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Analysis and experimental study of parallel flow velocity shear electrostatic ion cyclotron (EIC) 
instability has been done in plasma containing massive positive ions and electron by using the method 
of characteristics solution and kinetic theory in the presence of inhomogeneous direct current (DC) 
electric field perpendicular to ambient magnetic field. The effect of many parameters on growth rate and 
real frequency has been discussed by using the experimental data. Applications to possible laboratory 
plasmas and industries are also discussed. 
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INTRODUCTION 
 
A parallel flow velocity shear which means a magnetic 
field (B) aligned flow with the velocity gradient perpen-
dicular to B is known to be an origin of low frequency 
instabilities occurring in space plasmas. For example, ion 
acoustic instabilities observed in the ionosphere have 
recently been explained in terms of parallel flow velocity 
shear (Ichiki et al., 2005). 

Many characteristics of EIC instability that have been 
investigated experimentally were in agreement with the 
local theory of Drummond and Resenbluth (1962) appro-
priate to uniform magnetized plasma. Their treatment 
however could not account for certain aspects of insta-
bility related to in homogeneities present in laboratory 
plasmas. Bakshi et al. (1983) found that if width of the 
current channel was reduced to just a few ion Larmor 
radii, the EIC instability was quenched. The effects of a 
transverse gradient in the plasma flow velocity parallel to 
a magnetic field on the excitation of EIC waves has also 
been analyzed by Ganguli et al. (2002). They showed 
that ion flow gradients (parallel velocity shear) can give 
rise to a new  class  of  ion  cyclotron  waves  via  inverse  
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cyclotron damping with a resulting multiple cyclotron 
harmonic spectrum. 

The effect of parallel velocity shear on EIC wave 
excitation was studied experimentally by many workers. 
These experiments provided clear evidence. That parallel 
velocity shear does play a role in the excitation of EIC 
waves. Experimental evidence have also been 
persecuted by Agrimson et al. (2003) to show that the 
filament quenching of EIC instability may be rendered 
ineffective if, in addition to field aligned current, parallel 
velocity shear is present in ion flow. Observation shows 
that the EIC instability can be excited in narrow current 
channels if a sufficient amount of parallel velocity shear is 
also present (Agrimson et al., 2003). 

An examination of the EIC instability in the light of 
recent theoretical work of Gaungli et al. (2002) and 
Gavrishchaka et al. (2000) suggest that an ion flow along 
the magnetic field with a flow gradient (shear) transverse 
to the magnetic field can have an additional destabilizing 
effect on EIC waves in the presence of magnetic field 
aligned electron drift (current). A related theoretical pre-
diction by Gavrishchaka et al. (1998) that perpendicular 
shear in the flow of ions parallel to a magnetic field 
substantially reduces the electron drift necessary to 
excite ion acoustic-like waves was a  subject  of  previous  



 
 
 
 
experiment by Agrimson et al. (2001), since these 
predictions  have  important  consequences  for  the  inter 
prediction of low frequency plasma oscillations 
observations in the ionosphere. 

Some experiments in Q-machines have been 
performed using Cesiveu plasma to test these in the 
laboratory. The purpose of these experiments was to 
investigate the possible influence of parallel velocity 
shear on the excitation of EIC waves. Experiment was 
performed in a single–ended Q machine using essentially 
the identical set up employed by many researches 
studying EIC waves. Addition evidence for the role of 
parallel velocity shear was obtained in the other 
experiment which employs a double ended Q machine 
Agrimson et al. (2002). Drift wave is observed to be 
destabilized by a magnetic-field-aligned ion flow velocity 
shear in the absence of field-aligned electron drift flow in 
laboratory experiments using a concentrically three 
segmented plasma source. The fluctuation amplitude 
increases with increasing a shear length, but the 
instability is found to be gradually stabilized where the 
shear strength exceeds a critical value (Kaneko et al., 
2003). The stabilizing and destabilizing mechanisms are 
well explained by a plasma kinetic theory including the 
effect of radial density gradient (Kaneko et al., 2003). 

Experimental demonstration of the certification of 
electrostatic ion cyclotron waves in plasma with a parallel 
ion flow shear but no magnetic field aligned current has 
already being discussed (Kim et al., 2004). Waves with 
frequencies near the ion cyclotron and multiple 
harmonics launched from an antenna are observed to 
grow in amplitude in a region of ion flow shear.  

