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Vortices in nature
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Vortex has been fascinating scientists
common in nature

fundamental structure in nonlinear medium

In plasmas
vortex is considered to play an important role on transport

understanding vortex is especially important

However it has not been fully understood



Drift motion
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When electric field and magnetic field are present, a charged particle moves toward
EXB direction. (ExB drift). Generally, when a force F is acting on a charged particle,
the guiding center moves toward FxB direction

cylindrical plasma plasma motion
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In ExB drift, potential contour is identical to the streamn line
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Observation of plasma rotation

First direct observation of plasma rotation

by the most primitive technique !



Observation of plasma rotation
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anti-ExB vortex
— vortex formation in a plasma interacting with neutral flow--

Observation of anti-ExB vortex
Measurment of neutral flow velocity
Flow velocity fields of ions and neutrals

Summary



EXB drift if a plasma
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Usually, there exists an radial electric field in a plasma. Then the plasma is
subjected to ExB motion, forming a vortical flow.



O Anti-ExB rotation of a plasma

Radial profile of azimuthal velocity

End view image of a plasma
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In the core region, the plasma rotates in the opposite direction to ExB drift! This
vortex is referred to as anti-ExB vortex.



G 2D profile of plasma and neutral densities (anti-ExB vortex)

neutral dehsity profile w/o anti-ExB vortex

neutral density profile
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The plasma density in the core region is 2.5 time higher than the peripheral
region, while the neutral density exhibits a deep depletion in the core, which

suggests that interaction of plasma and neutral flow plays an important role on
vortex formation.
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The ions are exhausted along the magnetic field



G Indication of experimental observations

There exists an anti-ExB vortex.

This means that there is an another force acting on ions, which
dominates the electric force.

There is a deep depletion in neutral density.

Interaction between plasma and neutral flow may play an
Important role on generation of the vortex.



Momentum change in charge exchange process

MOBILITY OF IONS IN THE PARENT GAS 167
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Figure 11.1 Tllustration of the resonant charge exchange of an ion and atom without
elastic scattering (Sena effect).

Physics of lonized Gases by B.M. Smirnov Chap.11

Momentum change in charge exchange process is very large.
Charge exchange collision is dominant in low temperature plasmas.

Effective momentum transfer may take place through charge exchange collision.



Generation of force by Sena effect

force acting on ion fluid = net momentum transport per unit time
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G Generation of anti-ExB rotation

ExB rotation Anti-ExB rotation

When the electric force dominates the force due to ion-neutral interaction (Fn), the
total force is directed outward and the resultant drift motion is conterclockwise.

When Fn dominates the electric force, the total force is directed inward, and the
resultant rotation is clockwise.



Measurement of neutral velocity field

To confirm above-mentioned mechanism, visualization of neutral
velocity field is needed

Neutral flow velocity should be measured by an optical method.
Laser-Induced Fluorescence(LIF) method is the most powerful technique.

However, the flow velocity of neutrals is supposed to be very slow and
the corresponding Doppler shift is 10’Hz (laser frequency is 104 Hz).

Therefore, the frequency resolution should be extremely high (107).
We have to develop a very high resolution LIF system .
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e Laser Induced Fluorescence

A laser excites meta-stable atoms to an upper level . The excited atoms emit
photons in deexcitation process (laser induced fluorescence).

By tuning laser frequency, we can obtain the LIF spectrum, which is proportional to
the distribution function.
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O LIF Doppler spectroscopy system

Photomultiplier Lock-in detection
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Qi gf, (g 3 Pilasma production:
I Electron cyclotron resonance
Size: ¢ 30cmx200cm
Microwave : 2.45GHz
Input power: 250W ~5kW
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(C/ Doppler shift (high power case)
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The LIF spectrum at different positions show a clear difference. Doppler shift of
200MHz corresponds to 130m/sec.
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O Profile of radial flow

Doppler shift profile of LIF spectrum (radial velocity)

L I I I I I T 80
,;100;_3 = 160 V>0 Jodf V<0 fotdf
E 3 : i ) | 40 2 VAVAVAVARR & <«
S -50f L ]
~— - b § -
+— i 4120 ©
f‘cz # ) i an < O g
U) O 9 O E
o Q| T i ~—
<@ Vix > 0 S\ 1 = 2.
2 5ol s e
Q. I O o 1-40
@) - o 3 8 9 X 4
o ¢ T3 160
100} ° -
S 1 1 1 L1 1.80 Inward flow of neutrals

X (cm)

The Doppler shift in x > 0 region is positive, which means that the neutral
flow in this region is leftward. The flow in the x < 0 region is rightward.
There exists inward flow in the plasma.



C Profile of azimuthal flow

Doppler shift profile of LIF spectrum (azimuthal velocity)
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The Doppler shift in core region y < 3cm Is negative, which means that the
neutral flow in this region is clockwise. The flow in the outer region is
counterclockwise.



(C/ Velocity Field

Neutral flow velocity field lon flow velocity field
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Assuming axial symmetry, we construct the vector field plot of neutral flow (left).
The ion flow field measured with a probe is shown in the right. Red arrows indicate
counterclockwise rotation, blue arrow clockwise rotation. Radially converging
neutrals, which change into ions through charge exchange collision, are exhausted
along the magnetic field.



Model equation of plasma interacting with neutral flow

momentum input from neutrals
Momentum change
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¢/ Vorticity Profile
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The observed vorticity profile well agrees with that expected from the ion-
neutral interaction.




Formation of anti-ExB vortex

B
T Anti-ExB rotation

S/ \2

inward force

; » outward flow
— 1

inward flow

inward force

charge exchange
interaction

neurtals




The interaction between ion and neutral flows essentially changes
lon dynamics. Sena effect is important in momentum transport,
and the resultant force due to this effect provides a new route to
vortex formation in plasmas
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