 0  /  n  c r   = 0.01  , by using lower pulse intensities of the order of   10 15   W/cm   2  . Results of the simulation showed that a significant improvement in the amplification and compression ratios can be obtained either by lowering the plasma density or the pump intensity. Other theoretical investigations [189] introduced an external static magnetic field longitudinal to the laser propagation direction to enhance the performance of amplification in the sc-SBS regime. The magnetic field was found to enhance the sc-SBS amplification due to faster sc-SBS growth rate and less collisional damping. However, the amplified component of the seed shifts from the first peak to the second peak and subsequently the third peak as the seed intensity increases and the amplification enters the relativistic electron nonlinearity domain and exhibits oscillatory behaviour. It was also found that by decreasing self-modulation instability (SMI), a reversed magnetic field aids to obtain a higher output intensity and a smoother output pulse profile. Combining these two elements, a double-pass approach to enhance amplification in the presence of a longitudinal magnetic field is suggested. A magnetic field should also suppress filamentation as it does in SMI because the growth rate of filamentation has the same factor as that of SMI in the presence of a magnetic field, but confirming that will require a more complex 3D simulation. It is also pointed out that the maximum output power limit imposed by filamentation may be circumvented by employing an external magnetic field. The simulation model, however, does not take into account the wave breaking, renormalized forward scattering, or any other nonlinear effects, as these effects could quantitatively alter the outcomes of our experiment. From these simulations, the seed durations were found to compress to ∼100 fs. This is because the reciprocal of the frequency of the ion acoustic quasimode is of the order of several hundred fs. A more precise computation technique will be required for future research in this direction.



Even though all these studies mentioned above in the strong coupling regime are extremely relevant, the investigation presented in [18] created a unified two-wave model that can analyse the intermediate transition phase, which is valid in both weak and strong coupling regimes. It was demonstrated here that a dynamic transition from weak to strong coupling is possible only as a result of the rising seed amplitude during amplification. Therefore, the pump intensity by itself does not necessarily reveal the regime in which the interaction occurs. Moreover, because the traditional strong coupling models does not consider nonlinear seed growth, weakly coupled amplified regions appear in the tail of the seed and natural intensity variations for experimentally significant pulses only partially reach the strong coupling threshold. Hence, the shape of the amplified seed pulse differs, and the efficiency is decreased. Additionally, every amplifier configuration eventually produces a density beat that identifies the presence of weak and strong coupling. A unified treatment of weak and strong coupling regime is therefore necessary and is formulated in this research. An entirely new approach was introduced in [53], wherein the modification of the plasma density profile was considered to mitigate the limitations affecting amplification. Amplification of sub-ps pulses by laser-plasmas above the joule threshold promises a new technology for the next generation of ultrahigh-intensity lasers. The relevance of employing a seed pulse with a high-enough starting intensity to quickly enter the self-similar regime and achieve a highly efficient (20%) sub-ps energy transfer is demonstrated, and spontaneous BRA resulted in the loss of seed energy in this technique. However, using a pump beam with a larger focal spot or a tilted wave front can mitigate this tendency [173]. It was also found that the output seed energy, intensity, and quality were limited by the homogeneity and extent of the spatio-temporal interaction volume, which was limited by laser beam energy and quality. A plasma with a density ramp and a higher temperature could possibly decrease beam losses from spontaneous Raman scattering and collisional damping without compromising sc-SBS gain, which was supported by the previous claim that shorter seed pulse reduces these losses and is better suited to the self-similar regime, improving pulse compression [173,186,190]. By using a longer pump and plasma, greater homogeneous and hyper-Gaussian focus can increase energy transfer. Hopefully, more powerful lasers will allow these advancements and pave the path for the next phase, a seed intensity far higher than the pump.



A recent report on improving the performance of Brillouin amplification at subquarter-critical densities by reducing the effects of parasitic Raman scattering [191] as a distinctive approach to produce ps pulses with PW power. Here, control over parasitic instabilities that accompany amplification was found to preserve the quality of the amplified pulse. Ponderomotive filamentation becomes a major threat for plasma densities   > 0.25  n  c r    , but its growth rate does not change with density. Therefore, previous studies [53,169] proposed to perform Brillouin scattering at densities below   0.25  n  c r    . Reducing the plasma density definitely reduces filamentation but poses the threat of parasitic Raman scattering; however, here the growth rate of RBS increases and the growth rate of FRS decreases. Hence, it is clear that parasitic Raman scattering must be reduced to boost Brillouin amplification [191]. It was found that experiments must be conducted at densities for which FRS is either impossible (i.e.,    n 0  /  n  c r   > 0.25  ) or insignificant (i.e.,    n 0  /  n  c r   ≤ 0.01  ) to optimize amplification via SBS. For   0.01 <  n 0  /  n  c r   < 0.25  , the RBS of the pump and the FRS of the probe increases, which creates more disadvantages compared to the advantage of reduced probe filamentation [173]. It was also found that a tailored plasma density profile (i.e., a ramp rather than a plateau) reduces Raman scattering at lower densities, and it is important that the highest plasma density should face the probe pulse to ensure the stimulation of Brillouin scattering during the early stages of laser-plasma interaction, when the intensity of probe is low. This also takes care of the FRS that occurs later when the probe intensity is higher. A detailed investigation of the tailored plasma profiles is therefore of utmost importance in this field, and hence stays as a future prospect of amplification using plasmas.