Particularly in the field of space plasma, the velocity 
shear of magnetic field-aligned flows has been studied to 
understand the physical properties of fluctuations 
occurring in space plasmas, which are observed by 
radars, rockets and satellites. The reason for predomi-
nant excitation of the ion acoustic instability in the Earth’s 
ionosphere is explained by the fact that the parallel shear 
degrades the ion Landau damping rate of the ion acoustic 
mode to reduce this mode prominence (Gavrishchaka, 
1998). This hypothesis was bench marked by several 
laboratory experiments. The reason for parallel shear 
modified instabilities has recently been extended to the 
drift wave instability (Teodorescu, 2002). 

For simplicity it is assumed that there is no shear in the 
drift velocity. Generally speaking however, the velocity 
shear should be taken under consideration and may 
affect the system in two ways; on one half, it may lead to 
suppression or a complete stabilization of the perpen-
dicular gradient instability; on the other hand, it may give 
rise to a traditional hydrodynamics instability of a shear 
flow. It has been focused that ion velocity shears can 
significantly lower the field aligned threshold current 
needed to trigger the instability, especially for wave 
vectors close to the perpendicular to the magnetic field. 
However  the  current  density  and   shear   requirements  
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remain significantly higher than if collisions are neglected 
(Perron et al., 2009). The shear driven electrostatic ion 
cyclotron instability EIC has also been discussed using 
loss-cone distribution function by particle aspect analysis 
(Mishra et al., 2007). 
 In the present work, analytical and experimental study of 
velocity shear instability has been done in the presence 
of inhomogeneous perpendicular D.C electric field. The 
role of the electric field, magnetic field, shear scale length 
and temperature ratio has been discussed in detail on the 
growth rate of shear instability. 
 
 
ANALYSIS 
 
Spatially homogeneous anisotropic plasma subjected to an external 
magnetic field 

ze0B0B ˆ= and an inhomogeneous DC electric 

field 
xe(x)0E(x)0E ˆ=  has been considered. In order to obtain 

the dispersion relation, the Vlasov–Maxwell equations are 
linearized for inhomogeneous plasma by small perturbations of E1, 
B1 and fs1. These are perturbed quantities and are assumed to have 
harmonic dependence as exp i(kr-ωt). The linearized Vlasov 
equations obtained by separating the equilibrium and non 
equilibrium parts following the technique of Misra and Pandey 
(1995) and Pandey et al. (2001) in units of c=1 (c=velocity of light) 
are given as: 
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where force is defined as F= mdv/dt 
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The particle trajectories are obtained by solving the equation of 
motion defined in Equation (3) and S(r,v,t) is defined as: 
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The method of characteristics solution is used to determine the 
perturbed distribution function fs1. This is obtained from Equation (2) 
by 
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where s denotes species. We transformed the phase space co-

ordinate system from (r,v,t) to (r0,v0,t-t`) and 
'ttt −= . The particle 

trajectories obtained by solving Equation (3) for the given external 
field configuration by Misra and Tiwari (1977) are given as 
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Where � is the phase of ⊥v at t=0, ( ) ( )xE,xE '''

are the 

derivatives of ( )xE , and 
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Where a is thought to be comparable to the mean ion gyro-radius 

but larger than the debye length when
22 ax <1, ( )xE  becomes 

a constant uniform field. 
 
Using Equations (2), (4) and (6) and doing some lengthy algebraic 
simplifications and time integration, we obtained the perturbed 
distribution function from Equation (5) as: 
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Where the Bessel identity 
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The unperturbed bi-Maxwellian distribution function is written as 
 

�"vff 0ysm00s +=    

( )( ) ( )
smo

0z
2
s||

0z||

s

f
	x

x	v
�

xvv2

�

1
�"

�
�
�

�

�
�
�

� −
=  

( )
( )

( ) ( )( )
�
�
�

�

�
�
�

� −
−

−
−=

⊥⊥
2
s||

2
0z||

2
s

2
0y

2
0x

s||
2

s
1/2

0
mo

�

xvv

�

vv
exp

���

xn
f  

                                                                                   (8) 
 

where ξ” is being constant of motion and ( )xn0  =plasma particle 

density 
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Now simplifying m = n, g = p and using the definition of current 
density, conductivity and dielectric tensor, we get the dielectric 
tensor 
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Now we consider electrostatic ion-cyclotron instability 
 

