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Abstract:

Plasma-neutral gas interaction is characterized by
Alfvén's critical velocity and there is no such threshold as
predicted by Varma. Plasma stream retards far more rapidly
than what can be expected from processes of ionisation. A
space charge sheath accompanied by a closed current structure,
is formed during the interaction.

Introduction:

An interaction between a plasma and a neutral gas in
relative motion in perpendicular magnetic field is characterized
by Alfvén's critical velocity, V c r , given by the relation

* M n vcr2 = e 0 ion U)
where Mn is the atomic mass of the neutral gas and 0 i o n is
its ionisation potential. Basing arguments on energy considera-
tion, Varma's theory fjl3 predicts that the interaction will
not ensue unless the relative velocity exceeds the threshold
velocity, "̂ a , given by the relation

i Mj Vth = e 0ion (2)
where Mj is the mass of the plasma ion. Furthermore, the
relative velocity after the ionising interaction is the same as
the Alfvén's critical velocity given by eq. (1). Whereas the
occurrence of the critical velocity phenomenon has been
demonstrated in several experiments ["2 and references
therein] , the predicted Varma's threshold was not observed
in the experiment of Mattoo and Venkataramani '1"*

The present understanding of these experiments is that
neither ions nor electrons have reasonable cross section at
their initial energy to explain the observed rapid ionisation
associated with the Alfvén's critical velocity phenomenon. For

enhanced ionisation to occur, the electrons would have to get
energized to about 100 eV at the expense of the ion drift
energy.

Various argument» have been forwarded to say that the
primary drift between electrons and primary/secondary ions
may not explain the required rapid heating of electrons [4]J .
Presence of inhomogeneiiy and non-thermal Ions leads to the
formation of a space charge £l» 4 j which can rapidly energize
electrons either through electrostatic acceleration as In
Varma's model [ l j or through the excitation of modified two-
stream instability by an unutable secondary electron current
f 5 j . The attractive feature of these theories is that the
whole electron gas is rapidly energised.

Venkataramani and Mattoo QQ have shown that the
classical collisional processes play only a. partial role in the
plasma retardation. The mechanism of plasma retardation
must then invoke some ncn-collisional processes.

This paper presents results on the Alfvén's critical
velocity, the Varma's threshold velocity, formation of the
space charge sheath and retardation of the plasma stream.
Specific attention is given to the role of the current structure
accompanying the space charge sheath.

Experiment:

The experimental set-up, shown in Fig. 1, consists of an
interaction chamber kept at a base pressure of 10** torr,
separated by a drift tube of 1.5 m long from a co-axial plasma
gun which is capable of producing plasma streams with
n - 5 x 1018nf3 and Te~ 5 eV. The plasma stream velocity can
be varied in the range of 3-100 km s . Transverse to the
plasma stream direction, a magnetic field of upto 1000 G exists
in the interaction region. An electromagnetic valve injects
neutral eas cloud whose density can be varied between
1017-1021 m3. The drift tube is provided with a guide field of
2500 G to avoid plan ma losses. The diagnostics deployed in
the experiment are: V x B-probe, collecting Langmuir probes,
mm-wave interferometer, iori beam probe, reflex discharge
probe, pyroelectric crystal detector. Rogowski coil and
magnetic probes.
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Results:

In Fig.2, open triangles and circles give a plot of the
peak argon velocity, V, before it interacts with neutral
hydrogen gas cloud against the plasma velocity at 2 cm behind
the centre of the gas cloud in the interaction region where
plasma was decelerated. The plotted velocity measurements
were obtained with Vx B-probes and by time-of-flight method.
At very low velocity the plasma was not decelerated as it
penetrated into the neutral gas cloud. For V>51 km s"1 V c r
for hydrogen, the plasma was decelerated to a value ~ v ç j . .
These results confirm results obtained by other workers}?, 3j .

Solid triangles and circles in Fig. 2 refer to the
interaction between hydrogen plasma and argon neutral gas.
It can be seen that even when hydrogen olasma velocity is<Vth,
the plasma is decelerated to V c r = 8.7ims~ for argon. Accor-
ding to Varna's model hydrogen plasma with v < v t h should
have penetrated the gas cloud without suffering any decelera-
tion.