3.3.2. Studies above Subquarter-Critical Densities


Brillouin amplification experiments at or above subquarter-critical densities were suggested in the developmental stages of SBS-based amplification of laser pulses in plasmas because FRS is forbidden in this region, helping in effective amplification. However, further studies improved this notion and introduced the concept that plasmas with densities greater than subquarter-critical densities can also be utilized for SBS-based amplification. Research in this direction was based on one of the first realizations of a plasma-based amplifier, whereby a short laser pulse from a KrF laser was amplified by absorbing energy from a laser with longer pulse duration [192]. Here, the system acts as a pulse compressor as the energy is transferred from the pump to the seed. The working of this system involves mixing of two anti-parallel laser beams in plasma that is enclosed by a solenoidal magnetic field, where the electrostatic plasma wave and the seed pulse extracts energy from the pump pulse. Based on this device, a laser-plasma-based amplifier working on SBS or SRS at densities ≥ 0.25, and capable of amplifying shorter laser pulses (∼100 ps), was envisioned in [41]. To realize this plasma amplifier, the driving mode of the system must have a frequency similar to that of an ion-acoustic or Langmuir wave. The investigations also revealed insight on the characteristics of ion-acoustic frequency, including high coupling rate between the two laser beams, decreased sensitivity to variations in plasma density and temperature, and higher overall efficiency [41]. These studies suggested the use of a two-dimensional magneto-hydrodynamic code to forecast the development of flat plasma density and temperature profiles for the proposed amplifier model. Other independent investigations were underway in parallel to the abovementioned research, which focused on details such as creating short pulses to use with the plasma-based amplifier [193,194]. A detailed literature review explained the beam coupling equations relevant to such plasma-based amplifiers [195]. Following this, a novel model of Brillouin-based plasma amplification that generates an amplified pulse of ∼5 fs and with an unfocused intensity of 6 × 10   17   W/cm   2   was theoretically described [196]. Here, circularly polarised pump and seed pulses with Gaussian transverse profiles, both with intensities of 2.74 × 10   16   W/cm   2  , counter-propagating in a   0.3  n c    plasma, were used in the 2D PIC simulations, demonstrating that the amplified seed maintains excellent beam characteristics because quick compression prevents filamentation.



In [196], the amplified seed first goes through sc-SBS amplification in this regime, and the additional pulse-compression mechanism arises from the interaction of plasma-introduced negative group delay dispersion (GDD) and electron relativistic nonlinearity generated self-phase modulation (SPM). Because the Brillouin-amplified pulse has a short duration and an intensity close to relativistic intensity, SPM and GDD are effective for amplification [196]. In addition, the amplified seed may be compressed to the single-cycle regime as a result of these effects and this pulse-compression method operates successfully in plasma densities just above quarter-critical density and pump intensities of (≈10   16   W/cm   2  . Although the quick compression by sc-SBS as well as the interaction between SPM and GDD are both possible in this parameter range, it is observed that the Raman instability destroying the laser pulse is not allowed. While the pulse parameters, interactions, and other factors were discussed in many reports, a few other investigations shed light on the effect of collisions in the plasma on the amplification of laser pulses via SBS at plasma densities > 0.3   n c   [172], owing to their importance in future ultrahigh-intensity laser systems. The effect of collisional processes on the transfer of energy between the pump and seed laser pulses in SBS was investigated, wherein the standard three-wave Brillouin scattering process were dampened by collision effects for constant pump-to-probe ratios, preventing the pump laser from scattering before interacting with the seed pulse [172]. The effectiveness of SBS was found to increase, and the contrast of the resulting seed laser beam was also enhanced noticeably due to the effect of collisions. It was also pointed out that the impact of increasing the plasma ion temperature causes the ion acoustic waves connected to both the typical three-wave Brillouin scattering and the beat wave driven Brillouin scattering processes to be Landau-damped, reducing the onset and significant expansion of the instability. Similar theoretical investigations using a 1D PIC simulation showed efficient, strongly coupled Brillouin amplification at    n 0  /  n  c r   = 0.3  , where SRS is forbidden [167]. Here, compression based on backward parametric amplification in liquids or gases are investigated, as they offer much higher damage thresholds. But the pulse duration is limited by the phonon period. The flexibility of SBS-based amplification by changing different parameters has been examined in detail, and it was found that the amplification is affected by the parameters of the seed pulse and the electron temperature (temperature ratio, i.e.,   Z  T e  /  T i    was kept constant) of the plasma. Amplification factors of 334 and 3300 (in relation to the initial seed intensity) were obtained when the intensity of the seed pulse was reduced to 10   14   and 10   13   W/cm   2  , respectively. These investigations suggested that the SBS response time can be reduced by switching to the sc-SBS regime and these SBS-based amplifiers can have a length of up to 10 linear gain lengths, depending on the noise level of the density. However, the model failed to capture the interaction with the ponderomotive filamentation instability (which forms transverse to the propagation direction) at such high densities, which poses a major disadvantage to the realization of the plasma-based amplifiers. A proper strategy to mitigate the filamentation process was put forth in [170], in which a robust SBS-based plasma amplifier at high plasma densities (   n 0  /  n  c r   > 0.25   was investigated by using analytical theory and multidimensional PIC simulation. A convenient density regime for efficient Brillouin amplification was identified, which gave compression ratios of 40, 60, and 72, and amplification ratios of 15, 30, and 40, for pump intensities of 10   16   W/cm   2  , 10   15   W/cm   2   and 10   14   W/cm   2  , respectively. The increase in these ratios with decreasing pump intensity follows from the fact that the filamentation growth rate decays more rapidly with decreasing pulse intensity. In addition, using lower intensities calls for the employment of plasma columns. However, this might bring in further issues, such as a rise in the premature Brillouin backscattering of the pump before it encounters the probe, which can be avoided by adopting sophisticated pump focusing techniques, such as the flying focus [197], which avoids the propagation of the powerful pump through the plasma column before it encounters the probe. A similar investigation on Raman amplification with flying focus is given in Figure 4.



