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On plasma-neutral gas interaction
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Abstract. The paper emphasises the importance of plasma-neutral boundary layer in
a wide variety of physical phenomena occurring in laboratory and cosmic plasmas.
The interaction of a magnetised plasma stream penetrating a neutral gas cloud is discussed in the light of Aifvdn's critical velocity and Varma's threshold velocity on the
ionising interaction.
Interaction of a moving magnetised plasma with a stationary neutral gas has been
studied and described. The device comprises of a plasma gun and an interaction region
where neutral gas cloud is injected. The interaction region is provided with a transverse magnetic field of upto 1000 G. Several diagnostics deployed at the interaction
region to make measurements on the macroscopic parameters of plasma and neutral
gas are described. The parameters of discharge circuits are measured with high
current and voltage probes.
An interaction between a magnetised plasma stream and a neutral gas cloud is
demonstrated. It is shown that this interaction does not have Varma's threshold
on their relative velocity. The Alfvdn's critical velocity phenomenon is shown to
depend on the integrated column neutral gas density that a plasma stream encounters
while penetrating through it and not on the neutral gas density in the range of
I017-10zl m-3.
Keywords. Plasma; neutral gas; interaction; critical velocity; plasma gun; diagnostics.

1. Introduction
In recent years, a great deal o f interest has arisen in a wide variety o f physical phenomena whose description requires an understanding o f the interaction at the contact
surface o f magnetised or unmagnetised plasma with neutral gas. T o k a m a k s o f future
generation will have a gas blanket enveloping the magnetised plasma b o d y to insulate it from surrounding walls (Lehnert 1975). In the pellet m e t h o d o f refuelling a
fusion reactor, a layer o f gas and cold plasma develops by ablation a n d thereby the
remaining part o f the pellet is protected from the fusion plasma energy flux (Verboom
and R e m 1973). Coensgen et al (1975) demonstrated an improved confinement o f
the plasma in a mirror device by end-plugging it with a cloud o f neutral gas. I n all
these problems, it is the particle and the energy transport properties o f the plasma
which are affected by excitation or suppression of plasma collective processes at the
plasma-neutral gas b o u n d a r y layer.
Since the first quantitative model for the solar wind-comet interaction was proposed
by Biermann et al (1967), m a n y investigations have suggested that the p r o d u c t i o n
o f suprathermal electrons, structures in the cometary tail and c o m e t a r y plasma transport into the tailregion have in their explanations an intimate connection with plasmaneutral gas interaction (Danielsson and Kasai 1968; K u b o et al 1971; Biermann 1971;
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Wallis 1972; Wu and Davidson 1972; Hartle and Wu 1973; Buti 1973; Burlaga et al
1973). Plasma-neutral boundary layers are expected to appear in the atmospheres of
normal and magnetic variable stars and in other dense cosmic clouds of matter.
Under certain circumstances, diffusion processes at the associated plasma-neutral gas
contact surface can lead to sharply defined transitions between highly and lowly
ionized states (Lelmert 1970) as well as to the mechanisms for element separation
creating abundance anomalies (Bonnevier 1975; Lehnert 1969, 1976).
In another application of plasma-neutral gas interaction, Alfvrn (1954, 1960)
constructed a model for the formation of planetary and satellite systems. He exploited his hypothesis on the behaviour of non-ionized gas falling in towards a central
body. The existence of a critical velocity was postulated in the ionizing interaction
between a stationary magnetized plasma and a neutral gas. This hypothesis essentially predicts that, because of a rapid ionization of neutral gas, the relative velocity
between a magnetised plasma and a neutral gas cannot exceed a critical value For
given by

½ Mn V~ = e~io n
where Mn is the atomic mass of the neutral gas and ~ion is its ionization potential.
Alfvrn's critical velocity phenomena, the topic of this paper, is the only one of the
many aspects of plasma-neutral gas interaction which has been investigated in some
specific details; the other facets of this interaction have now only begun to receive
some attention. This hypothesis has received confirmation from a variety of experiments. It is observed in electrical discharges in rotating plasma devices where the
discharge voltage and current are applied across a magnetic field (Simon 1959;
Bratenahi et al 1959, 1960; Fahleson 1961; Angerth et al 1962; Barber et al 1963;
Baker and Hammel 1961; Baker et al 1961; Bannenberg et al 1963; Lehnert et al
1966; Himmel et al 1976). Other devices which have exhibited this phenomenon are
plasma guns and shock tube (Wilcox et al 1964; Patrick and Pugh 1965; Eninger
1965). An experiment wherein a plasma stream directly collides a cloud of neutral
gas was performed by Danielsson (1970). This experiment has established the eollisionless nature of the interaction between a magnetized plasma and a neutral gas.
All the laboratory experiments are different from Alfvrn's cosmogonic scenario.
The laboratory experiments are conducted by making plasma to move with respect to
neutral gas and not otherway round as envisaged in Alfvrn's model. Further, in
devices like rotating plasma, there is discharge current flowing to the external circuit.
In all devices only physical parameters of neutral gas, plasma and magnetic field can
be scaled to the parameters of cosmic condition. However, scaling of cosmic dimensions is difficult and hence laboratory experiments are inevitably presented with walls
and consequently the boundary effects. To overcome some of the laboratory problems, Mrbius et al (1979) proposed a Spacelab experiment. This experiment will give
first demonstration of the critical velocity phenomena in which neutral gas cloud
will be penetrating a relatively stationary magnetised plasma.
Among the several models which have been proposed to explain the critical velocity phenomenon, only two-stream instability (Sherman 1969; Raadu 1977) and space
charge model (Lehnert 1967) have found wider application because they are based on
plasma collective processes. In a recent model, Varma (1978) has predicted a
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threshold on the relative velocity between a magnetized plasma and neutral gas.
According to this model, the ionizing interaction cannot be initiated unless the
relative velocity exceeds a certain threshold given by
2