Fig. 3 shows the variation of the velocity of hydrogen
plasma as it streams through the argon neutral gas cloud at
different gas densities. The velocity decreases, rapidly at
high gas densities, as the plasma penetrates into the neutral
gas. Defining velocity retardation scale length, as the
e-folding distance, we have tabulated the observed retardation
lengths at different gas densities in Table I. This table also
shews the observed retardation length in the cases where
O, N, Ne and A plasma interact with the argon gas cloud.
These values are compared with the expected retardation
lengths (numbers in brackets) if it is assumed that plasma
retardation is determined by the processes of ionisation [îf] .

The results summarized in Table I clearly indicate
that the retardation scale length. L. does not scale as (Mj/Mn).
At any neutral gas density, we do not observe the expected
increase in scale length by a factor of 40 as the mass of the
plasma ion is varied from 1 for hydrogen to 40 for argon.
This was verified further by studies in which mass ratios were
inverted. The maximum increase in the retardation length is
by a factor of 3,5 at ng - 2 x 1017m 3 when Mj / Mn increase
from 1 to 40.

The variation of L with the gas cloud density is such that
it increases as tig decreases. However, L does not scale

332 inversely with n- • An emperical fit shows that L « n» where

oi ranges from 0.15 for asymmetrical ( M j ^ M n ) to 0.5 for
symmetrical ( M i = Mn ) interactions.

Fig. 4 a shows the floating potential of a Langmuir probe
when argon plasma stream traverses the interaction region
without gas cloud. Although plasma velocity and density vary
over the pulse width, the floating potential seems to remain
nearly constant at 30 V. The effect of introducing a gas cloud
in the interaction region is shown in Fig.4 b . . we observed a
positive spike of greater than 50 V followed by a negative
plateau. The pl&teau after the peak is similar to what was
observed in Fig.4 a. On an expanded time scale, we noted
that floating potential actually rises to about + 150 V in about
2f*s. The potential remains steady for 1 us and then decays to
a negative plateau of 3C V in about 2 |U£

The observed changes in floating potential are identified
with variation of the plasma and the gas. The initial increase
in floating potential is ascribed to the presence of a sheath.

From a variety of experiments we have done, the noted
characteristics of the sheath ars: (1) the maximum sheath
potential is 50- 200 V. The value of the potential does not

. depend upon the initial plasma ion kinetic energy so long as the
plasma drift velocity is well above VCr • (H) T he electric field
in the sheath is of- 10%/m and is along the direction of the
stream at the beginning of the sheath region and against at the
termination. Along the direction of the magnetic field there is
no electric field. (Ui) The sheath thickness varies between 5 cm
at n = lO1^ m to 11 cm at n 1017nf3 Also thickness

()
at n e = lO1^ m to 11 cm at n g = 1017nf3 . Also, thickness
of the sheath is much smaller than the length of the plasma
stream and is always located at the head of the stream, (iv)
While velocity of the sheath quickly reduces to V c r , the
plasma trailing behind it remains at higher velocity until the
whole plasma is retarded to V c r . (v) The sheaths are accom-
panied by a single current loop.

During the interaction the change in the magnetic field
was sensed by a three-axis magnetic probe. A change in the
magnetic field A B ~ 10G was observed. The current flow
seemb to be in u single closed loop and its characteristics
are: (i) The total current flow i s ~ 170 A giving rise to current
density of ~10 5 A/m 2 for ng—101 9 m 3 (ii) The orientation
and direction of the current structure is diamagnetic. (iii) The
current density decreases marginally by a factor of *• when ng
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is decreased by 3 orders of magnitude, (iv) The current
direction refers to the secondary electronic drift derived from
the s.heath electric field. (vi) The current loop closes at the
boundary of the plasma column and not through the body of
the plasma, (vii) The magnitude and topology of the current
loop does not seem to depend upon whether the interaction is
symmetric or asymmetric.

To identify the role of the magnetic field, the interaction
was studied without this field and with varying field. Without
magnetic field no sheath was formed and no plasma retardation
was observed. However, as the magnetic field was increased
we began to observe the sheath and retardation of the plasma
only when magnetic field was more than 50 G. The results at
such low magnetic fields were irreproducible. The reprodu-
cibility was observed only when the magnetic field was about
300 G or more. These results can be treated as an evidence
for the necessity of transverse magnetic field for the formation
of the sheath and for Alfvén's critical velocity phenomenon tu
occur.

