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I. INTRODUCTION

Electron diffusion across magnetic field lines plays an important role in a variety of contexts, including fusion, astrophysical, ionospheric, and cross-field plasma discharges. Partially magnetized plasmas, where ions are nonmagnetized and electrons are magnetized, exhibit enhanced electron mobility, i.e., reduced electron confinement, in the direction across the magnetic field lines [1,2]. Plasma turbulence is of critical importance for understanding transport of charged species [3].

A number of key kinetic instabilities have been investigated in the literature in the context of electron transport, including, but not limited to, the electron cyclotron drift instability (ECDI) [4][5][6][7][8], modified two-stream instability (MTSI) [9,10], and ion acoustic instability (IAI) [11][12][13].

Although electron diffusion across the magnetic field lines can be caused by a plasma wave in the E × B direction, microturbulence may be driven not only by one type of linear instability but by the nonlinear interaction of multiple linear instabilities [14]. In a laboratory cross-field discharge, theoretical and numerical studies identified the plasma waves driven by the ECDI [15][16][17] and these results were subsequently supported by coherent Thomson scattering experiments [18][19][20][21].

In recent years, an increasing number of numerical studies have been undertaken by several groups revisiting this instability [22][23][24][25][26] and its role in transport.

One of the key experimental results in Ref. [20] was the detection of a plasma wave in the cross-field direction (parallel to the applied electric field), exhibiting a spatial scale similar * kenhara@stanford.edu † sedina.tsikata@cnrs-orleans.fr to that of the ECDI observed primarily in the E × B direc-48 tion. Subsequent linear kinetic theory analyses revealed that 49 such cross-field oscillations observed in experiments can be 50 initiated by the ion-ion two-stream instability (IITSI) [27][28][29][30][31] 51 due to the presence of singly and doubly charged ion streams. 52 Generally, mode coupling of different instability mechanisms 53 plays an important role in plasma transport, particularly in 54 the nonlinear saturation phase of instabilities. However, it is 55 difficult to evaluate the effects of such mode coupling on 56 electron transport, e.g., current density, using diagnostic tools 57 or linear theories. The linear growth rate denotes how fast 58 an instability develops but does not account for how large its 59 amplitude ultimately becomes, i.e., at what level the nonlinear 60 saturation occurs. High-fidelity plasma simulations are there-61 fore of critical importance to investigate nonlinear dynamics 62 of coupled plasma instabilities and the corresponding electron 63 transport.

64

This paper analyzes the microturbulence that develops due 65 to the mode coupling between the IITSI and ECDI in a low-66 temperature magnetized plasma. Theory and simulation of the 67 kinetic instability that results from the interaction of multiple 68 ion streams interacting with electron cyclotron dynamics are 69 reviewed in Secs. II and III, respectively. Section IV dis-70 cusses the plasma properties, and in particular, the observation 71 of enhanced cross-field electron transport and modification 72 of the ion distribution function resulting from the mode 73 coupling.

74

II. KINETIC INSTABILITIES

75

Let us consider a partially magnetized plasma where an 76 external electric field is applied in the x direction and a 77 magnetic field is applied in the z direction, as shown in Fig. 1 for two cold ion species and magnetized electrons [7], can be written as
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where As shown in Fig. 1, the presence of an electron drift, e.g., E × B drift, can be accounted for by shifting the system to the frame of the electron drift. Here, k

k 2 ⊥ = k 2 x + k 2 y , λ D = [ 0 k B T e /(e 2 n 0 )] 1/2 is the Debye length, ω pi = [e 2 n 0 /(m i 0 )]
• U s i = k x U s x -k y U d ,
where U x is the drift parallel to the applied electric field and U d is the electron drift in the y direction. The wave frequency can be shifted by ωk x U + x + k y U y and Eq. ( 1) can be written in a normalized form as
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where μ = m e /m i is the electron-to-ion mass ratio and

U x = 113 U 2+ x -U +
x is the difference between the doubly and singly 114 charged ion velocities in the cross-field direction. The tilde 115 quantities denote normalized parameters. Time, space, and 116 velocity are normalized with respect to the electron plasma 117 frequency, ω pe = [e 2 n 0 /(m e 0 )] 1/2 , Debye length, λ D , and 118 electron thermal speed, v th,e , respectively.

