ȷURNAL FIZIQNIH DOSLIDȷEN^ t. 3, ˝ 3 (1999) s. 300–311

JOURNAL OF PHYSICAL STUDIES v. 3, No. 3 (1999) p. 300–311

ELECTROMAGNETIC WAVE SCATTERING AND CONVERSION BY LOW–FREQUENCY COLLECTIVE FLUCTUATIONS IN MAGNETIZED PLASMAS

A. G. Sitenko Bogolyubov Institute for Theoretical Physics 14–b Metrolohichna Str., UA–03143, Kyiv, Ukraine (Received 10 September 1999)

The problem of electromagnetic wave scattering in a plasma placed in a strong external magnetic field and its possible applications for plasma diagnostics is discussed. The scattering is associated both with longitudinal field fluctuations (charge density fluctuations) and with transverse electromagnetic fluctuations. Electromagnetic wave scattering by magnetic fluctuations is accompanied by wave conversion. Low–frequency fluctuation spectra of electric and magnetic fields are calculated for a plasma with a strong external magnetic field. Incoherent fluctuations and fluctuations associated with the excitation of collective modes (Alfven and magnetosonic waves) are singled out. The spectral distributions of the electric and magnetic field fluctuations in nonequilibrium plasmas are considered. Fluctuations are also considered in a plasma with large–scale turbulent pulsations. The wave scattering cross–section is calculated and the conditions are revealed, under which conversion is the dominant process. Peculiar features of scattered waves spectral distribution depending on the parameters that characterize plasma state are treated.

Key words: magnetized plasma, Alfven and magnetosonic fluctuations, scattering, conversion, electromagnetic wave.

PACS numbers: 52.25.Gj

INTRODUCTION

The study of electromagnetic wave scattering spectra (both in laser and centimeter wave ranges) is an efficient method of plasma diagnostics in laboratory fusion research devices as well as in the near and outer space. Electromagnetic wave scattering is caused by fluctuations of charged particle density and other plasma parameters: current density, electric and magnetic fields. Spectra of scattered waves provide information on the density and temperature distributions in the plasma. A peculiarity of electromagnetic wave scattering in plasmas is coherent scattering by collective plasma excitations — combination scattering, that occurs along with Thompson incoherent scattering by individual plasma particles. Wave scattering by collective plasma fluctuations, in particular, makes it possible to find relative concentrations of charged particles and temperatures of individual plasma components. The phenomenon of electromagnetic wave combination scattering by collective plasma excitations was considered for the first time in [1]. As distinct from the wave scattering by fluctuations of charged particle density, interaction of the incident wave and the magnetic field fluctuations may be accompanied by the electromagnetic wave conversion, i.e., transformation of an ordinary electromagnetic wave into an extraordinary one or vice versa. Though the scattering cross–section is much greater than the conversion cross–section, under certain condition one can distinguish conversion from scattering and find the spectral distribution of converted waves. Studies of converted wave spectral distributions provide information on plasma parameters other than those associated with wave scattering, in particular on the magnetic field fluctuation intensity distribution. Increased activities in the controlled fusion research and employment of magnetic plasma confinement systems require improved methods of plasma state analysis. It is obvious that information on the plasma state can be drawn from experimental data only provided the theoretical spectra of magnetic and electric field fluctuations in the plasma are available.

I. PLASMA WITH STRONG MAGNETIC FIELD

Electromagnetic plasma properties are completely described in terms of the plasma dielectric permittivity tensor ε_{ij} (ω, k) which depends on the frequency ω and the wave vector k. The dielectric permittivity tensor of a plasma with external magnetic field was calculated in the kinetic approximation in [2,3].

In order to consider a plasma with strong external magnetic field B_0 we introduce a dimensionless parameter,

q^2 = k^2s^2 ω^2_{Bi} ≪ 1,

where s = √_{3T} m is the electron thermal velocity (T is the plasma temperature, m is the electron mass) and ω_{Bi} =^{eB0}_{Mc} is the ion cyclotron frequency (e and M are the ion charge and mass, respectively). We restrict the consideration to the spectral range of frequencies ω lower than the electron cyclotron frequency ω_{Be} =^{eB0}_{mc} , i.e., ω ≪ ω_{Be} , and employ approximate expressions for the plasma dielectric permittivity components, obtained under the assumption that^m_M ≪ 1 and expanded in power series of the small parameter q^2. In the coordinate system with the z–axis along the vector B_0 and the x–axis in the plane of vectors k and B_0, the components of the dielectric permittivity tensor ε_{ij}(ω, k) take the form

ε_{11} = 1 2 ω^2_{pi} ω^2 { ω ( 1 ω_{Bi} − ω φ(z_1) − 1 ω_{Bi} − ω ) + i √ πμze^{−z21} } ,

ε_{22} = ε_{11} − m M ε_0 { 1 + φ(z) − i √ πze^{−z2} } tg2ϑ z^2 , ε_{33} = 3 M m ε_0 { 1 − φ(z) − φ(μz) + i √ πz ( e^{−z2} + μe^{−μ2 z2} )} 1 q^2 cos^2 ϑ ,

ε_{12} = i { ε_{11} − ω^2_{pi} ω_{Bi} (ω_{Bi} + ω) } , (1)

ε_{23} = −iε ω_{Bi} ω { 1 − φ(z) + i √ πze^{−z2} + 1 2 ( 1 − φ(z_1) + i √ πz_1e^{−z21} )} tgϑ,

ε_{13} = 1 2 ε_0 ω_{Bi} ω { 1 − φ(z_1) + i √ πz_1e^{−z21} } tgϑ.

Here ϑ is the angle formed by the vectors k and

B_0; ε_0 =^{ω2pi}_{ω2Bi} , where ω^2_{pi} =^{4πn0e2}_M is the square of

the ion plasma frequency (we assume that ε_0 ≫ 1);

μ^2 =^M_m ; z =

√_3 2 ω ks cos ϑ is the dimensionless frequency

and z_1 =

√_3 2 M m |ω_{Bi} −ω| ks cos ϑ .

In (1), only the first terms of the q^2–expansions of general expressions for the permittivity tensor of a plasma with external magnetic field are retained. We note that individual components of the permittivity tensor (1) differ in the order of magnitude with respect to the parameter q^2. The leading term of the expansion of the component ε_{33} is proportional to q^{−2} (for very low frequencies, one has to take into account the ion motion in ε_{33}), and those of the components ε_{11} and ε_{22} are of the order of one.