Discussions:

Our results unambiguously establish that the only charac-
teristic velocity in the plasma-neutral gas interaction is the
Alfvén's critical velocity and that there is no such threshold
as predicted by Varma's theory. The prediction is based on
the assumption that the entire kinetic energy of plasma ion is
taken up by a plasma electron on the average. Our results
invalidate this assumption. Another important outcome of our
studies is that Alfvén's critical velocity phenomenon is
independent of

The discrepancy between the observed and the expected
retardation scale lengths (calculated on the basis that the
plasma retardation is determined by the processes of ionization)
can be reduced by taking into account the loss of momentum
suffered by the plasma during the interaction through binary
encounters. We have considered ion-neutral (elastic, resonant
and non resonant charge transfer, and ionisation) and ion-ion
coulomb collisions. We have also considered the momentum
losses to the walls. The conclusion of these calculations are:
(i) The resonant charge transfer collisions are the most
important at high densities (ii) A plasma can partially lose its
momentum/energy (-50% of the initial value) through binary

_J

collisions only when it is interacting with the dense gas cloud
{ n g - 101 9 m 3). (in) At n g ~ 101 7 m 3 , the collisions can
account for 5% of total loss of momentum and at such low den'
sities there is a need for invoking a far more efficient momen
turn loss mechanism than binary collisions.

We now compare the characteristics of the sheath with
predictions of various theories. The sheath of Varma [ l j
consists of a negative charge layer followed by a positive
layer. Also, the sheath is stationary over the time scale less
than the ion gyro-period and has a component along the magne-
tic field. None of these characteristics are implied in our
observations. On the other hand Lehnert's [j>J model also does
not seem to be applicable to our situation. This is because we
do not see any oscillating potential structure in the sheath and
thickness of the sheath <• ion gyro radius. Further, the
maximum potential is < initial kinetic energy of the ion and the
sheath consists of space charge of ions only. Thus the forma-
tion of the sheath has to be reconsidered in the light of our
observations.

With the observed sheath electric field of 103-104 V/m,
the electrons acquire a drift velocity ranging between
10 *- Kfm s . The calculated drift velocity is > ion
sound speed of 2 x 10 3m sr for 5 eV hydrogen plasma.
Noting that the electron drift velocity is perpendicular to the
magnetic field, the threshold condition for the excitation of
modified two stream instability is satisfied. Another evidence
for modified two-stream instability is related to the observa-
tion of lower limit on the magnetic field foi Alfvén's critical
velocity phenomenon to occur. P.aadu£sJ has shown that if

"Vpj <S«')'ce» t n e electrons are energised mainly parallel to
the magnetic field by modified two stream instability. Thia
situation is realised in our device at magnetic field of 50 G.
The non occurrence of the critical velocity phenomenon at
fields < SO G may be related to the fact that unless parallel
electron heating takes place, the interaction is prevented from
occuring.

Another application of the observed current in the sheath
may be in the transfer of momentum from plasma to the ioniied
component of the gas through J x B force. However, our
calculations indicate that there is a fairly good agreement with
the observed retardation length only at n g = 1 0 1 ' m"3. The
observed current density is not enough to explain the retarda
tion at n g~10 1 8 - 1019 nï5.
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Table I

lengths in cm. of indicated plasma going through
argon gas cloud Mj ;£ Mn

1020

0.5 m

0.5
(0.14)

0.5
(0.16)

0.5
( - 2 )

0.5
( . 4 )

n

1019

4 . 5

2.0
(1.4)

2.5
(1.6)

2.0
( 2 )

4.0
( 4 )

(m 3 \

1018

7.0

4.0
(14)

3.0
(16)

10.0
(20)

7.0
(4o)

2 x 1017

10.0

7.0
( 70 )

10.0
( 80 )

30.0
( ioo )

35.0
(200 )
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Fig. 1 The experimental set-up.
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Fig. 2 Terminal velocities of plasma plotted against its
initial velocity. Open circles and triangles refer to
argon plasma-hydrogen gas interaction; solid circles
and triangles refer to hydrogen plasma-argon gas
interaction.
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Fig. 3 Hydrogen plasma velocity at different points in the
argon gas cloud of indicated gas density. The plasma-
neutral gas boundary is the position in the experimen-
tal region upto which the plasma moves unretarded.
The Alfvén s critical velocity for argon is 8.7 km a .

Fig. 4 Floating potential profiles obtained by a Langmuir
probe when argon plasma stream passes through the
interaction region (a) in the absence of gas cloud (b)
in the presence of argon gas cloud ( Ng = l<r9m~3 )•
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