119

The dispersion relation of the 2D ECDI when α = 0 120 (singly charged ions only) and U d = 0 is shown in Fig. 2

(a). 121

The maximum growth rate is located near k x = 0. The ECDI 122 dispersion relation at k x = 0 is shown in Fig. 3 (cf. Ref. [7]). 123 The 2D dispersion relation yields a resonance condition for 124 the ECDI, namely, ky Ũd = n ωB , where n > 0. Note that the 125 current-carrying ion-acoustic instability can be derived in the 126 limit of zero magnetic field (i.e., b → ∞) and singly charged 127 ions (i.e., α = 0) [32]. 

III. PARTICLE-IN-CELL SIMULATION OF THE PARTIALLY MAGNETIZED PLASMA

In the present paper, we focus on the physics of the coupling between ECDI and IITSI modes within the same computational framework in the literature. The computational setup to study the E × B discharge is identical to that originally proposed by Boeuf and Garrigues [24] and used as a benchmarking test case [33]. The 2D particle-in-cell (PIC) simulation used in this paper (explicit PIC with particle and domain decomposition) is described in Ref. [33] and has been compared with other PIC codes.

Ionization occurs upstream where the electrons are trapped by the magnetic fields. The crossed electric and magnetic fields generate an E × B drift for electrons (the source of the ECDI) and ions are accelerated electrostatically (the source of IISTI in the presence of singly and doubly charged ion streams). The ionization rate is constant in time, leading to a constant ion current density. In steady state, ∇ • (j i1 + j i2 ) = e(S i1 + 2S i2 ), where j ik is the ion current density and S ik is the ionization rate for singly (k = 1) and doubly (k = 2) charged ions. Defining α 0 to be the fraction of doubly charged ion current density, the individual source terms are assigned as S i1 /S i = 1 -α 0 and S i2 /S i = α 0 /2, where

S i (x) = S 0 cos[π (x -x M )/(x 2 -x 1 )] is the total ionization rate, x 1 = 0.25 cm, x 2 = 1 cm, x M = (x 1 + x 2 )/2,
and S 0 is adjusted so that the total ion current density is 400 A/m 2 . Xenon ions are considered. Note that α 0 is similar but not identical to α in Sec. II.

The domain size is L x = 2.5 cm and L y = 1.28 cm in the x and y direction, respectively. The magnetic field is set to

B(x, y) = B max + B 0 ξ (x), where ξ (x) = 1 -exp[-0.5{(x - x L )/σ b } 2 ] and B 0 = (B a -B max )/ξ (0) if x < x L and B 0 = (B c -B max )/ξ (x L ) if x x L .
Here, x L = 0.75 cm, σ b = 0.625 cm, B max = 100 G, B a = 60 G, and B c = 10 G. Intermolecular collisions, neutral atom dynamics, and transport in the z direction are neglected. The potential drop between x = 0 cm and 2.4 cm is kept constant at 200 V [24,33]. The electrons are reinjected randomly in the y direction at x = 2.4 cm to satisfy charge neutrality in the system, i.e., ec = ea -i1a -2 i2a , where ec is the number of electrons reinjected from the cathode plane, and ea , i1a , and i2a are the number of electrons, singly charged ions, and doubly charged ions absorbed at the anode plane, respectively.

The average number of particles per cell is 250 in the steady state, which shows satisfactory convergence based on the study in Ref. [33]. The grid size is 50 μm in both directions; i.e., the number of cells is 500 and 256 in the x and y directions, respectively. The simulation utilizes a message passing interface (MPI) and the Poisson equation is solved using Hypre, a linear algebra library.