II. EIGENWAVES OF A PLASMA WITH STRONG EXTERNAL MAGNETIC FIELD

We introduce the dispersion tensor Λ_{ij}(ω, k):

Λ_{ij}(ω, k) = ε_{ij} (ω, k) − ( δ_{ij} − k_ik_j k^2 ) η^2, (2)

where η^2 =^{k2c2}_{ω2} is the square of the wave refraction index and write its determinant in the form

Λ(ω, k) = ε_{33} { ( η^2 cos^2 ϑ − ε_{11} ) ( η^2 − ε_{22} − ε^2_3 ε_{33} )

+ ε^2_{12} + η^2 ε_{33} [( η^2 − ε_{22} ) ε_{11} sin^2 ϑ (3)

+ 2ε_{12}ε_{23} sin ϑ cos ϑ − ε^2_{12} sin^2 ϑ ] } .

The large quantity ε_{33} = 0(q^{−2}) is put before the curly brackets for convenience. The two first addends between the curly brackets are of the order of one, all the other terms are of the order of q^2.

The dispersion equation that determines the frequencies and damping rates of plasma eigenwaves reduces to the condition

Λ(ω, k) = 0. (4)

The eigenfrequencies are determined by the real part of the dispersion equation in which thermal corrections contained in the expressions for the dielectric permittivity components may be neglected, while the wave damping rate is determined by the imaginary part of the dispersion determinant (3) that is given rise to by the thermal effects.

In the long–wave length limit, for small values of the parameter ξ^2 =^{k2v2A}_{ω2Bi} (v_A =^{B0√}_{4πn0M} is the Alfven speed), the dispersion equation (4) has two different solutions in the low–frequency range which correspond to the Alfven wave (A) and the fast magnetosonic wave (S) [4].

The frequency and the damping rate of the Alfven wave are defined by

ω_A = kv_A cos ϑ, γ_A = 1 2 ω_AP^{′′}(ω_A), (5)

where the notation is introduced:

P^{′′}(ω) = √ π 3 m M q^2 { ω^4 (k^2v^2_A − ω^2)^2

+ k^2v^2_A ω^2 cos^2 ϑ [1 − φ(z)]^2 + πz^2e^{−2z2} } ze^{−z2} .

The electric field vector of the Alfven wave is perpendicular to B_0 and lies in the plane of vectors k and B_0, hence for the polarization vector we have e^{(A)} = (1, 0, 0).

The frequency and the damping rate of the fast magnetosonic wave are given by

ω_S = kv_A, γ_S = 1 2 ω_S Ψ^{′′}(ω_S ), (6)

where

Ψ^{′′}(ω) = √ π 2 m M tg^2ϑ e^{−z2} z , z^2 = 3 2 ω^2 k^2s^2 cos^2 ϑ . The electric field vector of the fast magnetosonic wave is perpendicular to the plane of vectors k and B_0, hence e^{(S)} = (0, 1, 0).

As the eigenwave frequency approaches the ion– cyclotron frequency ω_{Bi} , the refraction index of the Alfven wave tends to infinity, whereas the refraction index of the magnetosonic wave remains finite. For ω → ω_{Bi} , the cyclotron damping of the Alfven wave becomes so strong that propagation of this wave becomes impossible.

III. FLUCTUATIONS IN EQUILIBRIUM PLASMAS

According to the fluctuation–dissipation theorem, the spectral distribution of electric field fluctuations is given by

⟨E_iE_j ⟩_{kω} = 4πi T ω { Λ^{−1}_{ji} − (Λ^{−1}_{ij} )^∗ } , (7)

where T is the plasma temperature and Λ^{−1}_{ij} is the inverse of the dispersion tensor (2). We introduce the algebraic complement λ_{ij} of the tensor (2), λ_{ij}Λ_{jk} = Λδ_{jk}, Λ ≡ ‖Λ_{ij}‖, then the inverse tensor may be represented in the form

Λ^{−1}_{ij} = λ_{ij} Λ . (8)

The spectral distribution of magnetic field fluctuations is related to the electric field fluctuation distribution as given by ⟨B_iB_j ⟩_{kω} = η^2ϵ_{ikm}ϵ_{jln} k_kk_l k^2

⟨E_mE_n⟩_{kω} , (9)

where ϵ_{ikm} is a completely antisymmetric third–rank tensor.

IV. SPECTRAL DISTRIBUTIONS OF ELECTRIC FIELD FLUCTUATIONS

Making use of expression (1) for components of the dielectric permittivity tensor in the case q^2 ≪ 1 we give the algebraic complement tensor (2) in the form

λ_{ij} = λ^{long}_{ij} − ε_{33} η^2 − ε_{22} − ε^{23}ε_{33} 0 0 0 η^2 cos^2 ϑ − ε_{11} 0 0 0 0 ,

(10)

where λ^{long}_{ij} = η^{4 kikj}_{k2} is longitudinal part of tensor λ_{ij} which we can disregard in the range of frequencies ω > √_m 3M qkv_A cos ϑ. Thus, only the components λ_{11} and λ_{22} are of the same order of magnitude in the limiting case q^2 → 0 (all the other components λ_{33}, λ_{12}, λ_{13} and λ_{23} and are of higher orders of smallness). Therefore, the spectral distribution of electric field fluctuations in a plasma with strong external magnetic field in the range of frequencies much lower than the ion cyclotron frequency (ω ≪ ω_{Bi} ) is determined by the expression:

⟨E_iE_j⟩_{kω} = 8πT v^2_A c^2 ω { e^{(A)}_i e^{(A)}_j ω^2P^{′′} (ω^2 − k^2v^2_A cos^2 ϑ)^2 + (ω^2P^{′′})^2

+ e^{(S)}_i e^{(S)}_j ψ^2Ψ^{′′} (ω^2 − k^2v^2_A)^2 + (ω^2Ψ^{′′})^2 } . (11)

We see that the spectral distribution of fluctuations has two maxima associated with Alfven and magnetosonic fluctuation oscillations. These maxima are manifested in different components of the fluctuation spectral distribution tensor because of differing polarizations of the fluctuation electric field vectors. The maximum associated with the Alfven fluctuation oscillations occurs in the spectral distribution of the component ⟨E^2_1⟩_{kω} whereas the one corresponding to the magnetosonic fluctuation oscillations is manifested, respectively, in the spectral distribution of the component ⟨E^2 ⟩_{kω}. Numerical calculations of the spectral distributions ⟨E^2_1 ⟩_{kω} and ⟨E^2⟩_{kω} were performed in [5] for the values of the parameters Θ^2 ≡^3_2^{v2A}_{s2} and q^2 which correspond to the actual conditions of real plasma with the concentration n_0 = 1.2 · 10^{14} cm^{−3}, temperature T = 10^4 eV, and external magnetic field B_0 = 3.4 · 10^4 Gs.