2
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Where N is refractive index 
 
The required electrostatic dispersion relation can be obtained by 
using the approximation of Huba (1981) and from Equations (8-10). 
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Where Z(�) is plasma dispersion function 
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In order to get dispersion relation for electrons and ions, 

approximations for electrons are assumed as 1e
k <<⊥  and 

for ions no such assumptions is done thus above equation for p=1 
and species s= i, e becomes: 
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�
�
�

�

�
�
�

�
��
�

�
��
�

�
−±−=

2
1

11

1

1

b
c4a

11
2a
b

�'   (15) 

 
From this expression dimensionless growth rate has been 

calculated by computer technique when 11
2
1 c4ab < .  

 
 
RESULTS AND DISCUSSION 
 
Here, we show the solution of Equation (15) using 
parameters may be representative of the laboratory by 
Kim and Merlino (2007) and Rosenberg and Merlino 
(2008). We consider plasma in which  the  heavy  positive  

 
 
 
 
ions are produced due to ionization of K+ and light 
electron are produced from SF6- . It is further assumed 
that the plasma is immersed in magnetic field strengths, 
are varying like 0.24 to 0.32 T and homogeneous DC 
electric field strength 4 to 12 V/m which is perpendicular 
to magnetic field. In this case, the positive ions gyro 
radius  ρ~ 0.095 cm and having a temperature anisotropy 

1
T
T

A
i

i
T −= ⊥  = 0.5 to 1.5 with density gradient in

  

=0.2 and inhomogeneity in DC electric field P/a= 
0.5,0.55. In this case, we would except that the heavy 
positive ions electrostatic ion cyclotron instability could 
become excited by parallel velocity shear scale length 
like 0.55.to0.5A i =   

In Figure 1, variation of growth rate 
iΩ

γ
 versus i
k ⊥  

for different values of velocity shear scale length Ai has 
been shown for other fixed plasma parameters. The 
growth rate increase with increasing the value of shear 
scale length Ai band width did not shift for lower and 
higher valued of i
k ⊥ . The maximum peak value of 

growth rate is 31000.4 −× at i
k⊥ =1.75 for shear length 
Ai=0.55 and in homogeneity in DC electric field P/a=0.5. 
The mechanism for instability of this mode is due to 
coupling of regions of positive and negative wave energy. 
This coupling occurs if velocity shear is non-uniform and 
hence velocity shear is the source of instability. 

Figure 2 shows the variation of growth rate 
iΩ

γ
 versus 

i
k ⊥  for various value of electron ion temperature ratio 

i

e

T
T

. In this Figure 2, the growth rate increases by 

increasing the values of electron ion temperature ratio 
due to in-homogeneity in electron ion temperature that 
dependence on the applied voltage of electrodes. The 
maximum peak values of growth rate is 31086.3 −×  at 
the i
k ⊥ =1.75 with inhomogeneous DC electric field. As 
velocity shear term is proportional to electron ion 

temperature ratio 
i

e

T
T

. 

Figure 3a and 3b shows the variation of real frequency 

i

r

�

�
and growth rate 

iΩ
γ

 versus i
k⊥  for different values 

of magnetic field strength B0 with other fixed parameters 
listed in the figure caption. The growth rate and real 
frequency decrease with increasing the magnetic field 
strength. Due to change in magnetic field, gyro frequency 
has  been  changed  and   also   modified   Doppler   shift 
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Figure 1. Variation of growth rate i�/� verses i
k ⊥ for different values of iA and other parameters 

are B0 = 0.24 T, Te/Ti = 2, E0 = 8 V/m, ax =0.5, 
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Figure 2. Variation of growth rate i�/�  verses i
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are iA = 0.5, B0 = 0.24 T, E0=8 V/m, ax = 0.5, 
05.88�= , AT =1.5, �n�i = 0.2 

 
 
 
frequency. The homogeneous magnetic field couples 
positive and negative energy waves and changes the 
growth of the wave. The magnetic field strength is a useful 
parameter for required velocity of EIC wave. Hence this is 
useful result for designing a machine for cold spray, 
metal cutting operations and micromachining.  