(2)

M~ Vth ~---e ~ion,

where Mt is the mass of plasma ion. Further, this theory envisages that, after
initiation of the ionising interaction, the plasma velocity is decelerated till it reaches
a terminal velocity where the interaction ceases to occur. This terminal velocity is
identified with the Alfv~n's critical velocity.
Table 1 lists ionization potential, Alfv~n's critical velocity and Varma's threshold
velocity for an interaction between hydrogen plasma and different neutral gases.
Of all the gases listed in this table, Ar, Ne and Xe are best suited for testing the existence of Varma's threshold velocity because they are monoatomic and have large
difference between their critical and threshold velocities. It must be pointed out that
Vth < Vcr only in the interactions where mass of the neutral gas is less than that of
plasma.
With the device reported here, the plasma-neutral gas interaction has been studied
in the light of Alfv~n's critical velocity phenomena in diffuse and dense neutral gas
clouds and Varma's model. Further, in continuation of our investigations on plasma-neutral gas interaction, we have planned a series of experiments to (i) identify
the mechanisms underlying electron heating and thereby the rapid ionization of
neutral gas, (i0 study the particle and the energy transport at boundary layer, (iii)
understand the role of magnetic field in plasma neutral gas interaction in relation to
the device boundaries and (iv) identify the specific role that binary collisions of charge
exchange type play in initiating the plasma collective processes.
In this paper, the device is described in § 2, the details of diagnostics deployed in
§ 3 and the experimentally measured parameters in § 4. Our results on threshold
velocity, plasma deceleration in dense and diffuse clouds and their implications are
discussed in § 5.

I. Threshold and critical velocitiesfor hydrogen plasma penetrating through
various neutral gases.

Table

Gas

Ionized
mass
amu

I o n i z a t i o n Threshold
potential
velocity
volts
km se¢-x

Critical
velocity
km see-x

H

1

13-6

51

51

Hi
Ha
He

1
2
4

18"0
15"4
24"5

59
54"6
68-8

59
38"6

N
NI
N2
No
Ar
Xe

14
14
28
20-2

14"6

53"1

34"4
14-2

24-5

68"9

18"4

15-6
21.6

55
64.7

10.4
14.4

39.9

131.3

15.6

54.9

8.7

12.13

48-3

4-2
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2. The experimental device
A schematic of the experimental set-up is shown in figure 1. Basically the device
is a plasma gun which produces a stream of plasma and an interaction region where a
plasma stream penetrates a neutral gas cloud. The whole system is under high
vacuum of 10-° Torr. All the diagnostics measuring plasma and neutral gas parameters are deployed at the interaction region. The various operations required to
make a plasma stream encounter a neutral gas cloud and subsequently the acquisition
of data are sequenced and started by a command signal. The details of various parts
of the device are as below.
2.1 Plasma gun
A plasma gun of co-axial type (Marshall 1958) has been constructed. The length of
brass plasma gun is 51 cm and the diameters of inner and outer cylinders are 4 and
11 cm respectively. At the breech end a glass jacket on the inner cylinder terminates
into a flange which holds the two cylinders in position and insulated from each other.
The desired gas, which is to be ionised and subsequently accelerated in the plasma
gun, is injected by a fast opening electromagnetic valve (Venkataramani and Mattoo
1980a) into the annular region through a port hole on the outer cylinder at 4 em from
the glass breech end.
The energy storage used to feed the plasma gun for ionisation and acceleration
purposes is a capacitor bank of 4 storage capacitors of 14/~ fd each and chargeable
upto 20 kV. The bank is connected to the gun through 32 low inductance transmission lines of 1-2 m length each so as to increase the coupling of energy to the gun.
The condenser bank is discharged when the local pressure of admitted neutral gas
rises above a certain critical value. In this way, we eliminate the need of a spark gap
and its switching.
A 0.2--25~ variable NaCI electrolytic resistor (Venkataramani and Mattoo 1980b)
is included in the discharge path of the condenser bank and thereby control the discharge current. By varying discharge current the stream velocity can be varied which,
for atomic hydrogen, ranges between 3-90 km sec-L It is found that shot-to-shot
repeatability performance of the gun is better with centre electrode at negative poten-
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Figure 2. (a) Typical discharge current pulse in the absence of NaC] resistor in
discharge circuit. (b) Voltage across the condenser after the discharge gets initiated
( R = 2 0 ~ ) (c) Time variation of the gun impedance.

