Printed ISSN 1330–0008 Online ISSN 1333–9125 CD ISSN 1333–8390 CODEN FIZAE4

INFLUENCE OF NEGATIVE IONS ON ION-ACOUSTIC SOLITARY WAVES IN A TWO-ELECTRON-TEMPERATURE PLASMA

SANKAR CHATTOPADHYAY^{a,b}, S. N. PAUL^c and DIPANKAR RAY^d

aCentre for Theoretical Plasma Research, 346, Ramkrishna Pally (Balaka), P.O. Sonarpur, Kolkata - 700150, West Bengal, India

bDepartment of Mathematics, Daria J.L.N Vidyalaya, South 24 Parganas, 743376, West Bengal, India

cSerampore Girls’ College, Hooghly, 71220, India

dDepartment of Mathematics, Jadavpur University, Kolkata - 700032, India

Received 10 February 2008; Revised manuscript received 19 July 2009 Accepted 2 September 2009 Online 13 October 2009

Ion-acoustic solitary waves in a drift negative ion plasma have been investigated for two-electron temperatures. Tagare and Reddy studied the effect of higher-order nonlinearity on ion-acoustic waves with cold positive and negative ions for isothermal and non-isothermal electrons using reductive perturbation technique. In this work, we study warm positive and negative ions with two-temperature isothermal electrons using the pseudopotential method. It is found that the concentration of negative ions, drift velocities, mass ratios, equal temperatures of ions (particular case) and presence of two groups of electrons and their ratios modify the profiles of the Sagdeev pseudopotential curves of the solitary waves in the plasma of the first- (ϕ_1) and second-order (ϕ_2) solitary-wave solutions.

PACS numbers: 52.35.Fp, 52.35.Sb UDC 533.951

Keywords: ion-acoustic solitary waves, drift negative ion plasma, two-electron temperatures, Sagdeev pseudopotential, first- and second-order solutions

1. Introduction

In non-relativistic and relativistic plasmas, solitary waves and double layers [1 – 5] have been found to be most important in the context of different non-linear phenomena observed both in laboratory and space. Davies, Lust and Schluter [6] were most probably the first to introduce the pseudopotential method. Washimi and Tanuiti [7] were also very remarkable in this field and they derive the Kortewegde-Vries (K-dV) equation [8] for the study of ion-acoustic solitary waves in a cold plasma. The solitary waves were first experimentally observed by Ikezi et al. [9]. But the experimental results did not obey the theoretically predicted values of amplitude, width and velocity of the solitary waves. For this situation researchers introduced various parameters, e.g. ion-temperature [10], non-isothermality [11], two-temperature electrons [12], inhomogeneity [13] etc. to fit the suitable physical situations in the plasma and for this, some important experimentally verified results were obtained for solitary waves. In ion-acoustic solitary waves, higher-order contribution of non-linear and dispersive terms have been also found to be more effective for removing the difference between the experimental and theoretical results [14 – 16]. Two-temperature-electron plasmas have been observed in strongly interacting electron beam plasma system and in thermonuclear plasma having high-energy tail [17]. In a two-electron-temperatures plasma, Wickens and Allen [18] studied a free expansion into a vacuum of a collisionless quasi-neutral plasma and they showed that this quasi-neutral solution is not single-valued when electron temperature ratio is greater than or equal to 10. In a two distinct Maxwellian electron populations with different temperatures, several authors [19 – 21] have studied the propagation of ion-acoustic solitary waves. Some of them have investigated the effect of ion temperature and also the excitation of solitary waves by high-frequency waves in a three-component plasma having two-temperature isothermal electron components with adiabatic ions. However, negative ions in a plasma have dominant role on the formation of ion-acoustic solitary waves [22]. Drift motion of the ions also plays an important role for the existence of ion-acoustic solitary waves in a plasma [23 – 24]. In the present paper, our intention is to consider the presence of both the drift velocity and negative ions for the study of the propagation of ion-acoustic solitary waves using the pseudo-potential method [25 – 26] which is different from the standard method used by previous investigators. In contrast with the K-dV equation for ion-acoustic waves in a two-electron-temperature plasma, which admits both rarefactive and compressive solitary waves, our K-dV equation is found to admit rarefactive solitary-wave solutions except in a special case of both rarefactive and compressive solitary wave solutions only. Profiles of ion-acoustic solitary waves are shown for the plasma having (He^+, O^−), (He^+, Cl^−) and (H^+, O^−) ions for different negative-ion concentration, drift velocity, mass ratio, ionic temperature and double Maxwellian electron distribution parameters.

The outline of this paper is as follows. Section 2 gives the plasma model and relevant equations for the formation of the problem. In Section 3, conditions for the existence of solitary wave solutions are discussed with the special attention of rarefactive solitary waves. Section 4 is kept for the results and discussions of this problem. Concluding remarks are given in Section 5.

2. Formulation

We consider a collisionless, unmagnetised and isothermal plasma consisting of cold and warm electrons and two-types of ions. Further, we assume that the ions are hot and in the equilibrium state they have constant streaming velocities. Thus the basic set of equations governing the plasma dynamics in unidirectional propagation for positive and negative ions can, therefore, be written in the dimensionless form

∂n_α ∂t + ∂ ∂x (n_αu_α) = 0 , (1)

∂u_α ∂t + u_α

∂u_α ∂x + σ_α Q_αn_α

∂p_α ∂x = − Z_α Q_α ∂ϕ ∂x , (2)

∂p_α ∂t + u_α

∂p_α ∂x + 3p_α

∂u_α ∂x = 0 , (3)

∂^2ϕ ∂x^2

= n_c + n_h − ∑ α Z_αn_α , (4)

where n_α, u_α, p_α, Q_α, Z_α and σ_α, are the number density, velocity, pressure, mass ratio, charge and temperature of the respective ions. In this case