Mitigating speckle effects of the beam by using spike trains of uneven duration and delay pulses [198] could also be helpful for efficient amplification. Using large spot regions for the pump and seed pulses can lessen the divergence caused by speckles in the pump beam. Furthermore, a more uniform pump beam can be generated by employing strategies like random phase plates, smoothed spatial dispersion, or induced spatial incoherence [199], contributing to better amplification. However, these methods should be utilised with caution because they diminish the ability of the pump to generate SRS, SBS, and amplification in addition to flattening the envelope of the pump beam [65,200]. Further exploration of these non-ideal beam effects holds a future scope [170]. Another interesting investigation in this density regime to investigate the Brillouin scattering of a short seed laser pulse by a long pump laser pulse in a dense plasma, which employed the Eulerian Vlasov code [201] to successfully solve the Vlasov–Maxwell set of 1D relativistic equations. Plasma density,    n e  /  n c  = 0.3   was used in these simulations to overcome amplification by SBS, and it was found that ion waves with a large amplitude were produced in these conditions. To understand these effects on the behaviour of the short input seed pulse, the duration and/or amplitude of the pulse was changed, and it was found that pulse broadening occurs more quickly for short pulses than long pulses. It was also observed that seed pulse with broad spectral span eventually becomes narrower and separates from the trailing signal as the simulation finishes. On the other hand, narrow seed pulses became broader. Because there is no noise in the Vlasov simulations, it is possible to model lengthy plasma amplifier, monitor the development of the system with a completely kinetic description, and accurately depict the distribution function phase-space structures.



It was evident from all the above investigations that a number of parameters, such as plasma density, seed pulse duration, intensity of seed pulse etc., affects Brillouin amplification at densities greater than 0.25 [145,170]. In addition to this, there are a few different parameters that affect Brillouin amplification directly or indirectly in this plasma density regime, as discussed below. The dependence of plasma temperature on Brillouin amplification was investigated, and it was found that there was no change in amplification with rising temperature near the front of the seed (around the seed maximum) as the density grating was not well developed there. However, as temperature changes, the tail of the seed was found to be changed. Fewer oscillations of the envelope of   ∣  E ⊥  ∣   were seen at higher temperatures. It was also discovered in [202] that the density does not vary as much at the highest temperatures as it does at the lowest temperatures, and the wavelength of the envelope oscillations at the back of the seed is essentially constant for high temperatures. It was also verified that the maximum density perturbation in the range of density grating regime scaled is at   1 /   T e     [201].



Another group of researchers focused on investigating the effects of pump intensity on Brillouin amplification through simulations and analytical theory [203]. Even though Brillouin scattering is not the best option for producing ultrashort, ultraintense pulses because of its lower growth rate and maximum pump-to-probe compression ratio when compared to the Raman amplification, it is more tolerant of the pump, probe, and plasma frequency mismatches, and therefore it can be the best possible candidate to compress pump beams of ∼0.1–1 ns [203]. However, it demands long plasma columns for this process and it may be difficult to maintain consistent plasma density and temperature along the entire column, which is again less crucial for Brillouin amplification than for Raman amplification. Lower pump intensity leads to a longer final probe according to the self-similar hypothesis of Brillouin amplification [203]. To move from the linear regime to the pump depletion regime, the initial probe duration must increase with decreasing initial probe intensity. According to the findings in [203], this is crucial as increasing spot size reduces pump and probe intensities. As the growth rate of Brillouin scattering is lower than Raman scattering, this affects Brillouin amplification more than Raman amplification. It was also found that filamentation restricts amplification more than ion-wave breaking, but it can be postponed with lower pump intensities. Maximum pump pulse duration, final probe pulse duration and intensity, and compression ratio scale, all improve pump intensity. The best pump-to-probe intensity amplification so far is 75, which might be 100–200 for lower pump intensities. The Brillouin scheme’s durability offers promise for compressing lengthy (ns) beams to 10–20 ps duration. These findings may be corroborated by an earlier report, in which a two-stage Brillouin–Raman amplification technique was designed by using a Brillouin amplifier [59,204]. This technique combines the advantages of both SBS and SRS to amplify short laser pulses. The first stage requires a large plasma volume due to the large spot diameter and duration of the input pump beam, but Brillouin amplification can handle that; the second stage only requires a small plasma volume, so Raman amplification becomes practical, and Raman amplification provides the high compression ratios and short pulse durations.



Similar research around the globe supported the idea of employing laser plasmas for amplification due to their ability to handle high intensities without worrying about the damage thresholds as in solid-state media. Investigations on amplification of short pulses in the sc-SBS regime revealed that there are a number of regimes and applications for which plasma-based Brillouin amplification is both an interesting and promising route towards the generation of high-intensity lasers, as this regime allows shorter pulse durations, and may be suitable for amplification of ps and sub-ps pulses [205]. Investigations also suggest that sc-SBS offers a promising alternative to SRS for plasma-based amplification. However, optimizing conditions under which sc-SBS amplifiers excel requires further study. One such research reported a highly efficient Brillouin amplification of a strong Stokes seed providing an output energy of ∼400 mJ and an augmented efficiency of roughly 85% when the energies of the Stokes beam and pump beam are in the ratio of 39.5/1 [206].