tial and outer grounded. However, with either polarity on the centre electrode, the
plasma gun behaves erratically, the mean plasma velocity and density often vary by
factors between successive shots.
Figure 2 shows the time profiles of the voltage across the gun and the discharge
current through it. The voltage is measured with a capacitive probe (Venkataramani
and Mattoo 1980b) and current by measuring the voltage drop across a known resistor and by a Rogowski coil (Huddlestone 1965). From these two profiles we have
calculated the total electrical energy invested on the gun and have compared it with
the measured total energy, kinetic and thermal, contained in the plasma. These calculations yielded conversion efficiency of the gun. For our gun the conversion efficiency is 6-12 ~ and the rest of the energy gets dissipated in the discharge circuitory.
The energy transfer efficiency is low because it was not possible to admit the gas into
the gun region from the openend (Venkataramani and Mattoo 1980b). The calcu-
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lated time profile of impedance of the plasma gun is also shown in figure 2. It falls
to a low value of 0.02 ~ as the discharge current increases.
2.2 Electromagnetic valves
In our device two valves are deployed, one for admitting gas into the plasma gun for
ionisation and acceleration purposes and the other for injecting neutral gas into the
interaction region for the studies on plasma-neutral gas interaction. The essential
feature of the valve is its fast opening time of 50/~sec. In one opening of the valve,
approximately 10~g gas molecules are admitted into the gun. The number of molecules
admitted is controllable by the volume of plenum and the operating voltage of the
condenser bank which opens the valve. After initial setting of the capacitor bank
voltage and plenum volume, the shot-to-shot variation in the number of admitted
molecules is less than by a factor of 2. The design and operation details are discussed
in a separate paper (Venkataramani and Mattoo 1980a).
2.3. Interaction region
The interaction region is a glass tube of 15 cm diameter and 30 cm in length. It is
kept under high vacuum of 10-~ Torr to reduce the background neutral gas density
by at least 2 orders of magnitude below the injected gas density required to initiate
the plasma-neutral gas interaction. A uniform transverse d.c. magnetic field of upto
1000 Gauss is provided by a pair of 45 cm diameter coils connected in Helmholtz
configuration. Eight ports are provided for diagnostics purposes and the injection
of neutral gas. All the diagnostics concerning the measurement of plasma and
neutral gas parameters are deployed here.
The interaction region is accessible to the plasma stream from plasma gun by a
drift tube of 1.5 m length. A guide magnetic field of upto 2500 Gauss is provided
along the axis of the drift tube so as to minimise diffusion losses to its walls while
plasma transits from gun to the interaction region.
2.4. Magnetic f i e l ~
The guide magnetic field along the drift tube is obtained by discharging a 20/~F,
5 kV capacitor bank through a pair of solenoids. The solenoids of 40 cm in length
and 16 cm inner diameter are placed 15 cm apart end to end. With 400 turns per
coil the total inductance is 16 mH. With this configuration we get a magnetic field
of about 20 Gauss at the haft length of drift tube for each ampere of discharge current passing through the coils. The capacitor bank can supply a current of 25 A for
each kV of its charging and hence the maximum magnetic field of 2500 Gauss along
the axis of drift tube. The ringing period of the pulsed magnetic field is about 3.7 m sec
which is much larger than l0/~ see transit time of the plasma through the tube and
the plasma pulse width of 20/~ sec. The plasma passes through the drift tube just
when the guide field is at its first peak.
A d.c. transverse magnetic field of 1000 Gauss is obtained by a pair of pancake
coils fed by a d.c. current source of 300 A. The Helmholtz configuration, in which two
coils are connected, provides a uniform magnetic field over radial distance of 30 cm.
Each coil consists of 42 turns of water cooled copper tube. Its inner and outer dia-
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meters are 44 and 51 cm respectively. Arrangements have been made to provide
pulsed long period (N1 msec) magnetic field of upto 5000 Gauss peak value.

2.5. Operation scheme
The sequence o f operation begins with the discharge of capacitor bank feeding to the
guide magnetic field coils by a switching pulse derived from a thyratron. After about
400 p sec, the electromagnetic valve placed at the interaction region is opened to
release gas into the interaction region. The injected gas develops into a cloud of
an axial depth of 10 cm in about 250 p sec when another switching pulse opens
electromagnetic valve at the breech end to feed the desired gas into the annular region
of plasma gun for the production of plasma stream. In this way, the discharge of
the capacitor bank connected to the plasma gun is synchronised so that the plasma
stream passes through the drift tube just when the magnetic field along the drift axis
reaches to first maximum value and the gas released into the interaction region gets
enough time to develop into a 10 cm cloud with an average density of 10tg-- I0~° In -s.
A schematic of the different operations in the sequence is given in figure 3. Figure 4
is obtained with current probes which measure opening of electromagnetic valve and
guide magnetic field and with a Langmuir probe which measures the arrival of the
plasma stream in the interaction region. It shows that the sequence of opening of the
valve and arrival of the plasma in the interaction region with respect to the first peak
of the guide magnetic field is as schemed. A Rogowski coil which measures the
plasma discharge current in the plasma gun is used to trigger the display systems to
acquire data from a variety of diagnostics. More details are found in a separate
report (Pujara et al 1980).