Q_α = m_j m_i

, σ_α =

T_α T_{eff}

, T_{eff} =

T_cT_h μT_h + νT_c

, n_c = μ exp ( ϕ μ + νβ ) ,

n_h = ν exp ( βϕ μ + νβ ) , β =

T_c T_h

< 1 , μ + ν = 1 . (5)

The subscript α = i is for positive ions and α = j for negative ions. Z_α = 1 and Q_α = 1 for positive ions (i) and Z_α = −Z, Q_α = Q for negative ions (j), μ and ν are the normalized initial cold and hot electron concentrations and β(= T_c/T_h) is the cold to hot electron temperature ratio, σ_α(= T_α/T_{eff} ) is the ion temperature normalized by the effective electron temperature T_{eff} (= T_cT_h/(μT_h + νT_c)). In the above equations, we have normalized the velocities u_α by the effective ionacoustic velocity u_{eff} = √ (T_{eff} /m_α), all densities by the unperturbed equilibrium plasma density n_0, the length by the effective Debye length λ_{eff} = √ (T_{eff} /(4πe^2n_0) whereas the potential ϕ is normalized by (T_{eff} /e), the time t by the reciprocal of ion plasma frequency ω^{−1}_{pi} (ω_{pi} = √ (4πn_0e^2/m_i) ), pressures p_α are normalized by the ion equilibrium pressure p_0 = n_0T_i, so that the equations appear totally in dimensionless form.

To obtain the solitary wave solutions, we make the dependent variable depend on the single independent variable

η = x − V t , (6)

where V is the velocity of the solitary waves.

We assume that the basic equations are supplemented by the following boundary conditions:

u_α →u_{α0}, n_α →n_{α0}, p_α →1, n_c →μ, n_h →ν, and ϕ→0 as |x|→∞ . (7)

The charge neutrality condition of the plasma is ∑ α n_{α0}Zα = 1 . (8)

Using (6), (7) and integrating properly, we get finally from equations (1) to (3)

p_α =

(V − u_{α0})^3 V − u_α

, (9) and n_α = √ n^3_{α0}Q_α 6σ_α ( K_{1α} −

2Z_αϕ Q_α ) − √( K_{1α} −

2Z_αϕ Q_α

)_2 − K^2_{2α} , (10)

where K_{1α} = (V − u_{α0})^2 +

3σ_α Q_αn_{α0}

, (11) and K^2_{2α} =

12σ_α Q_αn_{α0}

(V − u_{α0})^2 . (12)

The condition for which n_α (α = i, j) is real is [1]

− Q 2Z [ V − u_{j0} − √ 3σ_j Qn_{j0}

]_2

< ϕ < 1 2 [ V − u_{i0} − √ 3σ_i n_{i0}

]_2 . (13)

Inequality (13) is the more general form than that of Ghosh et al. [27], and in the absence of negative ions (i.e. when n_{j0} → 0), the condition (13) reduces to the condition of Ghosh et al. [27].

By using (5), (6) and (10), we get from equation (4)

∂^2ϕ ∂η^2

= μ exp ( ϕ μ + νβ ) + ν exp ( βϕ μ + νβ )

− ∑ α Z_α √ n^3_{α0}Q_α 6σ_α ( K_{1α} −

2Z_αϕ Q_α ) − √( K_{1α} −

2Z_αϕ Q_α

)_2 − K^2_{2α} . (14)

Equation (14) can be written in the pseudopotential form

∂^2ϕ ∂η^2 = − ∂ψ ∂ϕ . (15)

After integration of Eq. (15) and using (7), one obtains the “energy law” 1 2 ( dϕ dη )_2

+ ψ(ϕ) = 0 , (16)

where

ψ(ϕ) = μ(μ + νβ) [ 1 − exp ( ϕ μ + νβ )] + ν β (μ + νβ) [ 1 − exp ( βϕ μ + νβ )]

− 1 6 ∑ √ n_{α0}Q^3_α 3σ_α [( K_{1α} −

2Z_αϕ Q_α

+ K_2α

)_{3/2} (17)

− ( K_{1α} −

2Z_αϕ Q_α

− K_2α

)_{3/2}

+ (K_{1α} − K_{2α})^{3/2} − (K_{1α} + K_{2α})^{3/2} ] . The function ψ(ϕ) in Eq. (17) is called the modified Sagdeev potential in a nonrelativistic plasma having two-temperature electrons and drifting positive and negative ions. In the absence of negative ion, Eq. (17) exactly reduces to the equation of Ghosh et al. [27] and also reduces to the Sagdeev equation [28] for σ_α → 0 and n_{j0} → 0.

3. Existence of solitary wave solution

The form of the Sagdeev pseudopotential ψ(ϕ, V ) in (17) determines whether a soliton-like solution of Eq. (17) will exist or not. For the solitary-wave solution, the Sagdeev potential ψ(ϕ, V ) in (17) must satisfy the following conditions:

(i) ψ(ϕ, V ) | |_{ϕ=0} =

∂ψ(ϕ, V ) ∂ϕ | | |_{ϕ=0} = 0 for all V .

(ii) ψ(ϕ, V )=0 for some ϕ=ϕ_m and V where ϕ_m is some maximum value of ϕ. (iii) ψ(ϕ, V ) < 0 in the interval 0 < |ϕ| < |ϕ_m| .

The non-linear disperson relation from condition (ii) is the following

μ(μ + νβ) [ 1 − exp ( ϕ_m μ + νβ )] + ν β (μ + νβ) [ 1 − exp ( βϕ_m μ + νβ )]

− 1 6 ∑ α √ n^3_{α0}Q^3_α 3σ_α [( K_{1α} −

2Z_α Q_α ϕ_m + K_2α

)_{3/2}

− ( K_{1α} −

2Z_α Q_α ϕ_m − K_2α

)_{3/2}

+ (K_{1α} − K_{2α})^{3/2} − (K_{1α} + K_{2α})^{3/2} ] = 0 .