Brillouin amplification has traditionally been used to boost weak seed signals or achieve high amplification gains [207,208]. For instance, reports of amplification of 300 times when the signal was 2.5  μ J and the pump was 6.5 mJ [209], 2 × 10   9   times when the signal was 10    − 11    J of Stokes beam [207] are available in the literature. Furthermore, other studies investigated the effect of amplifying a weak Stokes signal from SBS by a factor of more than two [208]. Finding the theoretical modelling in [206] indicates that the Brillouin medium’s high gain and low absorption contribute to the output laser’s high energy and power. When the energy of the Stokes beam (  E s  ) is high, the interaction length should be set to a lower value to minimise the impact of absorption.






4. A Comparison of Raman and Brillouin Scattering


As discussed in Section 1, plasma amplifiers are of great importance in the production of ultrahigh intensity, ultrashort laser pulses because they have a larger damage threshold over the well-developed solid-state systems [126]. Practically, an appropriate system capable of laser amplification should be reliable, strong, and reasonably adaptable in terms of frequency, intensity, duration, and polarisation. Moreover, it is challenging to create a big, totally uniform plasma; hence, the amplification mechanism must be somewhat resistant to temperature or density inhomogeneities. As mentioned in Section 2 and Section 3, popular choices in this regard are SRS and SBS. Both have their own benefits and limitations, which are discussed in this section and a comparison is presented in Table 1.



For instance, the benefits of Brillouin amplification over Raman amplification have been listed as follows. (1) The frequency of the pump and seed lasers may be nearly identical and therefore the same laser can be used for both pump and seed [51,55,66,167,187,201]. (2) Energy loss to the plasma wave, modelled by the Manley–Rowe relations, may be lower for SBS than for SRS, which implies that more pump depletion can be attained [161,167,187]. (3) SBS is more resistant to plasma inhomogeneities in density or temperature than SRS [51,167,187]. (4) SBS is more suited for producing pulses with high total power or energy, in part because the use of larger-diameter plasmas allows for a lower sensitivity to inhomogeneity [173]. (5) In the regime   0.25 < N < 1  , only SBS occurs and Raman amplification does not happen [161]. (6) The duration of the Raman-compressed pulse may be compressed to within an order of magnitude of the Brillouin-amplified pulse, demonstrating that the two approaches are equivalent in terms of pulse compression [167]. (7) Because energy transmission is quick, a shorter contact length of plasma wave and seed pulse is needed for SBS, which is frequently measured for SRS as requiring ∼ mm to cm size plasmas whereas SBS can be achieved in 100  μ m [167,181,201]. (8) In environments where SRS is constrained by particle trapping and wave breaking [155,210], SBS may be practical and can enable pump amplitudes that are many orders of magnitude larger than SRS. (9) SBS might be suitable in environments where collisional damping of Langmuir waves occurs [211].



On the other hand, Raman amplification has the potential to produce higher peak intensities and amplification ratios [173,212], and the quicker plasma wave in timescale enables compression to experience shorter pulse durations. Although a better overall energy transfer between pump and seed has been attained with SBS, the experimentally demonstrated Raman amplifier surpasses Brillouin amplifiers in terms of energy-efficient transfer and peak intensity of the amplified seed [55,61]. In short, SBS offers superior conditions for amplification when compared to SRS due to its operational regime and lesser sensitivity to the factors mentioned above.



The current status of amplifiers based on SRS and SBS are presented in Figure 5 and Figure 6. Figure 5 represents the intensities achieved via Raman amplification as a function of time since its development for time period from 2000 to 2022, along with the intensities predicted for Brillouin amplification. The majority of the investigations presented here indicate that the output intensities fall between 10   15   and 10   18   W/cm   2  , with 10   18   W/cm   2   being the highest output intensity achieved experimentally [213]. PIC simulations, on the other hand, produce an amplification of up to 10   25   W/cm   2   [59].



Figure 6 shows densities of the plasmas used in various investigations based on Raman amplification along with theoretical predictions on Brillouin amplification. Most of the research employs the density of the plasma in the range of 10   17  –10   22   cm    − 3    for both Raman and Brillouin amplification. The highest value of density used in the experiments is 10   22   cm    − 3    [213] and that in PIC simulations is 10    25    cm  − 3     [214].




5. Amplification in Magnetized Plasma


SRS and SBS are the two established mechanisms for amplifying high-intensity laser pulses by using plasmas as the amplifying medium [29,55,60,61,62,66,68,69,98,106,123,126,137,161,167,168,181,187,202,205,212,215,216,217,218,219,220]. Although SRS is mediated by Langmuir waves, SBS is mediated by ion-acoustic waves. However, there are drawbacks for both of these techniques. Although SRS provides a high growth rate but a large frequency shift, SBS provides high-efficiency energy extraction and less frequency separation but lower growth rate. A new scheme to overcome these disadvantages is implemented, in which a plasma with uniform density is substituted by a magnetized plasma, and the amplification process is mediated by ultrahybrid (UH) [221] or magneto-hydrodynamic (MHD) waves [222].