(o)

~5
>

8,

..o

250

B

A

C

(b)

>
•

Q

I

(c)

[" 400/.~ S

~0.5

I.

5oo,,s

4

Fig~e 3. Operation scheme (a) maste~ trigger, Co) Pulse A .triggers the discharge
circuit to set up the guide magnetic field. B & C open two electromagnetic valves
to admit neutral gas in coaxial gun and interaction region respectively. (c) The time
profile of current producing the magnetic field for gm0mg me plasma from coaxial
gun to interaction region.
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Figure 4. Signalsobtained from current probes show the synchronisationof opening of the valve and the discharge of the plasma gun with respect to peak value of
the half-sine guide magnetic field. The first pulse indicates the opening of the gas
valve and the second the discharge current. Scale:X axis=250 tz sec/div; Y axis=2.5
kG/div for the guide magnetic field; 1 kA/div for the current in the field coil of the
valve and discharge.

3. Diagnostics

The lack of appropriate diagnostics to measure the plasma parameters of transient
plasmas of as short duration as 20/z see makes this experiment rather difficult to perform. We have used Langmuir probes to measure the plasma density and electron
temperature, floating double probes to measure the electric field of moving magnetised plasma and specially designed reflex discharge probes (Venkataramani and
Mattoo 1980c) to measure neutral gas density and to delineate the spatial profile of
the neutral gas cloud. Several kinds of probes were deployed to measure the magnetic field, the discharge current and the high voltage across the plasma gun. Microwave interferometry at 22 GHz measure the plasma density. A 10 kV, 10/~A A + ionbeam probe has been constructed to measure the plasma density, electron heating and
instabilities.
3.1. Plasma velocity
The velocity of the plasma stream was monitored by measuring the polarisation
electric field that a plasma stream develops while traversing the transverse magnetic
field in the interaction region, E : - - V x B. Figure 5(a) gives typical polarization
electric field profiles obtained with a V× B probe. An analysis of the electric probe
measurements, which are difficult to interpret in a moving, magnetized plasma, has
been done by Lindberg (1969). The electric field so obtained is related to the velocity of the plasma stream and for the profile in figure 5(a), the peak velocity corresponded to 50 km see-x. By varying resistor in the discharge circuit of the plasma gun,
the plasma velocity for hydrogen could be ranged between 1 to 90 km see-1. The
plasma pulse period is correlated with the plasma velocity and ranges between
20/~ sec to 2 m see; at high velocity the plasma period is in tens o f / , sec range.
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Figure 5. Plasma velocity measurements: (a) typical signals of the polarisation electric field measured by the double probe in the interaction region. (b) typical signals
from probes separated by 8 cm in the line of plasma stream. Traces 1 and 2 represent observations without and with interaction. The observations are made while
argon plasma was traversing through hydrogen neutral gas.

We have placed Several Langmuir and Vx B-probes along the axis of the interaction
region; minimum separation distance is 4 cm and maximum 16 cm. By comparing
the signals of various Langmuir and Vx B-probes, the plasma velocity is determined
by time-of-flight method as in figure 5(b). The velocity measurements by Vx Bprobes and time-of-flight agree very well in the absence of the gas cloud in the interaction region. But during the interaction studies, the shot-to-shot variation of the
plasma velocity as measured by a Vx B-probe is quite large, ,~ 20 Yo. This might
give an apparent impression of disagreement between the two methods. What actually happens is that Vx B-probe is placed very close to the region where plasma is
decelerated by plasma-neutral gas interaction and the location of front of the gas
blanket has shot-to-shot variability. This introduces the corresponding variability in
the amount of neutral gas that plasma stream penetrates through and thereby in the
amount of deceleration suffered by it before it is registered by a Vx B-probe. Figure
9 makes the distinction between the two methods of velocity measurements dear.
3.2. Neutral gas measurements
A specially designed reflex discharge probe (Venkataramani and Mattoo 1980e)
was developed to measure the neutral gas parameters. Figure 6 gives a typical axial
density profile obtained 250/~ see after the opening of an electromagnetic valve. The
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Figure 6. Axial density profile of the neutral gas cloud injected by the electromagnetic valve situated at ' 0 ' in the figure. This profile is obtained at 250/zsec after the
opening of the valve.