In addition, for localized solitary wave solution we require the following condition ∂_2ψ(ϕ, V )

∂ϕ^2 | | |_{ϕ=0} < 0 , (18)

which implies ∑ α Z^2_αn^2_{α0} Q_α(V − u_{α0})^2n_{α0} − 3σ_α

< 1 , (19)

or n_{i0}

(V − u_{i0})^2 − 3σ_i/n_{i0} + Z^2n_{j0} Q(V − u_{j0})^2 − 3σ_j /n_{j0}

< 1 . (20)

This is the condition for the existence of a potential well. After simplifying, we get from (20) the equation for the critical negative ion density (n_{jc}) as θ_{11}n^3_{jc} + θ_{12}n^2_{jc} + θ_{13}n_{jc} + θ_{14} = 0 , (21)

where θ_{11} = Z^2(QM^2_j + ZM^2_i ) ,

θ_{12} = 2ZQM^2_j + Z^2M^2_i − 3Z^2σ_i − 3Z^2σ_j − ZQM^2_i M^2_j ,

θ_{13} = QM^2_j + 3Qσ_iM^2_j + 3Zσ_j M^2_i − QM^2_i M^2_j − 6Zσ_j , (21a)

θ_{14} = 3M^2_i σ_j − 3σ_j − 9σ_iσ_j ,

M_i = V − u_{i0} ,

M_j = V − u_{j0} .

In the absence of negative ion, the inequality (20) reduces to

V > u_{i0} ± √ n_{i0} +

3σ_i n_{i0}

. (22)

This is more general form than in Refs. [25, 27, 28]. When n_{i0} → 1 and σ_i → σ, then V > u_{i0} ± √ 1 + 3σ, which exactly reduces to the warm-ion condition [25, 27], and for σ = 0, the Sagdeev’s modified cold-ion condition [28] (with drift velocity) V > u_{i0} ±1 is obtained for single temperature electron plasma. But for non-drifting plasma (for u_{i0} = 0), the relation V > u_{i0} ± 1 is reduced to V > 1 (taking positive value only), which supports exactly Sagdeev’s cold-ion condition [28].

From (16) we have dϕ/dη = ± √ −2ψ(ϕ), but in our present analysis, dϕ/dη is negative for every ϕ < 0 (except in a special case when ϕ > 0 for which compressive solitary waves are observed) so that rarefactive ion-acoustic solitary waves are found for which an extra condition ψ ϕ = − Q 2Z ( (V − u_{j0}) − √ 3σ_j Qn_{j0} )_2 > 0

is satisfied. This implies

μ exp −Q 2Z(μ+νβ) ( V −u_{j0} − √ 3σ_j Qn_{j0} )_2 +ν β exp −βQ 2Z(μ+νβ) ( V −u_{j0} − √ 3σ_j Qn_{j0} )_2

< n_{i0} μ + νβ

M^2_i + σ_i n_{i0} − 1 6 √ n_{i0} 3σ_i ( M_i + √ 3σ_i n_{i0} )2 + Q Z ( V −u_{j0} − √ 3σ_j Qn_{j0} )_2 3/2

− ( M_i − √ 3σ_i n_{i0} )2 + Q Z ( V − u_{j0} − √ 3σ_j Qn_{j0} )_2 3/2

+ ( μ + ν β ) + Qn_{j0} μ + νβ [ (V − u_{j0})^2 + σ_j Qn_{j0}

− 8(V − u_{j0})^{3/2} ( 3σ_j Qn_{j0}

)_{1/4}] (23)

where M_i = V − u_{i0}.

ψ(ϕ) is complex for ϕ < (Q/(2Z)){(V − u_{j0}) − √ 3σ_j /(Qn_{j0}) }^2. The condition (23) is the modified form of Ref. [29] for two-temperature-electron plasma with warm positive and negative ions and in the absence of negative ion [n_{j0} → 0], and with β = 1 and σ_i = σ_j = σ = 0, Z = 1, this condition reduces exactly to Sagdeev’s condition [28] for cold ion.

To obtain the solitary wave solution of Eq. (15), we expand ψ(ϕ) in power series of ϕ and get from (15), d^2ϕ dη^2

= L_1ϕ + L_2ϕ^2 + L_3ϕ^3 + L_4ϕ^4 + L_5ϕ^5 + · · · , (24)

where,

L_1 = 1 − √ n^3_{i0} 12σ_ip_{i0} {( V − u_{i0} − √ 3σ_ip_{i0} n_{i0} )−1 − ( V − u_{i0} + √ 3σ_ip_{i0} n_{i0} )−1}

+ √ Z^4n^4_{j0} 12Qσ_j p_{j0} ( V − u_{j0} − √ 3σ_j p_{j0} Qn_{j0}

)_{−1} − ( V − u_{j0} + √ 3σ_j p_{j0} Qn_{j0} )_{−1} chattopadhyay et al.: Influence of negative ions on ion-acoustic solitary . . .