IV. RESULTS

The effects of doubly charged ions are investigated by varying α 0 from 0% to 25%, which is the range of Xe 2+ observed in E × B discharges [34,35]. The results of Fig. 4 shed light on aspects concerning the two instabilities not previously accessible via experiments and linear kinetic theory analysis [20,32]. Figure 4 shows that for axial positions which coincide with those of the experimental measurements (about xx L 1 cm), both the ECDI field modulation (along y) and the IITSI field modulation (along x) are present. Additionally, the present simulations elucidate the regions in which different instabilities are created. The ECDI is driven in the region of the fastest electron drift (approximately where E x /B z is largest) as expected, while the IITSI fully develops once the velocity difference U x between the singly and doubly charged ion streams becomes large enough after acceleration. As previous experiments were only performed outside the channel in the downstream region due to restricted laser beam access, the present simulation results provide information on how the instabilities evolve in a multidimensional configuration.

The plasma properties averaged over 5 μs and the y direction are shown in Fig. 5. The decrease of Xe + density and directions enhance the cross-field transport, but not merely by randomizing the electron motions, which can be inferred from the fact that the electron temperature is not drastically changed as shown in Fig. 5(c).

The enhanced electron transport across the magnetic field lines is correlated with the coexistence of the ECDI and IITSI. These two instabilities are generated and interact as follows: (i) The ECDI is created in the upstream region, i.e., x ∼ 0.5 cm. The plasma wave is generated due to the resonance at k y λ D ≈ 0.9, where the growth rate is at maximum. However, there is a transition to a larger wavelength mode at x > 0.6 cm. In this region, it is observed that k y λ D ≈ 0.3, which is possibly due to the physical phenomena not taken into account in the theory. (ii) At 0.7 cm < x < 1 cm, the ECDI and IITSI can coexist since an azimuthal electron drift exists and the velocity difference between Xe + and Xe 2+ , U x , increases, which can be seen from Fig. 6(b). (iii) In the downstream region, i.e., x 1 cm, since the azimuthal drift is small, the ECDI is unlikely to occur. Instead, the increasing nonzero U x further excites the IITSI. Since the plasma wave generated by the ECDI upstream is advected downstream, the IITSI is first initiated in the presence of the k y component driven by the ECDI.

It can be observed from Fig. 6(a) that the electron bulk velocity is relatively constant between x ∈ [0.5 cm, 1 cm] for the small α 0 cases (0 and 2%), while its magnitude increases over the same spatial interval (seen in the sloping trend developing over this region) in the presence of doubly charged ions (α 0 exceeding 2%). This indicates that the electron mobility is modified due to the presence of doubly charged ions. As can be seen from Fig. 6(b), in this region, the difference in the axial ion bulk velocities is nonzero, e.g., U x = 1-4 km/s, and the azimuthal electron drift is nonzero, e.g., U d ≈ 10 6 m/s. With these features taken into account, it is expected that both ECDI and IITSI modes will develop simultaneously within this region, as discussed in Fig. 2(c).

The consequence of the cross-field IITSI due to the multiple ion streams (here, singly and doubly charged ions) is that the streaming ions with different velocities thermalize and equilibrate. This is apparent in Fig. 6(b) where the cross-field bulk velocity of the Xe 2+ decreases for the α 0 = 20% and 25% cases in the downstream region (x 1.5 cm). The crossfield plasma wave propagates with its own phase velocity and traps, i.e., decelerates and heats, the doubly charged ions, which is similar to the instabilities that occur within the plasma sheath [31]. The nonlinear trapping of Xe 2+ coincides with the inverse tendency in the electron transport from α 0 = 15% to α 0 = 20% and 25%, as can be seen from Fig. 6(a). The ion velocity distribution functions (VDFs) will be shown later.