density at the centre of the cloud is about 10t9 m -8 and the integrated column density
is ,~10 TM m -~. The parameters of the neutral gas cloud are measured without plasma
stream penetrating it. This is done so as to avoid any close boundaries in the interaction region.
3.3. Ion-beam probe
Ion-beam diagnostics (Venkataramani et al 1978) is to do active particle analysis in
the region of interaction. Here a beam of singly charged argon ions is shot through
the plasma, where part of ions are doubly charged by electron impact ionization.
From the ratio of A++/A+ in the emerging beam, the density and temperature of hot
electrons are measured in the magnetically confined plasma in the interaction region
(Reinovsky et al 1974). The diagnostics consists of a low pressure ion source which
delivers A + and Ne+ ions with energy upto 20 keV and current upto 10pA. The
momentum analysis is done by already provided transverse magnetic field in the interaction region and energy by a parallel plate electrostatic energy analyser. The ratio
/1++/,4+ is measured by Faraday cups. A detailed description on the ion source and
data acquisition will be reported separately. This diagnostics is currently being deployed at the interaction region to measure the plasma parameters and instabilities
operative during the plasma-neutral gas interaction.
3.4. Plasma density
An interferometer at 22 GHz has been constructed to measure the plasma density.
A typical record obtained with the interferometer placed at the interaction region is
shown in figure 7. The interferometer signal shows a shift of 3 fringes before cutoff. Since the cut-off is dependent on the peak plasma density and the phase shift
on the integrated plasma density, the number of fringes before cut-off gives fairly
good idea about the distribution of plasma density. The interferometer signal in
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the cut-off period is extrapolated with the help of Langmuir probes. The measured
plasma density ranges from 5 × 10xs--10~8 m -3 and the total flux of particles ejected
from gun,.~ 10la. In another method of measuring plasma density and electron
temperature a pulsed Langmuir probe was used. The Te ranges between 5-10 eV.

4. The measured experimental parameters
Various typical parameters of our plasma-neutral gas experiment are listed in table 2.
Time scales of charge exchange and ionisation type coUisions and spatial scales like
ion electron mean free paths and their gyroradii are listed in table 3. These parameters have been listed because mean free times for collision between plasma and
gas particles are of decisive importance for the interpretation of the observations.
From table 3, it is clear that no kind of binary encounter between plasma and gas
particles except ion-neutral charge transfer collisions is important in initiating the
Table 2.

Parameters o f plasma and neutral gas in the experiment.
1017- - 101.
5 --10
3 --100

Plasma density (m-D
Plasma temperature (eV)
Plasma velocity (km S-x)
Neutral gas density (Dense) (m -3)
Interaction scale length (dense) (m)
Expansion velocity of gas blob (m S -:)
Neutral gas density diffused (m -s)
Interaction scale length diffused (m)

Table 3.

Plasma

~ren ionization (10 eV
(MaxweUian)
~'en
. . . .
(100 eV)
~'pn
. . . .
~'~n Charge transfer
~'en elastic (lOeV)
,,

(100eV)

~'pn elastic
~'ln charge transfer
pe (10 eV)
Pv ( v = Vo)

p~ (V=V,:)
(to ~')¢
(to ¢)p
(to~')l
Symbols:
Indices:

10-s--5 X 10- j
100
101e--1017
2 --10

Relevant spatial and time scales of the experiment

neutral gas

~'en

1020 - - 102x

Hydrogen

Argon

Nitrogen

Argon

Hydrogen

Nitrogen

30
0"25
250
250
0-1

p se¢

,,
,,
,,
,,
0"4
,,
20
,,
2
,,
7 x 10 -s cm
0.7cm
2.6cm
108
10s
2

60

/~ sec

50

p sec

0.4 ,,
I00 ,
200 ,,
0.2 ,,
0"5 ,,
30
,,
1
,,

0"3
150
200
0"1
0"4
15
3

29cm
0.35 c m
10 s
50
10

15cm
2.1 cm
105
200
2

ta-Gyrofrcquency
~----collision time
p--gyroradius
n - - n e u t r a l a t o m ; p - - p l a s m a i o n / - - i o n o f neutral a t o m ;
e--electron; B = 1 K G ;
Vo=106 m S -I.

,,
,,
,,
,,
,,
,,
,,
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interaction. Also it is realised that when the electrons are heated to about 100 eV,
the ionisation collision time scale is of the order of transit time of plasma through the
deceleration region. The electron Hall parameter (oJr)e is much larger than unity
and the argon Hall parameter (o~) is --~ 2. These parameters are important for knowing whether or not electrons and ions in the plasma stream move with the same velocity which is equal to that given by E = - - V× B. The influence of plasma stream on
the vacuum magnetic field is negligible.

R ~
The results reported here concern the critical velocity phenomena in dense and diffused gas clouds and determination of whether or not such a plasma-neutral gas interaction has a threshold as predicted by Varma's model.
5.1. Alfvtn's critical velociO,
In the experimental studies of interaction between nitrogen plasma and nitrogen
neutral gas, the signal obtained by V× B-probe is shown in figure 8. In this figure,
trace 1 gives velocity of the plasma stream passing through the interaction region
without neutral gas; the velocity at the head of the stream is 200 km see-t and goes
down to 3 km sec-1 at the rear. The total plasma pulse period is about 50 ~ see. Trace
2 gives velocity of the nitrogen plasma stream after it has penetrated through nitrogen
gas cloud of 20 cm length and 1020 m -3 density. A constant plateau of this trace,
which corresponds to the Alfv6n's critical velocity of 14 km see-t for nitrogen (N),
gives an unambiguous demonstration of the critical velocity phenomena. It is clear
that the front part of the plasma stream, which had velocity greater than 14 km see-t
before its interaction with neutral nitrogen gas, was decelerated to the Alfv6n's critical velocity for nitrogen. On the other hand, the rear part of the stream which had
velocity less than the Alfv6n's critical velocity remained unaffected by its penetration
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Figure 7. Typical oscilloscope trace of microwave interferometer signal. ScaIe
X axis: 75 t~ see/die
Y axis: 40 mV/div and one fringe=2 x 10le m-s.
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Figure 8. The polarisation electric field measm'ements with a V x B - - p r o b e placed
in the interaction region. Trace 1 corresponds to the measurements without the neutral gas cloud in the interaction region and trace 2 with. Scale:
X a x i s = 1 0 0 t~ sec/div; Y a x i s = 3 0 volts cm-1/div for trace 1 a n d = 4 . 0 volts cm-1/div
for trace 2.