L_2 = μ+νβ^2 2(μ+νβ)^2 − 1 4 √ n^3_{i0} 3σ_ip_{i0} {( V −u_{i0} − √ 3σ_ip_{i0} n_{i0} )−3 − ( V −u_{i0} + √ 3σ_ip_{i0} n_{i0} )−3}

+ Z^3 4Q^2 √ Qn^3_{j0} 3σ_j p_{j0} ( V − u_{j0} − √ 3σ_j p_{j0} Qn_{j0}

)_{−3} − ( V − u_{j0} + √ 3σ_j p_{j0} Qn_{j0} )_{−3}

L_3 = μ + νβ^3 6(μ+νβ)^3 − 1 4 √ n^3_{i0} 3σ_ip_{i0} {( V −u_{i0} − √ 3σ_ip_{i0} n_{i0} )−5 − ( V −u_{i0} + √ 3σ_ip_{i0} n_{i0} )−5}

+ Z^4 4Q^3 √ Qn^3_{j0} 3σ_j p_{j0} ( V − u_{j0} − √ 3σ_j p_{j0} Qn_{j0}

)_{−5} − ( V − u_{j0} + √ 3σ_j p_{j0} Qn_{j0} )_{−5}

L_4 = μ + νβ^4 24(μ+νβ)^4 − 5 8 √ n^3_{i0} 12σ_ip_{i0} {( V −u_{i0} − √ 3σ_ip_{i0} n_{i0} )−7 − ( V −u_{i0} + √ 3σ_ip_{i0} n_{i0} )−7}

− 5 8 Z^5 Q^3 √ n^3_{j0} 12σ_j Qp_{j0} ( V − u_{j0} − √ 3σ_j p_{j0} Qn_{j0}

)_{−7} − ( V − u_{j0} + √ 3σ_j p_{j0} Qn_{j0} )_{−7}

L_5 = μ + νβ^5 120(μ+νβ)^5 − 7 8 √ n^3_{i0} 12σ_ip_{i0} {( V −u_{i0} − √ 3σ_ip_{i0} n_{i0} )−9 − ( V −u_{i0} + √ 3σ_ip_{i0} n_{i0} )−9}

− 7 8 Z^6 Q^4 √ n^3_{j0} 12Qσ_j p_{j0} ( V −u_{j0} − √ 3σ_j p_{j0} Qn_{j0}

)_{−9} − ( V −u_{j0} + √ 3σ_j p_{j0} Qn_{j0} )_{−9} (25)

Equation (24) has the first order K-dV soliton solution [30]

ϕ_1 =

3L_1 2L_2 sech^2 (√ L_1 4 η ) . (26)

For the effect of higher-order non-linearity on the ion-acoustic solitary wave, we take the terms up to ϕ^3 from (15) and get

d^2ϕ dη^2

= L_1ϕ + L_2ϕ^2 + L_3ϕ^3 , (27)

where L_1, L_2 and L_3 are given in (25).

Integrating (27) properly, we finally get the higher-order M-KdV solitary wave solution [30] as

ϕ_2 =

6L_1

2L_2 + √ 4L^2 − 18L_1L_3 [ 2 cosh^2 (√ L_1/4 η ) − 1 ] . (28)

4. Results and discussion

We have investigated the characteristics of ion-acoustic solitary waves for a plasma having drifting positive and negative ions with two-temperature electrons. The profiles of the solitary waves are shown in Figs. 1 to 6 for two equal ion temperatures (σ = σ_i = σ_j ). In Fig. 1, it is observed that for different negative-ion concentrations (n_{j0} = 0.05, 0.06, 0.07) the rarefactive solitary waves are found for some fixed values of (V − u_{α0}) [α = i and j], σ, Q, β and μ. It is also found that as the negative ion concentration (n_{j0}) increases, the amplitude of the solitary waves increases. When μ = 1, ν = 0, β = 0 and σ /= 0, the profiles of ψ(ϕ) follow those of Ref. [31], and when μ = 1, ν = 0, β = 0 and σ = 0, the profiles of ψ(ϕ) follow those of Ref. [32].

Figure 2 shows the rarefactive solitary waves for the variation of (V − u_{α0}) when σ,Q, n_j , β and μ are fixed. Also it is seen that the velocities including drifts (V − u_{α0}) have dominant role on the formation of solitary waves. When the velocities including drifts are small, the amplitude of the solitary waves becomes large,

Fig. 1 (left). Solitary-wave profiles (ψ) vs. electrostatic potential (ϕ) for twotemperature electron plasma with the variation of negative ion concentration [n_{j0}] for some fixed values of Q = 4, V − u_{i0} = 1.1, V − u_{j0} = 1.3, μ = 0.15, ν = 0.85, β = 0.025, σ = 1/30 and Z = 1.

Fig. 2. Solitary-wave profiles (ψ) vs. electrostatic potential (ϕ) for two-temperature electron plasma with the variation of velocities of positive and negative ions including drifts [V − u_{i0}, V − u_{j0}] for constant values of Q = 4, n_{j0} = 0.05, μ = 0.15, ν = 0.85, β = 0.025, σ = 1/30 and Z = 1.

but the solitary waves may not exist in the plasma when the amplitude of the solitary waves is very very small. This happens when the velocities of the ions including drifts are very close to the phase velocity of the wave. When μ = 1, ν = 0, β = 0 and σ /= 0, the profiles of ψ(ϕ) follow those of Ref. [31]. In the absence of negative ion [n_{j0} = 0 and V − u_{j0} = 0] the Sagdeev potential ψ(ϕ) follows that of Ref. [27] and for cold ion [σ = 0] it follows that of Ref. [32].

When the mass ratios [Q = m_j /m_i] are increased [Q = 4, 8.875, 16], the rarefactive solitary waves are still formed with higher amplitudes than the previous one for some fixed values of V − u_{α0}, σ, n_{j0}, β and μ. For μ = 1, ν = 0 and β = 0, the compressive solitary waves are found in the presence of σ [Ref. 31] and in absence of σ [Ref. 32]. Also it is found that the influence of heavier negative ion has a more predominant role than of positive ion. This is shown in Fig. 3.