5.1. Theoretical Structure


To explain the amplification process, it is important to prove the dispersion relations in magnetized plasma and create a generalised three-wave interaction model for magnetic backward Raman amplification (MBRA) [223]. Toward this goal, an external magnetic field (  B 0  ) in the y direction and wave propagation in the x direction (without average flows) in an isotropic Maxwellian plasma is considered. The equations for the electric field in such case can be written as [221]


       ϵ  x x     0    ϵ  x z       0     ϵ  y y   −    k 2   c 2    ω 2      0      ϵ  z x     0     ϵ  z z   −    k 2   c 2    ω 2             E x       E y       E z      = 0 ,  



(18)




and the components of the dielectric tensor are


   ϵ  x x   = 1 −   ω  p l a s m a  2  ω    e  − λ   λ   ∑  n = − ∞  ∞     n 2   I n   ( λ )    ω − n Ω    
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   ϵ  x x   = 1 −   ω  p l a s m a  2  ω    e  − λ   λ   ∑  n = − ∞  ∞    [  n 2   I n   ( λ )  + 2  λ 2   I n   ( λ )  − 2  λ 2   I n ′   ( λ )  ]   ω − n Ω   ,  
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where   λ =    k 2   ρ e 2   2    and    ρ e  =   v  t e   Ω    is known as the Larmor radius,  Ω  is the electron cyclotron frequency, and   ω  p l a s m a    is the plasma frequency. According to the field equation given in Equation (18), two orthogonal modes are possible: (1) ordinary wave (O) and (2) extraordinary wave (X). The electric field of the ordinary wave is parallel to   B 0   and corresponds to    ϵ  y y   −  k 2   c 2  /  ω 2  = 0   and the extraordinary wave is plane-polarized in the direction of   B 0  , and it satisfies the condition [221]


  d e t      ϵ  x x      ϵ  x z        ϵ  z x       ϵ  z z   −  k 2   c 2  /  ω 2       = 0 .  



(23)







The same polarization is an essential factor for the coupling of the pump and seed laser, i.e., both should be either on the X-mode or the O-mode. The cold fluid approximation applies well for the pump and seed here, because the plasma frequency is very small compared to the laser frequency [224]. According to the cold fluid approximation, the dispersion relations of O-mode is given by [224]:


   c 2   k 2  /  ω 2  = 1 −  ω  p l a s m a  2  /  ω 2  ,  



(24)




and for the X-mode as


   c 2   k 2  /  ω 2  = R L / S ,  



(25)




where   R L = 1 −  ω  p l a s m a  2  /  [ ω  ( ω ± Ω )  ]    and   S = R + L / 2  . The dispersion relations in Equations (24) and (25) also satisfy the resonantly excited electron Bernstein waves (EBW) [225] and the dispersion relation for EBW in the electrostatic approximation is [221]


   ϵ  x x   = 0 .  
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The above dispersion relation is applicable close to the UH resonance in the limit    T e  →   0 and    ω  U H   =    ω  p l a s m a  2  +  Ω 2     . Under electrostatic approximation, general three-wave coupling process for MBRA can be explained by a set of equation for the EBW and laser pulse wave envelopes [226]. We have


   (  ∂ t  +  c a   ∂ x  )  a =   ω  p l a s m a   2  b f  
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   (  ∂ t  −  c b   ∂ x  − i   ω  p l a s m a  2   8  ω 0     b 2  )  b = −   ω  p l a s m a   2  a f *  
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   ∂ t  f = −    ω 0   ω  p l a s m a     2  ω 3    a b * ,  



(29)




where a is the amplitude of the pump, b is the amplitude of the seed pulse,   f = e  E f  /  m e   ω  p l a s m a     is the normalised amplitude of EBW,   c a   is the group velocity of the pump, and   c b   is the group velocity of seed,   ω 3   is the frequency of excited EBW. The three-wave models for MBRA and backward Raman amplification (BRA) are similar, except for the coupling coefficient, which implies that the growth rate of both MBRA and BRA will be similar. The linear growth rate for MBRA is given by [221]


   Γ R  =     ω 3   ω 0    2   |  a 0  |  /  γ B  ,  



(30)




where    γ B  =  ω 3  /  ω  p l a s m a     is the magnetization factor, and   a 0   is the initial normalised pump amplitude.




5.2. Laser Amplification in Strongly Magnetized Plasma


A detailed study about the backscattering of laser pulses in strongly magnetised plasma, mediated by magneto-hydrodynamic waves referred this scattering as magnetic low frequency (MLF) scattering, because it does not have an analogue in unionised media, and this backscattering disappears in a nonmagnetised plasma. MLF scattering is more efficient in amplification because the growth rate is larger than the Raman scattering, the frequency difference between the seed and and pump beams is small (offers a great engineering advantage), the bandwidth interaction is wide (which can be used for the generation of ultrashort pulses), and large group velocity dispersion helps in the compression of broad bandwidth amplified pulse to ultrashort time duration [188]. The MLF instability can be calculated by using the two-fluid model [227]. PIC simulations for a counter-propagating pump-seed geometry are used to check if the MLF instability is useful for the amplification of laser pulses [188]. In each case, the plasma density (N = 0.01), plasma length (L =   175  μ  m), and pump amplitude (  a 0   = 0.007) were the same. The initial seed pulse has a pulse duration of 400 fs and both the seed and the pump are elliptically polarised with Stokes parameters Q =   0.78  I 0   , U =   0.49  I 0   , V =   0.38  I 0    for the propagation through magnetized plasma and linearly polarized in the nonmagnetized case. From Figure 7, we can say that in comparison with SRS and SBS, MLF scattering exhibits a much larger growth rate and broader spectral response [188]. The simulations show that high-power, few-cycle pulses can be generated with relatively short plasma length so that the seed and pump can be prepared from the same source, which is considered as a great engineering advantage. The broad bandwidth of MLF scattering shown in the Figure 8, supports the amplification of ultrashort pulses. The broad bandwidth results from the fact that each individual MHD wave produces a large growth rate and also the MLF scattering contains multiple MHD waves.



A laser will be strongly backscattered from kinetic MHD waves when it propagates in a plasma at an oblique angle to a sufficiently strong magnetic field and this backscattering can be used for laser amplification [188]. In addition, substantial spectral broadening is observed in PIC simulations, supporting amplified pulses with ultrashort duration [188].