through the neutral gas. A delay of 10/~ sec between the beginnings of traces 2 and
1 is another indication that the plasma stream was decelerated while it penetrated
through the neutral gas cloud. Our probe was not sensitive to determine whether
Alfv6n's critical velocity corresponded to molecular or atomic nitrogen.
In another series of investigations, we limited the plasma pulse period to 10/~ sec
and thereby reduced appreciably the velocity spectrum of the plasma stream. Also
the plasma peak velocity was made variable in the range 3-90 km see -1 by inserting a
0.2--25~ NaC1 resistor in the discharge path of the plasma gun. In figure 8, curve
1 is a plot of the peak argon plasma velocity before it interacted with neutral hydrogen
gas cloud against the plasma velocity at 2 cm behind the centre of gas cloud in the
interaction region where plasma was decelerated. The plotted velocity measurements
were obtained with V x B-probes and by the time-of-flight method. At very low
velocity the plasma was not retarded as it penetrated into the neutral gas cloud.
For argon plasma velocity greater than 51 km sec-1, the Alfv6n's critical velocity for
hydrogen, the plasma was decelerated to a value very close to the critical velocity.
These results confirm similar results obtained earlier by Danielsson (1970).
5.2. Threshold velocity
As mentioned in § 1, Varma's model predicts that plasma-neutral gas interaction
will not ensue unless their relative velocity exceeds a threshold velocity given by
equation (2). Mattoo and Venkataramani (1980) have shown that, in case of hydrogen plasma and argon neutral gas interaction, there is no such threshold as predicted
by Varma. From curve 2 of figure 9 which shows that hydrogen plasma with velocity less than 51 km see-1, the threshold for argon, was decelerated to 8.7 km sec-1,
the Alfv6n's critical velocity for argon. According to Varma's model, hydrogen
plasma with velocity less than the threshold velocity, should have penetrated the
neutral gas cloud without suffering any deceleration.
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Figure 9. Terminal velocities of plasma plotted against its initial velocity; curves
1 & 2 are obtained for hydrogen plasma moving through argon neutral gas and
argon plasma moving through hydrogen neutral gas respectively. Note that in
curve 1, deceleration begins to occur at Alfv6n's critical velocity and not at Varma's
threshold velocity.

The non-existence of threshold has been explained (Mattoo and Venkataramani
1980) by examining the assumptions made about dealing of electrons in Varma's
model. In this model, it is assumed that the entire kinetic energy in a plasma ion is
taken up by a plasma electron on the average. This assumption is too restrictive in
the light of recent experiments (Himmel et al 1976; Danielsson and Brenning 1975).
These experiments have established that the plasma-neutral gas interaction involve
collective processes such as two-stream instabilities (Sherman 1969, Raadu 1977)
or Lehnert's space charge model (Lehnert 1967). Furthermore, the results of Danielsson and Brenning (1975) indicated that the measured density of hot electron during
the interaction is about seven times the original plasma electron density. This result
dearly states that the electrons created during the ionisation of neutral gas also take
up part of the energy of the plasma ion.
I f only the first assumption is relaxed to that a (MI/M,) 1/~ fraction of the kinetic
energy of a plasma ion only is transferred to the heat content of electron, Varma's
threshold velocity becomes equal to Alfv6n's critical velocity in the case of Mt < M , .
But there is no valid reason even to make such an assumption.
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5.3. Interaction in diffused neutral gas
A scale length for electron impact ionisation can be defined b y

L = V/~en,

(3)

where V0 is the initial plasma velocity, %n is the ionisation frequency. The ionisation
frequency can be written as
re.

= n'X

(E),

(4)

where n is the gas density, E is the electron energy and x(E) is the ionisation function.
Thus equations (3) and (4) relate the gas density with its scale length for appreciable
ionisation to occur. This relation is:

L = Vdn x (~)

(5)

Table 4 shows the ionisation function x(E) and the scale length L calculated for the
plasma stream deceleration in the neutral gas o f the same species o f which plasma is
formed. In these calculations, the value o f the gas density n is 3 x 10t~ m "-a, a value
corresponding to the background pressure o f ~ 1 0 -5 Tort, and the initial plasma
velocity is 100 k m sec -1. This table shows that at the device background pressure the
scale length for plasma deceleration ranges between 25-70 cm for Xe, A and N.
In our experimental device the maximum available interaction length for appreciable
deceleration o f the plasma stream is about 60 cm.
While testing the performance o f the plasma gun, our observations indicated that
the velocity o f plasma stream made out o f air, as measured with V x B-probe, was
always very close to the critical velocity for nitrogen. On the contrary, the velocity
determined by the time o f flight method, with no magnetic field in the interaction
region, was a b o u t 100 km sec -x. This is an order o f magnitude greater t h a n that
obtained with V x B-probe which requires magnetic field for its measurements. These
results suggest that plasma stream suffered plasma-neutral gas interaction with
diffused low density neutral gas o f the background.
T h a t we were not able to produce high velocity plasma streams in the presence
o f transverse magnetic field in the interaction region was indeed due to a limitation