The magnetosonic perturbation is transverse (the polarization vector of the fast magnetosonic wave is perpendicular to the wave vector, e^{(S)}k = 0); the electric field of Alfven perturbations has a longitudinal component as well. To find the spectral distribution of the longitudinal electric field, we multiply the total distribution (11) by k_ik_j k^2 and thus separate out the longitudinal component

⟨E^2_l ⟩^{(A)}_{kω}= 8πT v^2_A c^2 ω sin^2 ϑ ω^2P^{′′} (ω − k^2v^2_A cos^2 ϑ)^2 + (ω^2P^{′′})^2 . (12)

The spectral distribution of charge density fluctuations associated with Alfven perturbations in the plasma is determined by the relation

⟨ρ^2⟩^{(A)}_{kω} = k^2 16π^2

⟨E^2_l ⟩^{(A)}_{kω} . (13)

The spectral distribution of the charge density fluctuations (13) has a maximum for frequencies corresponding to Alfven fluctuation waves and a broad maximum in the range of low frequencies associated with incoherent plasma fluctuations.

In the low–frequency range z^2 ≪^m_M , the spectral distribution (13) takes the form

⟨ρ^2⟩^{(A)}_{kω} = 1 6 √ π 2 e^2n_0 ω_{Pi} ω^2 ω_P 2_e s^2 v^2_A ka sin ϑtg^3ϑe^{− Mm z2} , (14)

a^2 = T 4πn_0e^2 .

We note that intensities of both charge density and longitudinal electric field fluctuations ⟨ρ^2⟩^{(A)}_{kω} and ⟨E^2_l ⟩^{(A)}_{kω} tend to zero in the low–frequency range.

In the low–frequency domain dominant contribution to the incoherent charge density fluctuations is associated with the longitudinal electric field. The spectral distribution of such incoherent fluctuations is described by

⟨ρ^2⟩_{kω} = 1 2 √ π 2 e^2n_0 ω_{Pi} k^3a^3 e^{− Mm z2} cos ϑ

, z^2 ≪ m M . (15)

The spectrum of electron density incoherent fluctuations in the low–frequency domain is as follows

⟨δn^2_e⟩_{kω} = 1 2 √ 3π 2 √ M m n_0 ks cos ϑ e^{− Mm z2} , z^2 ≪ m M . (16)

As the wave number increases, the maxima of electric field fluctuation spectra are shifted to the ion cyclotron frequency range and separation of Alfven and magnetosonic fluctuation excitations disappears in individual components of the spectral distribution. The components ⟨E^2_1 ⟩_{kω} and ⟨E^2 ⟩_{kω} of the spectral distribution of electric field fluctuations in frequency range ω^∼< ω_{Bi} were calculated in [5] as functions of the dimensionless frequency ~ω ≡^ω_{ωBi} for different values of parameter ξ. Each spectral distribution ⟨E^2_1 ⟩_{kω} and ⟨E^2 ⟩_{kω} has four maxima. Two maxima in the low–frequency range ~ω < 0.01 and in the range of ion cyclotron frequency ~ω ≈ 1 (ω ≈ ω_{Bi} ) are associated with incoherent fluctuations. Two narrow maxima correspond to the Alfven (at the frequency ω_A) and magnetosonic (at the frequency ω_S ) collective fluctuation oscillations (ω_A < ω_S). These maxima are by several orders of magnitude higher than the maxima associated with incoherent fluctuations. Position and magnitude of the maxima which correspond to the Alfven and magnetosonic fluctuation oscillations depend on parameter ξ. When ξ increases the ω_A and ω_S are also increases (to narrow maxima are shifted to the range of the higher frequency), however ω_A < ω_{Bi} (~ω_A ≡^{ωA}_{ωBi} < 1). When ξ = 0.7516 the maximum associated with magnetosonic collective fluctuations is located at the frequency ~ω_S = 1 (incoherent maximum is also situated at this frequency). When ξ = 1 the maximum associated with magnetosonic collective fluctuations lies outside the frequency range ω ≈ ω_{Bi} . For the values of parameter ξ = 0.2; 0.4 the maximum associated with magnetosonic fluctuation oscillations is by several orders of magnitude higher than maximum associated with Alfven fluctuation oscillations. The magnitude of the maximum in the range of ion cyclotron frequency ~ω ≈ 1 (ω ≈ ω_{Bi} ) which associated with incoherent fluctuations is increasing when parameter ξ is increasing.

In the ion cyclotron resonance range, (_{ωBi −ω} ω_{Bi} )_2 ≪ 2 3 m M q^2 cos^2 ϑ, both electric field fluctuation spectra ⟨E^2_1 ⟩_{kω} and ⟨E^2 ⟩_{kω} have a maximum associated with incoherent cyclotron fluctuations. It is given by

⟨E^2_1 ⟩_{kω} = 2π √ 6π M m T ω_{Pi} ω_{Bi} ω_{Pi} c s ψ(ξ)e^{−z21} , (17)

⟨E^2 ⟩_{kω} = cos^2 ϑ⟨E^2_1 ⟩_{kω}, where

z^2_1 = 3 2 M m (ω_{Bi} − ω)^2 k^2s^2 cos^2 ϑ and ψ(ξ) = 1 ξ^5 cos^5 ϑ

for ξ^2 > 1.

V. SPECTRAL DISTRIBUTION OF MAGNETIC FIELD FLUCTUATIONS

Making use of relation (9) between the distributions of electric and magnetic field fluctuations and the spectral distribution of electric field fluctuations (11), we find the spectral distribution of long–wavelength fluctuations (kv_A ≪ ω_{Bi} ) of magnetic field in a plasma with strong external magnetic field to be given by

⟨B_iB_j ⟩_{kω} = 8π T ω k^2v^2_A { b^{(A)}_i b^{(A)}_j ω^2P^{′′} cos^2 ϑ (ω^2 − k^2v^2_A cos^2 ϑ)^2 + (ω^2P^{′′})^2

+ b^{(S)}_i b^{(S)}_j ω^2Ψ^{′′} (ω^2 − k^2v^2_A)^2 + (ω^2Ψ^{′′})^2 } , (18) ω ≪ ω_{Bi} , where we introduced the magnetic field polarization vectors for the Alfven and magnetosonic waves; b^{(A)} = (0, 1, 0), b^{(S)} = (− cos ϑ, 0, sin ϑ).