Figure 4a shows the variation of growth rate 
iΩ

γ  versus 

i
k⊥  for different values of magnitude of inhomo-
geneous DC electric field. The growth rate decreases 
with increasing the value of magnitude of inhomogeneous  



124       J. Eng. Technol. Res. 
 
 
 

        

0.00E+00

5.00E-04

1.00E-03

1.50E-03

2.00E-03

2.50E-03

3.00E-03

3.50E-03

4.00E-03

4.50E-03

5.00E-03

0 1 2 3 4 5 6 7

Sheet2!$C$15

Series2

Series3

     i
k⊥→                                                (a) 

 

0.00E+00

2.00E-03

4.00E-03

6.00E-03

8.00E-03

1.00E-02

1.20E-02

1.40E-02

1.60E-02

0 1 2 3 4 5 6 7

Series1

Series2

Series3

  i
k⊥→                                             (b) 

→→ →→
γγ γγ/

ΩΩ ΩΩ
i 

B0=0.20T 
B0=0.24T 
B0=0.28T 

→
�

r /
�

i 
 

B0=0.20T 
B0=0.24T 
B0=0.28T 

 
 

Figure 3. (a) Variation of growth rate i�/�  verses i
k ⊥  for different values of B0 and other 

parameters are iA = 0.5, Te/Ti =2, E0 = 8 V/m, ax = 0.5, � = 88.5°, AT = 1.5, �n�i = 0.2. (b) 

Variation of real frequency ir /�� verses i
k ⊥  for different values of B0 and other parameters 

are iA = 0.5, Te/Ti =2, E0 = 8 V/m, ax =0.5, � = 88.5°, AT  = 1.5, �n�i  = 0.2. 
 
 
DC electric field like 4 to 12 V/m. It means the magnitude 
of inhomogeneous DC electric field shows the stabilizing 
effect on the growth rate. Figure 4b shows the variation of 

real frequency 
i

r

�

�
 versus i
k⊥  for different values of 

real frequency. It is clear from the Figure 4a that  the  real  

frequency increases with increasing the value of 
magnitude of inhomogeneous electric field. The above 
discussion shows that the magnitude of inhomogeneous 
DC electric field has a destabilizing effect on the real 
frequency. In general, the non-resonant particles support 
the oscillatory motion of the wave while the resonant 
particles participate in energy  exchange  with  the  wave.  
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Figure 4. (a) Variation of growth rate i�/� verses i
k ⊥  for different values of E0 and other 

parameters are iA =0.5, B0=0.24 T, Te/Ti =2, ax =0.5, 
05.88�= , AT =1.5, �n�i=0.2. (b) Variation 

of real frequency ir /�� verses i
k ⊥  for different values of E0 and other parameters are iA =0.5, 

B0=0.24 T, Te/Ti =2, 
05.88�= , ax =0.5,AT =1.5, �n�i=0.2. 

 
 
 
The velocity of EIC wave is 1000 m/s for the value of 
magnitude of inhomogeneous DC electric field 8 V/m and 
it is 2500 m/s for 20 V/m with other fixed parameters 
listed in figure caption. Figure 5 shows the variation of 
growth rate versus inhomogeneity in DC electric field x/a 
with  others  parameters   listed   in   figure  caption.   The  

maximum value of dimensionless growth rate is 
3.895×10-3 at i
k⊥ =1.75 obtained for x/a =0.3. This is 
the effective parameter for group velocity of the 
generation and control modulation of the wave. 

The   parameters   like    density    gradient   in

    and  
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Figure 5. Variation of growth rate i�/� verses ax  for parameters like i
k ⊥ = 1.75, Ai = 
0.5, B0 =0.24T, Te/Ti = 2, E0  = 8 V/m, AT  = 1.5, �n�i = 0.2. 

 
 
 

temperature anisotropy 1
T
T

A
i

i
T −= ⊥  have less effect of 

growth rate for the experimental data but the growth rate 
increases slightly with increasing the value of in

  and 

TA . 
 
 
CONCLUSION 
 
In this paper the effect of magnetic field, electric field 
electron ion temperature ratio, temperature anisotropy in 
ions, shear scale length, density gradient and inhomo-
geneity in DC electric field x/a on the growth rate and real 
frequency have been studied separately.  
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