Table 4. Ionization function and interaction scale lengths at neutral gas density
of ~3 x 10*vm -a with plasma of the same gas at a velocity of 100 km sec-x.
Ionization function
( m s S-*)

Interaction scale length
(meter)

N

3"4 x 10-vt
1"8 x 10-1'
1"4 x 10-*s

He

2.0 x 10 -~*

Ne
Xe

3.9 x 10-*4t
4.0 x 10-xs

3"0
0"5
0"7
5.0
2-7
0.25

Gas

H
A
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imposed by Alfv~n's critical velocity phenomenon. This was further confirmed
by experiments wherein the base pressure of the device was maintained at 10-5 Torr,
but the plasma gun was injected with different gases. It was found that the stream
velocity for hydrogen plasma was well above its critical velocity whereas it remained
close to Alfvgn's critical velocity for argon (8-7 km see-1) in the case of plasma
formed out of argon. This increase or decrease in plasma velocity was observed only
after several plasma gun discharges, suggesting that the gas injected into the plasma
gun used to form the background in the interaction region. Furthermore, the plasma
velocity increased as V × B-probe was moved towards the plasma gun; a reduction
of 20 cm in interaction length increased the plasma velocity by a factor of 2. At
improved base pressure of the device to 10-6 Torr, no critical velocity phenomenon
was observed. This implies that the plasma retardation in the experimentally available interaction length at the background density of ~1016 m -3 was not appreciable
enough to be detected by our probes.
It is obvious from Table 4 that hydrogen plasma stream velocity could not have
been limited to Alfvgn's critical velocity as it requires a long interaction length of 3 m
at 1@7 m -s which is greater than the total length of device. Further, this table makes
amply clear that argon and nitrogen plasma streams were suffering deceleration due
to their interaction with the diffused background gas. These results together with the
results obtained from interactions in dense clouds (Danielsson and Brenning 1975;
Mattoo and Venkataramani 1980, § 5.1), lead to a significant conclusion that it is
the integrated column neutral gas density and not the absolute value of density of
the gas cloud which is important for critical velocity phenomenon. However, for
establishing this result, it is imperative that we examine whether the observed limitation of plasma stream velocity to Alfv6n's critical velocity at the device base pressure
of 10 -5 Torr can be accounted for by invoking some processes which might lead to the
increased neutral gas density in the interaction region at the time of electrical discharge of the injected gas in the plasma gun. It is also important to assess whether
pre-ionization of the background gas by ultraviolet photon flux emanating at the
time of electrical discharge in the plasma gun could lead to a precursory process
by which plasma collective processes can be initiated at lower neutral gas density
than suggested by calculations (Sherman 1967, 1969; Raadu 1977; Lehnert 1967).
We discuss these possibilities one by one.
It may be argued that the outgassing from the electrodes of plasma gun or perpex
breech end at the time of electrical breakdown of the gas in plasma gun results in a
dense gas cloud at the interaction region. To have an interaction taking place in the
in the interaction region the arrival of the outgassed gas in the interaction region must
precede that of the plasma stream. For this, the velocity of the outgassed gas should
be much greater than that of the plasma stream. There is no process which could
have accelerated the outgassed gas to a velocity greater than 100 km see-1 in our
device. Also, there is no reason why the gas should escape unionized through the
gun region.
From observational point of view, the reflex discharge probe did not show any
neutral gas pulse with density greater than the background gas density before the
arrival of the plasma stream in the interaction region. Further, when perspex breech
end was replaced by glass jacket (see § 2.1) the results remained unaltered.
To make sure that some unionized gas from the plasma gun region did not escape
to form a dense cloud in the interaction region when neutral gas was injected into the
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plasma gun for the formation and acceleration of plasma stream, the capacitor bank
connected across the gun was not charged and the neutral gas parameters were
measured at the interaction region. It was found that the velocity of the gas arriving
at the interaction region was 3 orders of magnitude less than the plasma stream
velocity and the peak gas density was not more than 10le m -s. Considering that electrical discharge in the plasma gun occurs within the first 100/~ see of the injected gas
pulse width of 600/, sec, it is impossible for the interaction region to have received a
dense gas cloud before arrival of the plasma stream.
At first glance, it might seem that due to the high neutral gas density localised in
the plasma gun region, the charge exchange type of collisions between ionized and
unionized components in the gun region can give rise to an unionized gas cloud
moving with a high velocity into the interaction region. The velocity of this cloud
would be comparable to that of the plasma stream. However, in that case, the
plasma-neutral gas interaction would not occur since the relative velocity between
the unionized gas and plasma stream would have been much less than the Alfv6n's
critical velocity. Knowing that plasma production in the plasma gun region is
nearly 100 % efficient, not much unionized gas is expected to have been left behind to
give rise to charge-exchange produced high velocity neutrals. Also by reducing the
amount of gas injected into the gun by an order of magnitude, the velocity of plasma
stream did not increase beyond the Alfv6n's critical velocity whenever interaction
region was pervaded by magnetic field.
Thus, it does not seem possible that a dense neutral gas cloud could have formed
in the interaction region by processes such as outgassing at the electrodes and the