5.3. Laser Pulse Compression Using Magnetised Plasma


Independent research found that the required plasma density can be reduced by an external magnetic field transverse to the direction of propagation [226]. In pulse compression mediated by magnetised plasma and the parametric interactions reduces the wave damping and instabilities, enabling the pumps, which are of higher frequency or lower intensity to produce pulses at higher intensities and longer duration. In addition to that, the method established in the research minimizes the need for high-density uniform plasmas. The advantage of using the transverse magnetic field is realized by evaluating the pulse compression mediated by UH waves, which can compress the high-power laser pulses beyond the current abilities and also at lower frequencies [226]. It is found that the solutions of unmagnetized and magnetised cases are comparable, but the processes that limit pulse compression are different, which is very important and leads to different constraints on the pulse amplification regimes. The main limiting factors that affect the pulse compression are wave breaking, modulational instability with growth rate, collisionless damping of the UH wave and collisional damping of both the laser and the UH wave [40,51,54]. Pulse compression using unmagnetized plasma is not efficient. However, applying a magnetic field of the order of gigagauss by using hydrogen plasma can increase its efficiency [71]. The application of a strong magnetic field reduces the necessary plasma density, which will in turn reduce wave damping, making it possible to compress the pulse to ultrashort regimes (from ps to fs). According to an investigation, to compress a 500 fs pulse a plasma length of only 0.3 mm is required.



In conclusion, the method mentioned above enables the compression of high-power lasers by substituting high plasma density with magnetised plasma and the mediating wave is a UH wave rather than a Langmuir wave. Detrimental effects caused due to high density plasma are reduced, and the method eases out the engineering requirements of producing and maintaining high and uniform plasma densities.This method enables higher-frequency, lower-intensity pumps to produce pulses of both higher intensity and longer duration.




5.4. Amplification of Mid-Infrared Lasers via Magnetized Plasma Coupling


The analytical formula for the backscattering growth rate in a magnetised plasma by matching the three-wave resonance conditions numerically was simulated to theoretically prove the conditions enabling amplification of mid-infrared lasers via magnetized plasma coupling [228]. Plasma amplifiers provide resonance via the collective modes in already ionised media. Although the Langmuir wave and the acoustic wave mediated the Raman and Brillouin scattering in an unmagnetised plasma, the UH waves and the kinetic and magneto-hydrodynamic waves are responsible for these processes in the case of a magnetised plasma [188]. Laser-plasma coupling in a magnetised plasma heavily depends up on the laser polarization [228]. When   Ω ≈  c s   k 3   , magnetisation starts to affect the Brillouin scattering, when   Ω ≈  ω  p l a s m a    , the Raman scattering is affected and when   Ω ≈  ω  p u m p    , the laser-plasma coupling is drastically enhanced [228]. When the participating waves have mixed characteristics, the coupling is stronger and the coupling weakens when the degree of hybridization (i.e., where different branches of UH wave cross and hybridize) is reduced because the mediating mode with stronger cyclotron character gives weaker coupling. When the laser polarization is aligned well with electron cyclotron motion, the coupling is stronger because electron-dominated modes provide larger coupling than ion-dominated modes. From the results of some research considering amplification of mid-infrared lasers in the range    Ω e  /  ω  p u m p   ≈ 0.1  , the maximum pump intensity (limited by the wave breaking) was found to be 10   12   W/cm   3  . The maximum amplification time, limited by the modulational instability, was found to be ∼102 ps and the corresponding length of the mediating plasma was found to be ∼1 cm. This system provided an output pulse with an unfocused intensity of ∼10   15   W/cm   2   and a pulse duration of ∼1 ps, after the nonlinear pulse compression. It was observed that the growth rate differs considerably for Raman and Brillouin processes, when the magnetic fields become nonnegligible, and the growth rate depends sensitively on the laser polarization.




5.5. Kinetic Simulations of Laser Parametric Amplification in Magnetized Plasmas


In addition to the abovementioned investigations, PIC simulations using the MBRA formula verified that parametric amplification in plasmas can be enhanced by replacing the uniform density plasma with a magnetized plasma, where the magnetic field applied is of the order of few megagauss. Simulations using a linearly polarized pump laser, with wavelength of 1  μ m and a constant intensity profile and a temporal Gaussian seed pulse with polarization similar to that of the pump and with the central frequency of 0.905   ω 0   were conducted to investigate the laser parametric amplification in magnetized plasmas. Electron temperature was initialised at 40 eV, and an external magnetic field was applied perpendicularly to the pump and seed pulse. Assuming 100 electrons per cell, 80 cells per laser wavelength, and 85 time steps per laser period provides the resolution for the simulations. Two kinetic effects were demonstrated in the simulation, namely the wakefield generation (i.e., the process in which the energy of amplified pulse is depleted) and phase mixing (which destroys the coherence of the plasma wave). The more the magnetisation factor, the larger the electromagnetic component in the wakefield, causing depletion in the energy of the amplified pulse. The results of this simulation establish that magnetized resonance remains coherent even if the pump amplitude is more than wave-breaking threshold. Because of this, large intensity pumps in magnetized plasma will get greater output intensity than expected.