Similarly to the spectral distribution of electric field fluctuations, the spectral distribution of magnetic field fluctuations (18) has two maxima given rise to by Alfven and magnetosonic fluctuation oscillations and a low–frequency maximum associated with incoherent fluctuations. As in the case of electric field fluctuations, differing polarizations of Alfven and magnetosonic waves are responsible for the fact that relevant magnetic field fluctuation maxima are manifested in different components of the spectral distribution tensor. The maximum associated with the Alfven excitations appears in the spectral distribution of the component ⟨B^2 ⟩_{kω} whereas the maximum corresponding to the magnetosonic fluctuations is manifested in the spectral distributions of ⟨B^2_1 ⟩_{kω}, ⟨B^2_3 ⟩_{kω}, ⟨B_1B_3⟩_{kω} and ⟨B_3B_1⟩_{kω}.

As distinct from the case of electric field fluctuations, the maximum of incoherent fluctuations of the magnetic field corresponds to the zero frequency. Bearing in mind that ion motion should be allowed for in the case of very low frequencies ( z^2 ≪^m_M ) , we obtain the expressions for the spectral distributions of incoherent Alfven and magnetosonic fluctuations, i.e.,

⟨B^2 ⟩^{(A)}_{kω} = 2π √ π 6 m M T ks q^2 sin ϑtgϑe^{− Mm z2} , ω ≪ kv_a cos ϑ; (19)

⟨B_iB_j ⟩^{(S)}_{kω} = b^{(S)}_i b^{(S)}_j 8π √ 2π 3 m M T kv_A sin ϑtgϑe^{− Mm z2} , ω ≪ kv_a. (20) The widths of the distributions are determined by the ion thermal velocity.

VI. FLUCTUATIONS IN NONEQUILIBRIUM PLASMAS

Electromagnetic fluctuations in a nonequilibrium plasma are determined by the spectral distribution of the Langevin current along with the dielectric permittivity tensor.

The spectral distribution of electric field fluctuations in a nonequilibrium plasma is determined by the expression

⟨E_iE_j⟩_{kω} = 16π ω^2 1 |Λ|^2 λ^∗_{ik}λ_{jl}⟨j_kj_l⟩^0_{kω} (21)

and the spectral distribution of magnetic field fluctuations in a nonequilibrium plasma is given by

⟨B_iB_j ⟩_{kω} =

16π^2 ω^2 η^2 |Λ|^2 ϵ_{ikm}ϵ_{jln} k_kk_l k^2 λ^∗_{mr} λ_{ns}⟨j_rj_s⟩^0_{kω}. (22)

The spectral distribution of current density fluctuations in the plasma disregarding the Coulomb interaction of charged particles is usually taken for the spectral distribution of the Langevin current:

⟨j_ij_j⟩^0_{kω} = e^2 ∞∫ −∞ dte^{iωt} ∫ dv ∫ dv^′v_iv_j W_k(v, v^′; t)f_0(v), (23)

where W_k(v, v^′; t) is the Fourier transformation of the probability density in the phase space for the particle transition from the point v to the point v^′ for the time t. If the particle interactions are neglected, the transition probability density is given by W_k(v, v^′; t) = e^{−ia[sin(ωBt+α)−sin α]−ik‖v‖t} × δ (v^′_x − v_⊥ cos(ω_B t + α)) δ ( v^′_y + v_⊥ sin(ω_B t + α) ) δ ( v^′_‖ − v_‖ ) , (24)

where a =^{k⊥v⊥}_{ωB} and the initial velocity is determined as v = ( v_⊥ cos α, −v_⊥ sin α, v_‖ ) . If the charged particle distribution is axially symmetric with respect to the external magnetic field, the spectral distribution of the Langevin current is as follows:

⟨j_ij_j ⟩^{0α}_{kω} = 2π ∑ α e^2_α ∫ dv ∑ n Π^{(nα)}_{ij} (v_⊥, v_‖)δ ( ω − k_‖v_‖ − nω_{Bα} ) f_{0α}(v_⊥, v_‖), (25)

where the tensor Π^{(n)}_{ij} (v_⊥, v_‖) is defined by

Π^{(n,α)}_{ij} (v_⊥, v_‖) = nω_{Bα} k_⊥ J^n(a^α) −iv_⊥J^′_n(a_α) v_‖J_n(a_α) ( nω_{Bα} k_⊥ J_n(a_α), iv_⊥J^′_n(a_α), v_‖J_n(a_α) ) ,

a_α = k_⊥v_⊥ ω_{Bα} .

In the case of a nonequilibrium plasma the dielectric permittivity tensor may be found on the basis of inverting the fluctuation–dissipation relationship [3]:

ε_{ij}(ω, k) = δ_{ij} + 4π ∑ α κ^α_{ij}(ω, k) = ( 1 − ∑ α ω^2_{pα} ω^2 ) δ_{ij} − 2 ω^2 ∑ α ∫ dω^′ ω^{′ ∂}_{∂Eα} ⟨j_ij_j ⟩^{0α}_{kω}′ ω^′ − ω − i0 , (26)

where^∂_{∂Eα} ⟨j_ij_j⟩^{0α}_{kω}′ is the correlation function averaged over the derivative of the energy distribution:

ω ∂ ∂E_α ⟨j_ij_j ⟩^{0α}_{kω}′ = 2πe^2_α m_α ∑ n ∫ dvΠ^{(n,α)}_{ij} (v)δ ( ω − nω_{Bα} − k_‖v_‖ )

× ( nω_{Bα} v_⊥ ∂ ∂v_⊥ + k_‖ ∂ ∂v_‖ ) f_{0α}(v_⊥, v_‖).