The effect of temperature (σ) on Sagdeev potential (ψ) profile is the most interesting case. Figure 4 shows the variation of ion temperatures (σ) on Sagdeev potential profiles when V − u_{α0}, n_{j0}, Q, β and μ are fixed. From this figure follows that as the ion-temperature decreases (from σ = 1/15 to σ = 0), the amplitude of the rarefactive solitary wave is gradually increasing and it is maximum for the cold-ion case (σ = 0). This case follows that of Ghosh et al. [27]. When μ = 1, ν = 0, β = 0 and σ /= 0, the Sagdeev potential profiles follow those of Ref. [31] for different respective parameters, and it follows that of Ref. [32] for when μ = 1, ν = 0, β = 0 and σ = 0.

Fig. 3 (left). Solitary-wave profiles (ψ) vs. electrostatic potential (ϕ) for twotemperature electron plasma with the variation of the negative to positive ion masses (Q) for V − u_{i0} = 1.1, V − u_{j0} = 1.3, n_{j0} = 0.05, μ = 0.15, ν = 0.85, β = 0.025, σ = 1/30 and Z = 1.

Fig. 4. Solitary-wave profiles (ψ) vs. electrostatic potential (ϕ) for two-temperature electron plasma with the variation of ion temperature [σ] for constant values of Q = 4, V − u_{i0} = 1.1, V − u_{j0} = 1.3, n_{j0} = 0.05, μ = 0.15, ν = 0.85, β = 0.025, and Z = 1.

Figure 5 shows the effect of cold and hot electron concentration (μ, ν) on Sagdeev potential (ψ) profile. In this case both compressive and rarefactive solitary waves are found. When μ increases, (μ = 0.15 , 0.20, 0.25, 1) or ν decreases

(ν = 0.85, 0.80, 0.75, 0), the amplitude of the wave increases [27] if V − u_{α0}, n_{j0}, Q, σ and β are fixed. For μ = 1 and ν = 0, the interesting case appears for which compressive solitary waves are found instead of rarefactive solitary waves. Rice et al. [33] have also indicated the existence of large amplitude solitary waves for sufficiently large μ. The initial increase in amplitude is slow for low μ, but it starts increasing quite rapidly for large μ.

The effect of cold to hot electron temperature ratio (β) in the presence the of negative ion is shown in Fig. 6. As β increases [β = 0.01, 0.025, 0.04], the amplitude of the waves gradually increases. When β = 0, μ = 1, ν = 0, the profile of ψ(ϕ) follows that Ref. [32].

Fig. 5 (left). Solitary-wave profiles (ψ) vs. electrostatic potential (ϕ) for twotemperature electron plasma with the variation of cold and hot electron concentration [μ, ν] for fixed values of Q = 4, V − u_{i0} = 1.1, V − u_{j0} = 1.3, n_{j0} = 0.05, β = 0.025, σ = 1/30 and Z = 1.

Fig. 6 Solitary-wave profiles (ψ) vs. electrostatic potential (ϕ) for two-temperature electron plasma with the variation of cold to hot electron temperature ratio [β] for constant values of Q = 4, V − u_{i0} = 1.1, V − u_{j0} = 1.3, n_{j0} = 0.05, μ = 0.15, ν = 0.85, σ = 1/30 and Z = 1.

The effect of the first order (ϕ_1) solitary wave solution and higher-order (ϕ_2) nonlinearity on the propagation of nonlinear ion acoustic waves in a collisionless plasma consisting of positive ions, negative ions and two electron temperature plasma are shown in Figs. 7 to 18 with the variation of the parameters.

In Fig. 7, the profiles of the first order (ϕ_1) solitary wave solutions [ϕ_1 vs. η] for rarefactive solitary waves (ϕ < 0) are shown with the variation of velocities of positive and negative ions including drifts [V − u_{i0} = 1.1, V − u_{j0} = 1.3; V − u_{i0} = 1.2, V − u_{j0} = 1.7] for the fixed values of Q = 4, n_{jo} = 0.01, μ = 0.15, ν = 0.85, β = 0.025, σ = 1/30 and Z = 1. When the values of η increase, the values of ϕ_1 [width] decrease. Moreover, the values of ϕ_1 increase when the velocities of positive and negative ions, including drifts, are increased up to a certain a certain value of η, and beyond this value of η the values of ϕ_1 decrease with the variation of velocities of ions including drifts.

Figure 8 shows the profiles of the first-order (ϕ_1) rarefactive solitary wave

Fig. 7 (left). Profiles of the first-order (ϕ_1) K-dV solitary wave solutions [ϕ_1 vs. η] with the variation of velocities of positive and negative ions including drifts [V − u_{i0}, V − u_{j0}] for fixed values of Q = 4, n_{j0} = 0.01, μ = 0.15, ν = 0.85, β = 0.025, σ = 1/30 and Z = 1.

Fig. 8. Profiles of the first-order (ϕ_1) K-dV solitary wave solutions [ϕ_1 vs. η] with the variation of negative to positive ion masses [Q] for V −u_{i0} = 1.1, V −u_{j0} = 1.3, n_{j0} = 0.01, μ = 0.15, ν = 0.85, β = 0.025, σ = 1/30 and Z = 1.

solutions [ϕ_1 vs. η] with the variation of negative to positive ion mass ratios [Q = 4, 8.875, 16] for the constant values of V − u_{i0} = 1.1, V − u_{j0} = 1.3, n_{j0} = 0.01, μ = 0.15, ν = 0.85, β = 0.025, σ = 1/30 and Z = 1. The values of ϕ_1 [widths] decrease for different values of Q [Q = 4, 16], but for Q = 8.875, the value of ϕ_1 increases when η = 0.

The effect of ionic temperatures (σ) on the first-order (ϕ_1) rarefactive solitary wave solutions [ϕ_1 vs. η] is shown in Fig. 9 for Q = 4, V − u_{i0} = 1.1, V − u_{j0} = 1.3, n_{j0} = 0.01, μ = 0.15, ν = 0.85, β = 0.025 and Z = 1. When the ionic temperature (σ) increases (σ = 0, 1/100, 1/30, 1/15), the values of ϕ_1 decrease up to a certain value of η for the above constant values of the parameters, i.e., the width of the solitary waves decreases with increasing ion temperature (σ) [Ref. 34].