5.6. Laser-Plasma Interactions in Magnetized Environment


Investigations into the various laser-plasma interactions in a magnetized environment provided an insight to the processes responsible for Raman and Brillouin amplification processes [229]. Processes such as coherent scattering of lasers, laser pulse compression, and laser propagation and their effects on pulse compression in a magnetized environment are addressed in detail in these investigations. Owing to the benefits of applying magnetic fields in laser compression, the engineering challenge in producing high-density plasma was solved. In addition, applying a magnetic field reduces wave damping and stifles competing instabilities [40,51,54]. This allows us to use a magnetic field as an extra control variable, for increasing the efficiency of laser compression. Moreover, the compression of soft X-ray pulses, which was not possible in nonmagnetized cases is now possible with upper hybrid mediation. The results of such simulations must be verified by more complex simulations and experiments, and the possibilities of using other mediating waves like Alfven waves, hybrid waves, and Bernstein waves in magnetised plasma must be explored [223].





6. Conclusions


In conclusion, the SRS and SBS processes are compared in view of applying stimulated scattering techniques for amplifying high-energy laser pulses. The regimes that are best for amplification of the seed pulse by Brillouin and Raman processes are analysed by carefully choosing a number of variables, such as plasma density, maximum duration of pump pulse, intensity of pump pulse, etc. There are many potential limitations with Raman or Brillouin amplification techniques. In both cases, the priority is to prevent spontaneous RBS of the pump pulse due to random density variations. Moreover, in Raman schemes, it is necessary to prevent the plasma wave from breaking in order to maintain the rate of energy transmission. However, particle trapping will begin to take place even before the wave breaks, which will cause a reduction in the efficiency of amplification. At higher plasma densities in particular, when filamentation of the pulses can happen in conjunction with large seed amplitudes, Brillouin amplification is likely to be used. Spontaneous backscatter, wave-breaking, and filamentation are only a few factors that restrict the range of possible parameter values for amplification. Additional limits are imposed by experimental factors such as plasma temperature, density, amplitude, and duration of the seed. Hence, several simulation studies were carried out to optimize the different parameters for both schemes.



High amplification is expected in Raman and Brillouin scattering. However, the theoretical ideas were not widely realized experimentally. Even though Raman and Brillouin amplification in plasma were found beneficial to attain multiple PW powers, no plasma-based Raman amplification beyond 0.1 TW have been reported, and there are only very few reports on Brillouin amplification leading to powers of up to 1 TW. The initial seed duration and amplification should be chosen carefully, as it can delay the amplification of seed pulse and in turn, reduce the efficiency. All experiments conducted to date fail to achieve the necessary conditions for efficient amplification. Experimental realization with a significant (>10%) energy transfer from the pump to a short amplified seed pulse was observed only in few experiments (e.g., [53]).



A novel approach to address these drawbacks is to replace the plasma with uniform density with a magnetised plasma, and using ultrahybrid or magneto-hydrodynamic waves to mediate the amplification process. Plasma is capable of serving not only as a medium for amplification, but also as a medium for manipulating highly intense laser pulses. Recent years have seen the emergence of a new field of optics known as plasma-based optics, which examines the use of spatially organised plasmas as optical devices. Plasmas can also serve as polarizers and Bragg mirrors for ultrashort and ultraintense laser pulses. However, the capacities of plasmas for these applications are not yet understood, and hence they have immense potential for the application of plasma-based optics in the development of high-power lasers, i.e., multi-PW lasers.
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The following abbreviations are used in this manuscript:



	BRA
	Backward Raman Amplification



	CPA
	Chirped Pulse Amplification



	CPRA
	Chirped Pulse Raman Amplification



	CWB
	Coherent Wave Breaking



	EBW
	Electron Bernstein Waves



	FEL
	Free Electron Lasers



	FRS
	Forward Raman Scattering



	FWHM
	Full Width at Half Maximum



	GDD
	Group Delay Dispersion



	ICF
	Inertial Confinement Fusion



	ISI
	Induced Spatial Incoherence



	LWFA
	Laser Wakefield Acceleration



	MBRA
	Magnetic Backward Raman Amplification



	MHD
	Magneto-hydrodynamic



	MLF
	Magnetic Low Frequency



	OAM
	Orbital Angular Momentum



	PIC
	Particle-in-cell



	SBS
	Stimulated Brillouin Scattering



	SMI
	Self Modulation Instability



	SM-LWFA
	Self-modulated Laser Wakefield Acceleration



	SPM
	Self Phase Modulation



	SRA
	Stimulated Raman Amplification



	SRS
	Stimulated Raman Scattering



	SRSS
	Stimulated Raman Side Scattering



	sc-SBS
	Strongly Coupled-Stimulated Brillouin Scattering



	wc-SBS
	Weakly Coupled-Stimulated Brillouin Scattering



	RBS
	Raman Backscattering



	sc-SBS
	Strongly Coupled-Stimulated Brillouin Scattering



	wc-SBS
	Weakly Coupled-Stimulated Brillouin Scattering



	RBS
	Raman Backscattering



	UH
	Ultra Hybrid
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Figure 1. Pulsed laser peak power has increased over the past years as a result of introduction of succession of new techniques. The intensity available at the focal spot of the laser beam is presented on the right-Y axis. 
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Figure 2. Schematic of laser amplification via stimulated Raman scattering and stimulated Brillouin scattering. 
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Figure 3. Temporal evolution of (a) the reflectivity, (b) the seed amplitude, and (c) the seed duration for unchirped and chirped pump laser beams in 1D and 2D geometries. The duration and the energy of the seed laser beam have been set equal to zero for time earlier than    ω 0  t = 711   (time at which the seed beam enters the plasma). Here,   ω 0   is the frequency of the pump (given as   ω  p u m p    in the text). For the 2D geometry, the diagnostics were computed on axis. This figure was reprinted/adapted with permission from Ref. [183]. Copyright year: 2022, Publisher: American Physical Society. 
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Figure 4. Results of simulations using a three-wave model. The pump first reaches a high intensity with the flying focus at the right edge, when ionisation is initiated. As various colours converge to various locations, constant intensity moves at   υ = − c  , and as a result, the ionisation wave propagates at a nearly constant distance ahead of the injected seed pulse. We see the ideal plasma amplifier behaviour. This figure was reprinted/adapted with permission from Ref. [197]. Copyright year: 2022, Publisher: American Physical Society. 
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Figure 5. Intensity of the seed pulse predicted/obtained with time from 2000 to 2022 for Raman amplification and Brillouin amplification are presented here. 
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Figure 6. Density of the plasma predicted/obtained with time from 2000 to 2022 for Raman amplification and Brillouin amplification are presented here. 
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Figure 7. Final amplified seed after interaction in a plasma with N = 0.01, L = 175  λ ) with a counter-propagating pump (  a 0   = 0.007,  λ  = 1  μ m, and I = 6.7 × 10   13   W/cm   2  . This figure was reprinted/adapted with permission from Ref. [188]. Copyright year: 2022, Publisher: American Physical Society. 
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Figure 8. Spectra of the initial (dashed line) and amplified (solid line) seed pulses for SRS (R), SBS (B) and MLF (P,A), together with the pump spectrum. This figure was reprinted/adapted with permission from Ref. [188]. Copyright year: 2022, Publisher: American Physical Society. 
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Table 1. Comparison between Raman and Brillouin amplification.
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	Raman Amplification
	Brillouin Amplification





	Frequency of pump and seed
	Never identical
	May or may not be identical



	Energy loss to plasma wave
	Comparatively low
	Comparatively high



	Plasma density ratio
	Forbidden for density ratios > 0.25
	Allowed in density ratios below and above 0.25



	Contact length of plasma wave and seed pulse
	Long
	Short



	Peak Intensities
	Comparatively lower
	Comparatively higher



	Major Limitations
	Forward Raman scattering, Langmuir wave breaking, super-luminous precursor of the amplified pulse, pulse scattering by plasma density inhomogeneties, parasitic effects of plasma noise on Raman scattering
	Forward Raman Scattering, Filamentation
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
(zWOIM ;01) "Y1

600

400

z/A





media/file4.png
-<— Amplified seed

Interaction

Pu mp seed
Depleted Pump—






nav.xhtml


  plasma-05-00037


  
    		
      plasma-05-00037
    


  




  





media/file16.png
0.75

0.5

0.25

1

..

8 |

.

0.9

0.925

0.95

W/ Wo

0.975

1






media/file2.png
Chirped Pulse
Amplification

Mode-locking

Q-Switching

J Free Running

' | ' | i |
1960 1970 1980 1990
Year

|
2000

|
2010

Intensity (W/cm?)





media/file5.jpg
200

g

&

A ]
22333858 8 2

i
- "0 /| JO Sjun)
Caoan ™3 e






media/file3.jpg
~— Amplified seed

Interaction

D‘F’IM Pump—s-





media/file1.jpg
108

—10n
£ R
=3 Amtstn
8
Z 0
4 Modelcking
4
]
g
=10
Qswihing
10°

Frce Running.

100

10

o

102

10°

1960 1970 1980 1990 2000
Year

Intensity (W/cm?)





media/file7.jpg
l’u

£
2
4
3

3 g
o

= S o

(£7'1p) srenuatod 101004 poziEULION





media/file10.png
Intensity (W/cm?)

1024 -

1020 -

o O SRS,
O SRS,
A SBS,,
A
o
= - Hg
A AA D
L
o
A
2002 2006 2010 2014 2018 2022

Year






media/file12.png
10%

Density (cm™)

10%°

10*

1 020

O SRS, |
O SRS, |
A SBS,,
A o
O
A g AA
O
O 0g o o
O
O o o
o
2002 2006 2010 2014 2018 2022

Year






media/file9.jpg
Intensity (W/em?)

10%

0%

& o sks,

O sRs,
A sos,
a
o
B B8 Hp
o o
a 1B 8722 o
o
a
o
2002 2006 2010 2014 2018 2022

Year






media/file0.png





media/file14.png
Ifing) (10'> Wicm?)

0.75
0.5 F 0 200 400
0.25 —— MLF —— Birillouin
| — Raman  _ _ NoPump 1
0 - ST
0 200 400 GO0





media/file8.png
(¢-01%) “u/*u
n =

Flying focus

ool
..’
e -oo’
.-.o:o:_:.-ww:..o

mmmmmmmmmo
P S oS ©

S S oS & o

(£T'1p) srenuatod 101094 PIzZIEULION

z (mm)





media/file11.jpg
Density (cm™)

10%

O SRS,
O SRS,
A sBs,
o
10
A o
o
w| A g 24
o o
a o o
o B8 o "8 s
a
101
2002 2006 2010 2014 2018 2022

Year






media/file6.png
uonelnp asind pesg

E ﬂV =E
N
!\c\
1
A
7
\
frf
— (/,, =
J‘
R
85
L o E. e E
s =
T ),
o -
b =
T |loo W T 0 1
nonon h
8 38 3 ]
5g g |
1 o
i i | E
I
p
= ) C) |
(. 1 1 1 - S 1 1 1 1 Bl 1 1 L (]
o w by & T T2 - (2] N L o o o o o
™~ — ~—
000
?\OV b_>;om=mm_ (310 spun) ® (@1 0 syun)





media/file15.jpg
0.75
0.5

0.25 R

0 .
0.9 0.925 0.95 0.975 1
w/wy