VII. POTENTIAL ELECTRIC FIELD FLUCTUATIONS

For the potential (longitudinal electric) field, the spectral distribution of the Langevin source and the dielectric permittivity B_0 are given by

⟨δn^2⟩^0_{kω} = 2π ∑ n ∫ dvJ^2_n ( k_⊥v_⊥ ω_B ) δ ( ω − nω_B − k_‖v_‖ ) f_0 ( v_⊥, v_‖ ) , (27)

ε(ω, k) = 1 + ∑ α 4πe^2 mk^2 ∑ n ∫ dv J^2_n (_{k⊥v⊥} ω_B ) ω − nω_B − k_‖v_‖ + i0 ( nω_B v_⊥ ∂ ∂v_⊥ + k_‖ ∂ ∂v_‖ ) f_0(v_⊥, v_‖). (28)

For the strong external magnetic field, in the low–frequency range (ω ≪ ω_{Bi} ) the terms with n = 0 are significant only in (27) and in the contribution from the second term in the brackets in (28). The contribution from the first term to the latter equation includes all terms with n ≠ 0. Thus, Eqs. (82) and (83) may be approximated by the formulas [6]:

⟨δn^2⟩^0_{kω} = 2π ∫ dvJ^2_0 ( k_⊥v_⊥ ω_B ) δ ( ω − k_‖v_‖ ) f_0(v_⊥, v_‖), (29)

ε(ω, k) = 1 + 4π ∑ α κ_α(ω, k) = ε_0(k) + ∑ α 4πe^2 mk^2 ∫ dv J^2_0 (_{k⊥v⊥} ω_B ) ω − k_‖v_‖ + i0 k_‖ ∂ ∂v_‖ f_0(v_⊥, v_‖), (30)

where

ε_0(k) = 1 + ∑ α 4πe^2 mk^2 ∫ dv { J^2_0 ( k_⊥v_⊥ ω_B ) − 1 } 1 v_⊥ ∂ ∂v_⊥ f_0(v_⊥, v_‖).

When particle distributions are Maxwellian with temperatures T_⊥ and T_‖ with respect to the external magnetic field direction, Eqs. (29) and (30) yield

⟨δn^2⟩^0_{kω} = √ 2π n_0 k_‖s_‖ e^{−β}I_0(β)e^{−z2‖} ,

ε(ω, k) = ε_0(k) { 1 + 1 ~a^2k^2 [ 1 − φ(z_‖) + i √ πz_‖e^{−z2‖} + Z_i(1 − φ(μz_‖) + i √ πμz_‖e^{−μ2z2‖} ]} ,

where Z_i is the ion charge number,

ε_0(k) = 1 + ∑ α 1 a^2_⊥k^2 ( 1 − e^{−β} I_0(β) ) ,

a^2_⊥ = T_⊥ 4πn^2_0

, a^2_‖ = T_‖ 4πn^2_0

, ~a^2 = ε_0(k) ε^{−β} I_0(β) a^2_‖, β = k^2_⊥T_⊥ mω^2_B , s^2_‖ = T_‖ m , z_‖ = 1 √ 2 k_‖ ω s_‖ .

We note that the spectral distribution of fluctuation sources in this case (strong magnetic field) is determined by the longitudinal temperature only. The correlation function for the electron density fluctuations in the case of potential interactions between particles takes the form

⟨δn^2_e⟩_{kω} = | | |1 − 4πκ_e(ω, k) ε(ω, k) | | |^2⟨δn^2_e⟩^0_{kω}

+ | | | 4πκ_e(ω, k) ε(ω, k) | | |^2Z^2_i ⟨δn^2_i ⟩^0_{kω}. (31)

Here, plasma discreteness reveals itself in the spontaneous density fluctuations ⟨δn^2_e⟩^0_{kω} and ⟨δn^2_i ⟩^0_{kω}, due to the random motion of individual non–interacting particles. The factors near the correlation function ⟨δn^2_e⟩^0_{kω} and ⟨δn^2_i ⟩^0_{kω} in (31) govern plasma polarization by the shielding cloud of electrons and ions around the test particle. Comparing these equations with those for a nonmagnetized plasma, we observe that these equations are related by the scaling transformation z → z_‖, a^2 → ~a^2, n_0 → ~n_0 ≡ n_0e^{−β}I_0(β) and κ(ω, k) → κ_0(k) + κ(ω, k). This makes it possible to reproduce the above analysis using the appropriate results for a nonmagnetized plasma.

VIII. COLLECTIVE FLUCTUATIONS IN NONEQUILIBRIUM PLASMAS

The spectral distributions of electric and magnetic fields fluctuations in the vicinity of the eigenoscillation frequencies in the transmittance range for a nonequilibrium plasma reduce to the form:

⟨E_iE_j⟩_{kω} =

8π^2 ω ~T (ω, k)e^∗_i e_j Spλδ(Λ^′), (32)

⟨B_iB_j ⟩_{kω} =

8π^2 ω ~T (ω, k)η^2b^∗_i b_j Spλδ(Λ^′), (33)

where ~T (ω, k) is the effective temperature

~T (ω, k) = 2π^2 ω λ_{kl} Λ^{′′} ⟨j_kj_l⟩^0_{kω}.

We note that the effective temperature ~T (ω, k) depends on the frequency and the wave vector. It is obvious that the value of the effective temperature for the frequency equal to the eigenoscillation frequency should be regarded as the temperature of the relevant eigenoscillations, T_A ≡ ~T (kv_A cos ϑ, k), T_S ≡ ~T (kv_A, k). (34) The values of T_A and T_S can differ considerably. The condition of plasma stability with respect to collective excitations reduces to the requirement that the damping rate γ_{A,S} of the relevant collective excitation must be greater than zero. The effective temperature of relevant excitations grows infinite at the stability boundary.

The spectral distribution of incoherent fluctuations of the magnetic field is maximum for zero frequency. The ratios of the intensities of these spectral distributions for zero frequencies to the quantities for an equilibrium plasma, may be regarded as effective temperatures of the relevant incoherent fluctuations, i.e.,

T^N_A = 8 √ 6π √ M m 1 q^2 ω^2_{Bi} ω_{Pi} s v_A ⟨j^2_1 ⟩^{(0)}_{kω} kv_A 1 sin^2 ϑ cos ϑ ,

T^N_S = √ 6π √ M m ω^2_{Bi} ω_{Pi} ⟨j^2 ⟩^{(0)}_{kω} ks cos ϑ sin^2 ϑ

. (35)

We note that effective temperatures of incoherent fluctuations are always finite, as distinct from the temperatures of collective Alfven and magnetosonic fluctuations. Thus, it is convenient to describe the state of a nonequilibrium plasma in terms of the sets of temperatures T_A, T_S and T^N_A , T^N_S ; the diagnostics of states of a nonequilibrium plasma with strong external magnetic field may be reduced to the calculation of these temperatures.