The profiles of the first-order (ϕ_1) rarefactive solitary wave solutions [ϕ_1 vs. η] with the variation of negative ion concentration (n_{jo} = 0.0, 0.05, 0.09) are shown in Fig. 10 for constant values of Q = 4, V − u_{i0} = 1.1, V − u_{j0} = 1.3, μ = 0.15, ν = 0.85, β = 0.025, σ = 1/30 and Z = 1. The values of ϕ_1 decrease up to a certain value of η when negative ion concentration (n_{j0}) increases and after that ϕ_1 increases for increasing values of η and other respective parameters. Generally, the widths of the rarefactive solitary waves decrease with the increasing values of the negative ion concentration (n_{j0}).

In Fig. 11, the profiles of the first-order (ϕ_1) rarefactive solitary waves solutions [ϕ_1 vs. η] with the variation of cold and hot electron concentration (μ, ν) [μ = 0.08, ν = 0.92; μ = 0.15, ν = 0.85; μ = 0.25, ν = 0.75; μ = 0.35, ν = 0.65] are shown for the constant values of Q = 4, V − u_{i0} = 1.1, V − u_{j0} = 1.3, n_{j0} = 0.01, β = 0.025, σ = 1/30 and Z = 1. As the values of (μ, ν) increase, the values of ϕ_1 also increase for the fixed values of the respective parameters. This shows that, generally, the width increases with increasing μ except for a very small μ (μ < 0.1 for the chosen set of parameters), where with increasing μ it initially decreases for large amplitude solutions and then increases [Ref. 34].

Fig. 9 (left). Profiles of the first-order (ϕ_1) K-dV solitary wave solutions [ϕ_1 vs. η] with the variation of ionic temperature [σ] for constant values of Q = 4, V − u_{i0} = 1.1, V − u_{j0} = 1.3, n_{j0} = 0.01, μ = 0.15, ν = 0.85, β = 0.025 and Z = 1. Fig. 10. Profiles of the first-order (ϕ_1) K-dV solitary wave solutions [ϕ_1 vs. η] with the variation of negative ion concentration [n_{j0}] for Q = 4, V − u_{i0} = 1.1, V − u_{j0} = 1.3, μ = 0.15, ν = 0.85, β = 0.025, σ = 1/30 and Z = 1.

Fig. 11 (left). Profiles of the first-order (ϕ_1) K-dV solitary wave solutions [ϕ_1 vs. η] with the variation of cold and hot electron concentration [μ, ν] for the fixed values of Q = 4, V − u_{i0} = 1.1, V − u_{j0} = 1.3, n_{j0} = 0.01, β = 0.025, σ = 1/30 and Z = 1.

Fig. 12. Profiles of the first-order (ϕ_1) K-dV solitary wave solutions [ϕ_1 vs. η] with the variation of cold to hot electron temperature ratio [β] for Q = 4, V − u_{i0} = 1.1, V − u_{j0} = 1.3, n_{j0} = 0.01, μ = 0.15, ν = 0.85, σ = 1/30 and Z = 1.

Figure 12 shows the profiles of the first-order (ϕ_1) rarefactive solitary wave solutions [ϕ_1 vs. η] with the variation of cold to hot electron temperature ratio (β)

[β = 0.01, 0.025, 0.04]. The values of ϕ_1 [width of the rarefactive solitary waves] increase [Ref. 34] when β increases for the fixed values of Q = 4, V − u_{i0} = 1.1, V − u_{j0} = 1.3, n_{j0} = 0.01, μ = 0.15, ν = 0.85, σ = 1/30 and Z = 1.

In Fig. 13, the profiles of the second order (ϕ_2) rarefactive solitary wave solutions [ϕ_2 vs. η] with the variation of velocities [V − u_{i0} = 1.1, V − u_{j0} = 1.3, V − u_{i0} = 1.2, V − u_{j0} = 1.7] of positive and negative ions, including drifts are shown for the constant values of Q = 4, n_{j0} = 0.01, μ = 0.15, ν = 0.85, β = 0.025, σ = 1/30 and Z = 1. When the velocities of positive and negative ions, including drifts, are increasing, the profiles of ϕ_2 are larger, but in this case ϕ_2 has a special W-type shape which Tagare [3] found earlier.

Figure 14 shows the second order (ϕ_2) rarefactive solitary wave solutions [ϕ_2 vs. η] with W-type shape for the variation of negative to positive ion mass ratios (Q) [Q = 4, 8.875, 16] for fixed values of V − u_{i0} = 1.1, V − u_{j0} = 1.3, n_{j0} = 0.01, μ = 0.15, ν = 0.85, β = 0.025, σ = 1/30 and Z = 1. The second order (ϕ_2) solution has a central maximum with a positive value for different values of the mass ratios (Q) which supports the results of Ref. [3].

Fig. 13 (left). Profiles of the second-order (ϕ_2) solitary wave solutions [ϕ_2 vs. η] with variation of velocities of positive and negative ions including drifts [V −u_{i0}, V −u_{j0}] for the constant of Q = 4, n_{j0} = 0.01, μ = 0.15, ν = 0.85, β = 0.025, σ = 1/30 and Z = 1.

Fig. 14. Profiles of the second-order (ϕ_2) solitary wave solutions [ϕ_2 vs. η] with the variation of negative to positive ion masses [Q] for V − u_{i0} = 1.1, V − u_{j0} = 1.3, n_{j0} = 0.01, μ = 0.15, ν = 0.85, β = 0.025, σ = 1/30 and Z = 1.