The IITSI growth rate increases monotonically as α 0 increases for α 0 ∈ [0, 0.25]. From an order of magnitude analysis, γ /ω pe O (10 -4 ) and the characteristic time for the IITSI to grow, τ ∝ γ -1 , is larger than 0.1 μs. It is to be noted that the IITSI in the present simulation is a convective instability. Since the ions are advected in the x direction with a speed, v, on the order of 10 km/s, the characteristic distance for the IITSI to grow is L = vτ . When the growth rate of the IITSI is small, i.e., for a small α 0 , L is large. As α 0 increases, the IITSI growth rate becomes large; thus, L ∝ γ -1 correspondingly decreases. Simultaneously, the plasma wave amplitude in the since E y0 = 0 taking the average of E y in the y direction (cf. periodic boundary condition). The electron flux in the y direction can be written as ey = -

n e0 E x0 B z - n e E x B z . ( 5 
)
The angle bracket quantities in Eqs. ( 4) and ( 5) denote the turbulent contribution, i.e., fluctuation-based transport. 4(c). This is further evidence that the cross-field electron transport is enhanced by small-scale plasma fluctuations due to the presence of the axial plasma wave (k x = 0) in addition to the azimuthal fluctuations (k y = 0). Note that the electrons are advected in the +y direction at x ∈ [1 cm, 1.7 cm] in Fig. 7. While such trajectories can be influenced by various drifts, including E × B, diamagnetic, and gradient drifts [38], the cross-field electron flux is enhanced in the presence of singly and doubly charged ion streams, as shown in Fig. 6(a). 

D. Broadening of ion velocity distribution functions

v φ -U Z+ x Zeφ 0 m i 1/2 , ( 6 
)
where v φ is the phase velocity of the wave and U Z+ x = 459 (ZeV d /m i ) 1/2 is the ion beam velocity for multiply charged 460 ion states Z = 1 and 2. The right-hand side of Eq. ( 6) is 461 the trapping velocity of charged species. The results strongly indicate that the decrease in electron current from α 0 = 15% to 20%, as shown in Fig. 6(a), is correlated with the ion trapping.

These findings provide better insight into the significance of some experimental results. Broadening of the Xe + ion distribution has been observed in laser-induced fluorescence measurements [39]. In the absence of any axial oscillations, the maximum ion velocity is U + i , limited by the applied DC voltage, as shown in Fig. 8. While some studies have attributed such high-energy ion formation to wave-riding effects [22,40,41], where the discharge oscillation can generate ions whose energy is larger than the applied DC voltage, the IITSI due to the mixture of Xe + and Xe 2+ can broaden the ion VDFs even in the absence of low-frequency discharge oscillations.

V. DISCUSSION

As the results discussed in this paper attest, the presence of the axially propagating IITSI, coupled to the azimuthal ECDI, can influence the level of electron transport. The doubly charged ion species concentration need only be low (2% and above) for such effects to develop. The low threshold for the appearance of the IITSI, and its demonstrated effects on transport, suggest the importance of accounting for doubly charged ions in conventional low-temperature magnetized plasmas. Although we have opted to consider interaction between the two dominant ion streams in this study, triply charged xenon ions have been measured in some E × B discharges [42] and the presence of such species may be worth accounting for as well. The formation of axial plasma waves can also be critical for ion beam spreading in the transverse (radial) direction via ponderomotive forces [43,44] and would be expected to influence macroscopic behavior in low-temperature magnetized plasmas. Understanding how the small-scale turbulence affects the large-scale self-organization, e.g., rotating spokes [45], is reserved for future work.

While the simulations performed in this paper are in 2D, here the 3D dispersion relation is discussed. The electron component in Eqs. ( 1) and (2) utilizes the 2D approximation (k = 0), but can be updated to account for the 3D effects (k = 0). The 3D dispersion relation [19,46] using normalized quantities can be written as 

where k 2 = k 2 ⊥ + k 2 x , ξ = (ξ + + ξ -)/2,

ξ ± = ω + kx Ũ + x -ky Ũd ± n ωB √ 2 kz , ( 8 
)
and Z (σ ) = √ π exp(-τ )(τ -σ ) -1 dτ is the plasma dispersion relation assuming a Maxwellian distribution function for electrons. In the limit of k z → 0, the 3D dispersion relation reduces to its 2D version, i.e., Eqs. ( 1) and (2).