IX. FLUCTUATIONS IN TURBULENT PLASMAS

We consider plasmas with developed turbulence and assume that there occur large–scale turbulent pulsations. This means that microscopic motion of noninteracting particles reduces to the motion of particles under the influence of the field averaged over a small macroscopic volume, and the stochastic motion of the latter volume. We assume thermal motion of individual particles and chaotic turbulent large–scale motions to occur independently. Therefore, the transition probability density for a turbulent system is given by

W^T_{kω}(v, v^′) = ∫ dω^′ 2π ∫ dv^T P_{kω−ω}′ (v^T )W_{kω}′ ( v, v^′ + v^T ) , (36)

where P_{kω}(v^T ) is the factor determined by the stochastic Brownian motion of small macroscopic volumes. If the elementary volume is involved in the diffusion–drift motion [6], then

P_{kω} ≡ ∫ dv^T P_{kω}(v^T ) =

2k^2D (ω − ku_D)^2 + k^4D^2

, (37)

where u_D is the drift velocity and D is the diffusion coefficient. The more pragmatic model [7] one imagines that small macroscopic plasma volumes move chaotically across the magnetic field and the characteristic function is a Gaussian

P_{kω} = √ 2π γ_F exp { (ω − ku_D)^2 2γ^2_F } , (38)

where the mean drift velocity u_D and the root mean square velocity u, associated with fluid–like motion, determine the Doppler frequency ω_F = ku_D (at which the spectrum has its maximum) and the spectral width γ_F = k_⊥u, respectively.

The spectral distribution of the Langevin current for a turbulent system is defined by

⟨j_ij_j ⟩^T_{kω} = ∫ dω^′ 2π P_{kω−ω}′ ⟨j_ij_j⟩^0_{kω}. (39)

The dielectric permittivity tensor for a turbulent plasma is determined by the formula (26) in which the correlation function ⟨j_ij_j ⟩^0_{kω} has to be changed to ⟨j_ij_j ⟩^T_{kω}. In the case of potential field the spectral distribution of the fluctuation source and the electric susceptibility for a turbulent plasma are given by

⟨δn^2⟩^T_{kω} = ∫ dω^′ 2π P_{kω−ω}′ ⟨δn^2⟩^0_{kω}′ , (40)

κ^T (ω, k) = ∫ dω^′ 2π ~P_{kω−ω′} ω ′ 2 ω^2 κ(ω^′, k). (41)

Making use of the characteristic function (38), we find the spectral distribution for spontaneous fluctuations [7]:

⟨δn^2⟩^T_{kω} = √ 2π C ~n_0 γ_T e^− (ω−ωF )2 2Cγ2T ,

γ_T = k_‖s_‖, ~n_0 = n_0e^{−β} I_0(β), β = k^2_⊥s^2_⊥ ω^2_{Bi} , C = 1 + ( k_⊥ k u s_‖ ) (42)

and the dielectric permittivity for an electron plasma

ε(ω, k) = ε(k) { 1 + 1 C 1 ~a^2k^2 [ 1 − φ ( ω − ω_F √ 2Cγ_T ) + i √ π ω − ω_F √ 2Cγ_T e^− (ω−ωF )2 2Cγ2T ]} .

The shape parameter C changes in the range from unity to infinity, as it depends on the ratio between the magnitudes of the wavevector perpendicular and parallel components and the ratio between the root mean square turbulent velocity and the particle thermal velocity. The spectral distribution of electron density fluctuations for a turbulent plasma is related to result for a nonmagnetized plasma by the scaling transformations: T → CT ≥ T, ω → ω − ω_F √ C , a^2 → C~a^2.

The characteristic length scale, which separates incoherent and collective fluctuations according to C~a^2k^2ε(k) ∼ 1 depends on the effects of fluid motion (C > 1), particle polarization drift (ε(k) > 1) and finite Larmor radius. The characteristic scale length is large when these effects are important. The spectra are broader for larger C, with collective features being less pronounced. The frequency scale √ 2Cγ_T depends on particle thermal motion along the magnetic field and on fluid, and it decreases with k_‖.

X. SCATTERED–WAVE–INDUCING CURRENT

The main problem in calculating the cross–sections of electromagnetic wave scattering in plasmas is to find the current produced by the nonlinear interaction of the incident wave with the fluctuations of electron density and their velocity, and the fluctuations of electric and magnetic fields. This current determines the scattered wave field. The nonlinear constitutive equation for the plasma, and hence the scattered–wave–inducing current may be derived from kinetic or hydrodynamic equations for the electron and ion plasma components. Since the difference between electron and ion masses is very large, the consideration may be restricted to the electron component only. The results of the fluid–approximation study of nonlinear processes in plasmas, obtained within its applicability range, are shown to be in accordance with the results of the kinetic treatment. In the cold plasma, when thermal effects in the dispersion of incident and scattered waves may be completely disregarded, the scattered– waves–inducing current is given by the expression [3]:

J_{kω} = −i { ω_0 n_0 δn_{qΔω}κ̂(ω_0)E^0 + δu_{qΔω} ( k_0κ̂(ω_0)E^0 ) + ωκ̂(ω) [ 1 c ( [δu_{qΔω}, B_0]

+ [u^0, δB_{qΔω}] ) − 4π ω_0 ω^2_{Pe} ( (k_0δu_{qΔω})κ̂(ω_0)E^0 + δu_{qΔω}(qκ̂(ω_0)E^0 ) ]} . (43)

Here we introduced the following denotations: ω_0 and k_0 are a frequency and a wave vector of the incident wave; ω and k are a frequency and a wave vector of the scattered wave; Δω = ω − ω_0 and q = k − k_0; E^0 and B^0 are the electric and magnetic fields of the incident wave; δn_{qΔω} and δu_{qΔω} are fluctuations of the electron density and velocity; δB_{qΔω} is fluctuations of the magnetic field; κ̂(ω) is the dielectric permittivity tensor of the cold magnetoactive plasma,

ε(ω) ≡ 1 + 4πκ(ω) = ε_1 −iε_2 0 iε_2 ε_1 0 0 0 ε_3 , (44)

ε_1(ω) = 1− ∑ α ω^2_{Pα} ω^2 − ω^2_{Bα}

, ε_2(ω) = ∑ α ω_{Bα} ω ω^2_{Pα} ω^2 − ω^2_{Bα} ,

ε_3(ω) = 1 − ∑ α ω^2_{Pα} ω^2 .