The effect of ionic temperatures (σ) on the second-order (ϕ_2) solitary wave solutions [ϕ_2 vs. η] is shown in Fig. 15. The profiles of the solitary waves are of rarefactive nature with the special W-type shape under the variation of ionic temperatures (σ) [σ = 1/30, 1/15] for fixed values of Q = 4, V − u_{i0} = 1.1, V − u_{j0} = 1.3, n_{j0} = 0.01, μ = 0.15, ν = 0.85, β = 0.025 and Z = 1. For σ < 1/30 (even if σ = 0, i.e. for cold ion and σ = 1/100) the higher-order solution (ϕ_2) does not exist for the respective parameters.

In Fig. 16, the second order (ϕ_2) solitary wave solutions [ϕ_2 vs. η] with the variation of negative ion concentration (n_{j0}) [n_{j0} = 0.01, 0.05, 0.09] is shown for the parameters Q = 4, V −u_{i0} = 1.1, V −u_{j0} = 1.3, μ = 0.15, ν = 0.85, β = 0.025, σ = 1/30 and Z = 1. It is also of rarefactive nature with W-type shape. As the negative ion concentration (n_{j0}) increases, the values of the second-order (ϕ_2) soliton solution also increase for the constant value of the above parameters. In a collisionless plasma containing negative ions, Tagare et al. [3] showed that higher-order nonlinearity increases the amplitude of the soliton. As the negative ion concentration increases (but still n_{j0} < n_{jc}), the second-order one-soliton solution also has W-type shape. The amplitude of the ion-acoustic soliton decreases because of higher-order nonlinearity and this effect becomes more pronounced as the negative ion concentration increases.

Fig. 15 (left). Profiles of the second-order (ϕ_2) solitary wave solutions [ϕ_2 vs. η] with the variation of ionic temperature [σ] for Q = 4, V − u_{i0} = 1.1, V − u_{j0} = 1.3, n_{j0} = 0.01, μ = 0.15, ν = 0.85, β = 0.025 and Z = 1.

Fig. 16. Profiles of the second-order (ϕ_2) solitary wave solutions [ϕ_2 vs. η] with the variation of negative ion concentration [n_{j0}] for Q = 4, V −u_{i0} = 1.1, V −u_{j0} = 1.3, μ = 0.15, ν = 0.85, β = 0.025, σ = 1/30 and Z = 1.

Figure 17 shows the second-order (ϕ_2) solitary wave solutions [ϕ_2 vs. η] with the variation of cold and hot electron concentrations (μ, ν) [μ = 0.08, ν = 0.92; μ = 0.15, ν = 0.85; μ = 0.25, ν = 0.75; μ = 0.35, ν = 0.65] for the constant values of Q = 4, V − u_{i0} = 1.1, V − u_{j0} = 1.3, n_{j0} = 0.01, β = 0.025, σ = 1/30 and Z = 1. As the values of cold and hot electron concentration (μ, ν) increase [provided μ /= 0.25, ν /= 0.75; μ /= 0.35, ν /= 0.65], the values of the second-order (ϕ_2) solutions also increase with W-type shape and are of rarefactive nature. For μ = 0.25, ν = 0.75 and μ = 0.35, ν = 0.65, with the above other respective parameters, the values of the second-order solitary wave solutions (ϕ_2) are positive everywhere and no negative value of ϕ_2 is obtained, what is an interesting situation.

The second-order (ϕ_2) solitary-wave solutions [ϕ_2 vs. η] with the variation of cold to hot electron temperature ratio (β) are shown in Fig. 18. The profiles of higher-order solution of ϕ_2 are of W-type shape and are of rarefactive nature. When β increases [β = 0.01, 0.025, 0.04], the values of ϕ_2 decrease up to a certain value of η for β = 0.01 and 0.025 with Q = 4, V − u_{i0} = 1.1, V − u_{j0} = 1.3, n_{j0} = 0.01,

Fig. 17 (left). Profiles of the second-order (ϕ_2) solitary wave solutions [ϕ_2 vs. η] with the variation of cold and hot electron concentration [μ, ν] for the fixed values of Q = 4, V − u_{i0} = 1.1, V − u_{j0} = 1.3, n_{j0} = 0.01, β = 0.025, σ = 1/30 and Z = 1.

Fig. 18. Profiles of the second-order (ϕ_2) solitary wave solutions [ϕ_2 vs. η] with the variation of cold to hot electron temperature ratio [β] for Q = 4, V − u_{i0} = 1.1, V − u_{j0} = 1.3, n_{j0} = 0.01, μ = 0.15, ν = 0.85, σ = 1/30 and Z = 1.

μ = 0.15, ν = 0.85, σ = 1/30 and Z = 1, but after that value of η, the value of ϕ_2 is increasing for the same parameters. For β = 0.04, the values of ϕ_2 decrease for the above parameters.

5. Concluding remarks

We have theoretically investigated the existence of ion-acoustic solitary waves in a drift negative ion-plasma with two electron temperatures having first- (ϕ_1) and second-order (ϕ_2) solitary wave solutions. The inclusion of negative ion reduces considerably the existence domain of rarefactive ion-acoustic solitary waves in a two-electron-plasma in the study using the Sagdeev pseudopotential method. It is known that the negative ion-plasma can be produced in laboratory [35] and also exists in space [36]. In astrophysical plasma, drifting ions are observed during solar bursts and pulsar radiation etc. Thus our present study would be relevant for both the astrophysical as well as laboratory plasma. It should also to be mentioned that the low-temperature electrons (μ) as well as the high-temperature electrons (ν) occur in double plasma machines [37], hot-cathode discharges [38], thermonuclear plasma [39], space-plasma [36] and in laser-irradiated plasma [21]. Nakamura et al. [35] and others [9, 40] experimentally observed the ion-acoustic solitons and shocks. But the experiment on soliton and shocks in a negative-ion plasma having both low- and high-temperature electrons (μ, ν) has not yet been reported. The Sagdeev potential ψ(ϕ) from relation (17) is convergent for small values of ϕ given by inequality (13), from which a range of validity is obtained so that the convergence in the expansion of ψ(ϕ) is assured. We are now making a plan for studying ion-acoustic solitary waves in two-temperature electron plasma with positive and negative ion drifts and electron drifts.