It is known that the resonance peaks of the cyclotron motion, which are present in the 2D dispersion, become using coherent Thomson scattering measurements and an analytical basis for its appearance was proposed in Ref. [20]. The simulation results presented in this paper capture the features of the instability studied experimentally and analytically and it is observed that the coupling of the ECDI and IITSI enhances the cross-field electron transport by almost 90% of the contribution due to ECDI alone. Although the linear kinetic theory predicts a growth rate for the IITSI which is smaller than that of the ECDI, the nonlinear saturation (and, in particular, the nonlinear coupling) of the various instabilities plays an important role in the electron transport across the magnetic field.

The plasma wave excited in the axial direction also leads to the broadening of the ion velocity distribution functions. Since the phase velocity of the plasma wave lies between the velocities of the singly and doubly charged ion streams, the trapping of doubly charged ions occurs even with smallamplitude plasma waves in the axial direction. As the doubly charged ion fraction increases, the amplitude of the plasma wave driven by the IITSI increases and both the singly and doubly charged ions become trapped by the axial plasma wave. This leads to decrease in the bulk velocity of Xe 2+ and broadening of the Xe + ion VDF.

. 78 FIG. 1 .

 781 FIG.1. A partially magnetized plasma where a DC electric field component and an external magnetic field are applied in the x and z directions, respectively. The difference between the singly charged ion velocity U + i and the doubly charged ion velocity U 2+ i in the x direction is denoted by U x . Gyrating electrons move with an azimuthal drift, U d , in the -y direction.

  singly and doubly charged ions, respectively, b = (k ⊥ r L ) 2 , r L = v ⊥ /ω B is the Larmor radius [here, v ⊥ is assumed to be the electron thermal velocity v th,e = (k B T e /m e ) 1/2 , ω B = eB/m e is the electron gyrofrequency, B is the magnetic field amplitude, and m e is the electron mass], and I n is the modified Bessel function of nth kind. I n (b) exp(-b) is also known as the scaled modified Bessel function.

FIG. 2 .

 2 FIG. 2. Instabilities generated in a 2D partially magnetized plasma. (a) Electron cyclotron drift instability (ECDI) due to an electron drift in the y direction, where Ũd = 0.239, assuming only singly charged ions, i.e., α = 0. (b) Ion-ion two-stream instability (IITSI) due to the mixture of singly and doubly charged ions, where Ũx = 3.2 × 10 -3 and Ũd = 0. (c) Coexisting ECDI and IITSI. Maximum value of color map is 0.002 for ω r /ω pe (left) and 0.001 for γ /ω pe (right). Xenon ions are considered. Here, B = 150 G, T e = 25 eV, n 0 = 2 × 10 17 m -3 , and U + x = 16 km/s.

FIG. 3 .

 3 FIG. 3. ECDI dispersion relation at k x λ D = 0 from Fig. 2: (a) real part of the frequency and (b) growth rate.
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 21372 Figure 2(b) shows the case where the electron drift is

FIG. 4 .

 4 FIG.4. Instantaneous E y and E x due to the cross-field plasma instabilities in the presence of singly and doubly charged ion streams. (a) α 0 = 0, i.e., singly charged ions only, illustrating the ECDI in the azimuthal direction, (b) α 0 = 10% (moderate-amplitude IITSI), and (c) α 0 = 20% (large-amplitude IITSI). The axially modulated electric field develops as the fraction of doubly charged ions increases. The color bar is saturated, particularly for E x , to allow for visualization of the plasma waves in the downstream region.
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 45 Figure4shows the instantaneous electric fields, E y and
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 66 FIG.6. Enhanced cross-field transport of electrons due to the kinetic instabilities driven by doubly charged ions. The plasma properties are averaged in the y direction and over 5 μs, 200 sampling. (a) Electron velocity and (b) ion (Xe + and Xe 2+ ) velocities for various values of α 0 . Note that x = 2.4 cm is where the electrons are injected in the simulation.