Using the linear connections between fluctuations of physical quantities in a plasma and the linearity of incident wave, we can present (43) in the form:

J_i(ω, k) = −iωκ_{ij} (ω) { α_{jk} δn_{qΔω} n_0 + γ_{jkl} δB_{lqΔω} B_0 } E^0_k,

(45)

where the fluctuations of all quantities are expressed in terms of the longitudinal fluctuations of charge density and the transversal magnetic fluctuations. Let us consider the scattering of waves with a small change of frequency (Δω ≪ ω_0). In this case, we can use the approximate expression α_{jk} ≈ δ_{jk} − 4π q^2 q_jk_{0l}κ_{lk}(ω_0), γ_{jkl} ≈ −4π ω_0ω_B ω^2_P ϵ_{jml}κ_{mk}(ω_0), Δω ≪ ω_0. (46)

Ordinary and extraordinary electromagnetic waves with equal frequencies but different refraction index and polarization can propagate in a plasma with the external magnetic field. The polarization vectors of the ordinary and extraordinary waves e_0 and e_x, respectively, satisfy the orthogonality condition ε_{ij}e_{0i}e^∗_{xj} = 0. For the waves that propagate along the magnetic field (ϑ = 0),

η^2_{0,x} = ε_1 ∓ ε_2, e_{0,x} = (1, ∓i, 0), (47) in the other words, these waves are transversal with the circular polarization. For the waves that propagate in the direction perpendicular to the magnetic field (ϑ =^π_2 ):

η^2_0 = ε_3, e_0 = (0, 0, 1); η^2_x = ε_1 − ε^2 ε_1 , e_x = (1, −i ε_1 ε_2

, 0). (48)

If the incident electromagnetic wave propagates along the magnetic field k_0 ‖ B_0, then α_{ij} → δ_{ij} ; at the same time the scattering of waves on the longitudinal charge density fluctuations takes place. Because of the orthogonality of the polarization vectors e_0 and e_x, the wave conversion on the charge density fluctuations is impossible.

If the incident wave (let e_0) propagates perpendicularly to the direction of magnetic field k_0⊥B_0, then k_0κ̂(ω_0)e_0 = 0 and again we get α_{jk} = δ_{jk}. Therefore, the wave conversion or transformation of the ordinary electromagnetic wave in the extraordinary one occurs due to the interaction with the transversal magnetic fluctuations only.

XI. ELECTROMAGNETIC WAVE SCATTERING CROSS–SECTION

The general expression for the differential cross– section of electromagnetic wave scattering in magnetoactive plasmas was derived in [3] from the hydrodynamic equations. In the case of electromagnetic wave scattering by electron density fluctuations, the differential cross– section is given by

dΣ = 1 2π ( e^2 mc^2 )_2

ω^2_0ω^2 ω^4_{Pe} R|ξ^2|⟨δn^2_e⟩_{qΔω} dωd0, (49)

where R = η^3

η_0 ( |e_0|^2 −^{|e0k0 |2}_{k20} ) e^∗_i e_{ij}e_j , ξ = e^∗_i (ε^0_{ij} − δ_{ij} )e^0_j .

This formula determines the plasma parameters (density, temperature, etc.) in terms of observed electromagnetic wave scattering spectra.

XII. ELECTROMAGNETIC WAVE CONVERSION CROSS–SECTION

The differential cross–section of electromagnetic wave conversion under scattering can be calculated in the same manner as in [3]. We restrict the consideration to the electromagnetic wave conversion with a small frequency shift (Δω ≪ ω_0), then the differential cross–section of conversion is described by the expression dΣ = 1 2π ω^4 c^4B^2_0 R ∑ l,l^′ ( e^∗_i κ_{ij}(ω)γ_{jkl}e^0_k ) ( e^∗_i κ_{ij}(ω)γ_{jkl}′ e^0_k )_∗ ⟨δB_lδB^∗_l′ ⟩_{qΔω}dωd0.

We note that ⟨δB_lδB^∗_l′ ⟩_{qΔω} = δ_{ll}′ ⟨δB^2_l ⟩_{qΔω}, and make use of the expression for the coefficient γ_{jkl}, then the differential cross–section reduces to the form

dΣ = 32π^2 ( e^2 mc^2 )_2 R n_0 mc^2 ω^6 ω^6_{Pe} ∑ l |e^∗_i κ_{ij}(ω)ϵ_{jnl}κ_{mk}(ω_0)e^0_k|^2⟨δB^2_l ⟩_{qΔω}dωd0. (50)

We consider the case when the incident ordinary electromagnetic wave is converted into an extraordinary electromagnetic wave. Suppose the process occurs in the plane perpendicular to the external magnetic field B_0. The polarization vector of the ordinary wave e_0 ≡ e^0 = (0, 0, 1) is directed along the magnetic field B_0, hence the azimuthal angle of the wave vector k_0 of the incident wave is insignificant. The polarization vector of the extraordinary wave, e_x, lies in the plane perpendicular to B_0 and depends on the azimuthal angle φ of the wave vector k, i.e.,

e_x ≡ e = ( cos φ + i ε_1 ε_2 sin φ, sin φ − i ε_1 ε_2 cos φ, 0 ) .

We consider the case when the wave vector change under conversion q = k − k_0 is small, then we can assume that q⊥k. We choose the coordinate system in a way that the vector q is directed along the x–axis, then the azimuthal angle of the converted wave vector is φ = −^π_2 . Therefore, the polarization vector of the converted wave is given by

e_x ≡ e = ( −i ε_1 ε_2 , −1, 0 ) .

(We do not normalize the converted wave polarization vector since the cross–section (50) does not depend on the normalization condition). Thus we obtain an expression for the differential cross–section of the electromagnetic wave conversion in magnetized plasma, i.e.,

dΣ_{0→x} = 1 8π^2 ( e^2 mc^2 )_2 R n_0 mc^2 { ω^2 ω^2_{Pe} ⟨δB^2_1 ⟩_{qΔω} (51)

+ (ω^2 + ω^2_{Pe} )^2 ω^2_{Pe} ω^2_{Be}

⟨δB^2 ⟩_{qΔω} } dωd0,

where

R = η^3 η_0e^∗_i ε_{ij}e_j = √ ε^2_1 − ε^2 ε_1ε_2 ε^2 ε^2_1 .