Acknowledgements

The author is grateful to Dhrubajyoti Misra (B.E.) of Salt-Lake Engineering College, Kolkata, West Bengal for his great co-operation and valuable suggestions, by which the paper took this present form.

References

[1] S. Baboolal, R. Bharuthram and M. A. Hellberg, J. Plasma Phys. 46 (1991) 247. [2] S. Bujarbarua, Phys. Fluid 25 (1982) 884.

[3] S. G. Tagare and R. V. Reddy, J. Plasma Phys. 35 (1986) 219. [4] F. Verheest, J. Plasma Phys. 42 (1989) 395. [5] S. Watanabe, J. Phys. Soc. Japan 53 (1984) 1950. [6] L. Davis, R. Lust and A. Schluter, Z. Naturforsch. 13a (1958) 916. [7] H. Washimi and T. Taniuti, Phys. Rev. Letts. 17 (1966) 996. [8] D. J. Kortweg and G. De-Vries, Phil. Mag. 39 (1895) 422. [9] H. Ikezi, R. J. Taylor and D. R. Baker, Phy. Rev. Lett. 25 (1970) 11. [10] S. G. Tagare, Plasma Phys. 15 (1973) 1247. [11] H. Schamel, J. Plasma Phys. 9 (1973) 377. [12] G. C. Das, S. N. Paul, Phys. Fluids 28 (1985) 823. [13] K. Nishikawa and P. K. Kaw, Phys. Letts. A 50 (1975) 455.

[14] Y. H. Ichikawa, T. Matsuhasi and K. Konno, J. Phys. Soc. Japan 41 (1976) 1382. [15] M. K. Kalita and S. Bujarbarua, Can. J. Phys. 60 (1982) 392. [16] Y. Kodama and T. Tanuiti, J. Phys. Soc. Japan 45 (1978) 298. [17] K. Estabrook, W. L. Kruer, Phy. Rev. Lett. 40 (1978) 42. [18] L. M. Wickens, J. E. Allen, J. Plasma Phys. 22 (1979) 167. [19] B. N. Goswam and B. Buti, Phys. Lett. A 57 (1976) 149.

[20] W. D. Jones, A. Lee, S. M. Glemans and H. J. Doucet, Phys. Rev. Lett. 35 (1975) 1349.

[21] K. Nishihara and M. Tajiri, J. Phys. Soc. Japan 50 (1981) 4047. [22] R. V. Reddy and S. G. Tagare, J. Phys. Soc. Japan 56 (1987) 4329. [23] S. Chakraborty, S. N. Paul and A. Roychoudhury, Fizika A 3 (1994) 97. [24] Y. Nejoh, J. Plasma Phys. 38 (1987) 439.

[25] R. K. Roychoudhury and S. Bhattacharya, Can. J. Phys. 65 (1987) 699. [26] Y. Sakanaka, Phys. Fluids 15 (1972) 304.

[27] S. S. Ghosh, K. K. Ghosh and A. N. Sekar Iyenger, Phys. Plasmas 3 (1996) 3939. [28] R. Z. Sagdeev, Rev. Plasma Phys. 4 (1966) 23.

[29] H. H. Kuehl and K. Imen, IEEE Trans. Plasma Sci., PS- 13 (1985) 37. [30] S. R. Sharma, Yashvir and T. N. Bhatnagar, Phys. Fluids 29 (1986) 442. [31] S. Chattopadhyay, FIZIKA A (Zagreb) (Submitted). [32] S. Chattopadhyay, FIZIKA A (Zagreb) 16 (2007) 1.

[33] W. K. M. Rice, M. A. Hellberg, R. Mace and S. Baboolal, Phys. Lett. A 174 (1993) 416.

[34] S. S.Ghosh, A. N. Sekar Iyengar, Phys. Plasmas 4 (1997) 6. [35] Y. Nakamura, J. L. Ferreira and G. O. Ludwig, J. Plasma Phys. 33 (1985) 237. [36] J. Geiss, H. Balsiger, P. Eberhardt, H. P. Walker, D. T. Young and W. Rosenfer, Space Sc. Rev. 22 (1978) 53.

[37] R. B. Spielman, J. S. Degroot and D. A. Rasmussen, J. Plasma Phys. 47 (1976) 1909. [38] N. L. Oleson and C. G. Forund, J. Appl. Phys. 20 (1949) 416. [39] G. J. Morales and Y. C. Lee, Phys. Rev. Lett. 33 (1974) 1534. [40] H. Ikezi, Phys. Fluids 16 (1973) 1668.

UTJECAJ NEGATIVNIH IONA NA IONSKO-ZVUČNE SOLITARNE VALOVE U PLAZMI S DVIJE TEMPERATURE ELEKTRONA

Istražujemo ionsko-zvučne solitarne valove u protječnoj negativnoj plazmi s dvije temperature elektrona. Tagare i Reddy su proučavali učinak nelinearnosti višeg reda na ionsko-zvučne valove s hladnim pozitivnim i negativnim ionima primjenom reduktivne metode smetnje. U ovom se radu proučavaju vrući pozitivni i negativni ioni metodom pseudopotencijala. Nalazimo da koncentracija negativnih iona, brzine protjecanja, omjeri masa, poseban slučaj jednakih temperatura iona i prisutnost dvije grupe elektrona i njihov omjer mijenjaju profile krivulja Sagdeevog pseudopotencijala solitarnih valova u plazmi za rješenja prvog (ϕ_1) i drugog (ϕ_2) reda.