FIG. 7 .C. Electron turbulent transport 377 Figure 7 Fig. 7 (FIG. 8 .

 7377778 FIG. 7. Electron streamlines averaged over 1 μs and instantaneous profile of the magnitude of electric fields, |E| = E 2 x + E 2 y in Fig. 4, for the (a) ECDI and (b) ECDI and IITSI cases. Maximum value of |E| is 80 kV/m. The vertical dashed line indicates the plane of electron injection. Arrows are shown to help the visualization of the electron streamline near the electron injection plane at x = 2.4 cm.

Figure 7 (

 7 Figure 7(a) shows that | ex | < | ey | within x ∈ [2 cm, 2.4 cm] where the electrons are injected. The injected electrons primarily flow in the -y direction for the ECDI-only case, which is consistent with the -E x0 × B z drift. The finite | ex | indicates that azimuthal E y fluctuations (k y = 0) induce the electron transport across the magnetic field in the absence of collisions, as discussed in Eq. (4). In contrast, in the presence of the coupled ECDI and IITSI as shown in Fig. 7(b), electrons adopt more axial trajectories in the -x direction, indicating | ex | > | ey | within x ∈ [2 cm, 2.4 cm]. The amplitude of E x fluctuation increases and the E y fluctuations become multidimensional, i.e., k x = 0 and k y = 0, in the coupled ECDI and IITSI case, as shown in Fig.4(c). This is further evidence that the cross-field electron transport is enhanced by small-scale plasma fluctuations due to the presence of the axial plasma wave (k x = 0) in addition to the azimuthal fluctuations (k y = 0). Note that the electrons are advected in the +y direction at x ∈ [1 cm, 1.7 cm] in Fig.7. While such trajectories can be influenced by various drifts, including E × B, diamagnetic, and gradient drifts[38], the cross-field electron flux is enhanced in the presence of singly and doubly charged ion streams, as shown in Fig.6(a).
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 843149 Figure8shows instantaneous ion velocity distribution functions (VDFs) averaged over the y direction for both Xe + and Xe 2+ . Here, α 0 = 2%. The particles are sampled

  kx Ũx ) 2 + ξ Z ( ξ )I 0 (b)e -b + ∞ n=1 [Z (ξ + ) + Z (ξ -)]I n (b) exp(-b) + 1 = 0,

  2+x . Perturbation of Xe 2+ since some Xe 2+ particles are already populated in the range 447 of the wave velocity, v φ , which is between U +x and U 2+x . The phase velocity can be estimated as v φ = ω/k x ≈ U + x + c s .

	449	
	450	However, without the axial plasma wave, there are virtually
	451	no Xe + ions in the range of v φ > U + x . Hence, the amplitude
	452	of the plasma wave must be large enough to perturb and start
	453	trapping Xe + ions. As can be seen from Fig. 9, the trapping
	454	of both Xe + and Xe 2+ becomes visible at α 0 20%, which
	455	is consistent with the deceleration of doubly charged ion bulk
	456	velocity shown in Fig. 6(b). It can be considered that at this α 0
	457	value, E x (hence, the potential amplitude, φ 0 ) becomes large
	458	enough such that

8) 441 since the E x fluctuation is small, by increasing the doubly 442 charged ion contribution, ion trapping features now appear in 443 both Xe + and Xe 2+ . The phase velocity of the plasma wave in 444 the x direction is between U +

x and U
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by the axial plasma wave is observed in a wide range of α 0 kinetic simulation accounting for both singly and doubly 525 charged ions, the nonlinear interaction between the ion-ion 526 two-stream instability (IITSI) and electron cyclotron drift