The first term within the curly braces in (51) describes the conversion of an ordinary electromagnetic wave into an extraordinary one due to the interaction with magnetosonic fluctuation excitations in the plasma, the second term is associated with Alfven fluctuation excitations. We note that, for an equilibrium plasma, the integral contribution of Alfven excitations in the conversion is greater than the contribution of magnetosonic excitations,

Σ^A Σ^S = (ω^2 + ω^2_{Pe} )^2 ω^2ω^2_{Be} > 1.

In nonequilibrium plasmas, this ratio can be both greater and smaller than one for various plasma states. In the case of conversion by incoherent magnetic fluctuations with very small frequency shift, the value of this ratio is determined by the inverse ratio of the Langevin sources, i.e.,

Σ^A Σ^S = ⟨j^2_1 ⟩^0_{k0} ⟨j^2 ⟩^0_{k0} .

It should be noted that the analysis of experimental data must take into account the fluid–like turbulent motion in the plasma which can considerably influence the character of the converted wave spectrum, similarly to the effect of such motions on the spectra of wave scattering by particle density fluctuations.

CONCLUSIONS

The main purpose of this review is to consider the low–frequency properties of a plasma with strong magnetic field, in particular, the specifics of collective excitations, dispersion, polarization, and damping of Alfven and magnetosonic waves. Low–frequency fluctuations of charge density, longitudinal and transverse electric field, and magnetic field in a magnetized equilibrium plasma are considered in detail; spectral distributions of such fluctuations are found; incoherent fluctuations caused by chaotic motion of individual particles are separated as well as the collective fluctuations associated with Alfven and magnetosonic plasma excitations. In the range of very small frequencies (much smaller than the ion cyclotron frequency) the Alfven and magnetosonic long– wave fluctuations are manifested in different components of the fluctuation spectral distribution tensor, i.e., Alfven and magnetosonic fluctuations are separated due to different characters of polarization of these excitations. The positions of the maxima of fluctuation spectra are determined by the frequencies of relevant plasma eigenoscillations. As the wave number increases, the maxima of fluctuation spectra are shifted to the ion cyclotron frequency range and separation of Alfven and magnetosonic waves disappears; the maxima associated with Alfven and magnetosonic fluctuations are manifested in all components of the spectral distribution; the magnetosonic maximum rapidly approaches the ion cyclotron frequency as the wave number grows. In the vicinity of the ion cyclotron frequency, a cyclotron resonance occurs which leads to the damping of collective excitations. In the ion cyclotron frequency range, incoherent cyclotron fluctuations occur; their spectral distribution is also found in the paper. Much attention is paid to the fluctuations in nonequilibrium plasmas. The Langevin fluctuation sources are introduced in order to find the effective temperatures which are responsible for the collective fluctuation levels for the electric and magnetic fields. The effective temperatures are found as well for the incoherent magnetic field fluctuations associated with Alfven and magnetosonic excitations. The temperatures thus introduced make it possible to describe the nonequilibrium plasma states quantitatively. Fluctuations are also considered in a plasma with large–scale turbulent pulsations. The influence of such fluid–like chaotic motions on the fluctuation spectra is analyzed. Such motions must be taken into account when the plasma state is studied in terms of fluctuation spectra and electromagnetic wave scattering in the plasma. Electromagnetic wave scattering is one of the most efficient methods of plasma diagnostics both in controlled fusion devices and in ionospheric and space plasmas. The study of electromagnetic wave conversion resulting from wave–plasma interaction provides additional possibilities to obtain information on the plasma state, in particular the character of magnetic field fluctuations.

[1] A. I. Akhiezer, I. G. Prohoda, A. G. Sitenko, Sov. Phys.

JETP 6, 576 (1958).

[2] A. G. Sitenko, K. N. Stepanov, Sov. Phys. JETP 4, 512 (1957).

[3] A. G. Sitenko, Electromagnetic Fluctuations in Plasma (Academic Press, New York, 1967).

[4] K. N. Stepanov, Sov. Phys. JETP 7, 892 (1958); 11, 192

(1960).

[5] A. G. Sitenko, A. V. Kharchenko, Plasma Phys. Control.

Fusion 41, 399 (1999).

[6] A. G. Sitenko, A. G. Zagorodny, Ukr. Fiz. Zh. 40, 390 (1995).

[7] P. P. Sosenko, N. Maafa, D. Gresillon, J. Atmos. Terr.

Phys. 58, 1047 (1996).

ROZSI˚NN˚ TA KONVERSI˚ ELEKTROMAGNETNIH HVIL^ NA NIZ^KOQASTOTNIH KOLEKTIVNIH FLıKTUACI˚H U NAMAGNETOVAN�` PLAZMI

O. G. Sitenko ¨nstitut teoretiqnoÝ f˛ziki ˛m. M. M. Bogolbova, vul. Metrolog˛qna, 14–B, KiÝv, 03143, UkraÝna E–mail: ositenko@gluk.apc.org

Rozglfflnuto rozsifflnnffl elektromagnetnih hvil~ u plazmi za nafflvnosti sil~nogo zovnixn~ogo magnetnogo polffl ȷ obgovoreno moılivist~ ȷogo vikoristannffl dlffl difflgnostiki plazmi. Rozsifflnnffl pov’fflzane fflk z povzdovınimi flktuacifflmi polffl (flktuacifflmi gustini zarffldu), tak i z popereqnimi elektromagnetnimi flktuacifflmi. Rozsifflnnffl elektromagnetnih hvil~ na magnetnih flktuacifflh suprovodıu‚t~sffl konversi‚ hvil~. Rozrahovani spektri flktuaciȷ magnetnogo ta elektriqnogo poliv u niz~koqastotniȷ oblasti dlffl plazmi za nafflvnosti sil~nogo zovnixn~ogo magnetnogo polffl. Vidileni nekogerentni flktuaciÝ ta flktuaciÝ zumovleni zbudıennfflm kolektivnih mod (Al~fvenovih ta magnetozvukovih hvil~). Doslidıeno spektral~ni rozpodili flktuaciȷ elektriqnogo ta magnetnogo poliv u nerivnovaıniȷ plazmi. Obgovoreno takoı flktuaciÝ v plazmi za nafflvnosti velikomasxtabnih turbulentnih pul~saciȷ. Rozrahovano pereriz rozsifflnnffl hvil~ i viznaqeno umovi, za fflkih konversiffl hvil~ ‚ dominuqim procesom. Vivqeno osoblivosti spektral~nogo rozpodilu rozsifflnih hvil~ zaleıno vid parametriv, wo harakterizut~ stan plazmi.