breech end, direct escape of the gas from the gun region and charge exchange
collisions between the unionized and the ionized components of the gas in the gun
region.
Next, we examine the effect of preionization of the background neutral gas in the
interaction region by the ultraviolet photons emitted at the time of the electrical
discharge on the Alfvdn's critical velocity phenomenon. The point we wish to specifically examine is whether the preionization can lower the threshold of collective
processes which lead to the phenomenon of Alfv6n's critical velocity at the background gas densities. The suggested collective processes in the literature are the two
stream instability mechanism (Sherman 1969, Raadu 1977) and the space charge
formation (Lehnert 1967). Lack of evidences from different experimental results
(Danielsson 1970; Danielsson and Brenning 1975; Himmel et al 1976, Mattoo and
Venkataramani 1980) makes it difficult to decide as to which of the proposed collective processes can explain the plasma-neutral gas interaction. Further Himmel
et al (1976) have suggested that the space charge is formed in the initial period of the
ionizing interaction subsequently followed by the modified two-stream instability
to heat the plasma electron to about 100 eV. These hot electrons then ionize the
neutral gas rapidly and thus cause plasma deacceleration. In view of their suggestion, it is not clear whether or not both the suggested collective processes are
operating in the Alfv*n's critical velocity phenomenon. Because of this uncertainty,
we have examined the effect of preionization on both the plasma collective processes
that is, the two-stream instability and the space charge formation.
Considering discharge current of ~ 1 kA in the plasma gun for injected gas o f
hydrogen, our calculations (Venkataramani and Mattoo 1980a) indicate that the
total number of ultraviolet photons reaching the interaction region is 10xs in a plasma
P--2
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pulse period of 10/~ see. With a photo-ionization cross-section of 10-23 m 2, the
neutral gas density of 1017 m-3and the time of 2 0 / , sec available for recombination
before plasma stream penetrates the diffused gas cloud, the number density of
photo-ionized ions is 101° m -3 (Venkataramani and Mattoo 1980d).
In Sherman's model (Sherman 1969) of two-stream instability for plasma-neutral
gas interaction the minimum density of charge-exchange produced ions which can
trigger the instability is atleast 4 orders of magnitude greater than the density of
photo-ionization produced ions just estimated. Thus photo-ionization could not
have acted as a precursory process for initiating two-stream instability. In Lehnert's
space charge model (Lehnert 1967) the essential requirement is that plasma contains
a group of particles with non-Maxwellian distribution and having a varying density
distribution. Thus even this interaction also could not have been switched on since
the photo-ionization produced plasma is neither non-Maxwellian in velocity distribution nor can have density gradients in the background neutral gas cloud.
The essential point that emerges from the discussion reported here is that it is the
integrated column neutral gas density which is important in plasma-neutral gas
interaction and not the absolute value of the neutral gas density. However, a restraint
should be exercised in extending this line of arguments to very low neutral gas density
limit. It does not seem appropriate to say that as long as the integrated column
neutral gas density in the effective interaction region corresponds to a given required
value, it does not matter whether neutral gas is of low density, large extent or high
density, short length. For example, consider that modified two-stream instability
explains the Alfvfn's critical velocity phenomenon. Now, the electrons can attain
needed drift velocity for this instability to be excited under the assumption that the
ions remain unmagnetised while electrons are magnetised and move freely along the
magnetic field lines. Such a drift can occur only when the potential sheath formed
by the non-thermal ions arising out of charge-exchange collisions is not short-circuited by the gyrating motion of the electrons. This gives the upper limit on the
neutral density for the ionising interaction at a given magnetic field, plasma velocity
and density. On the other hand, the size of the sheath should not exceed ion
gyroradius. This condition will determine the lower limit on the neutral gas
density. A straightforward calculation (Venkataramani and Mattoo 1980d) for the
lower limit on the neutral gas density needed to produce the non-thermal ions
for establishing such an aforementioned sheath gives a value of 101S m -3 for the
parameters of our experiment. To verify this, an experiment would have to be performed with an effective interaction length of 105 metre kept under the base pressure
of 10-9 Torr, which is beyond the scope of any laboratory experiment.

6. Concluding remarks
The importance of the plasma-neutral gas interaction has been emphasised by pointing out its application to various physical phenomena. The device described here
has been constructed with a view to undertake detailed studies of this interaction.
The experiment has already demonstrated the critical velocity phenomenon when a
plasma stream penetrates a neutral gas cloud in the presence of magnetic field. The
results have unambiguously established that the only characteristic velocity in the
plasma-neutral gas interaction is the Alfvrn's critical velocity and there is no such
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threshold as predicted by Varma (1978). F r o m another series o f experiments, we have
shown that the critical velocity phenomenon is operative even in diffused gas clouds
provided its extent is very large enough to integrate the neutral gas density that
plasma~-penetrates through to atleast the values tabulated in table 4 for different gases.
H o ~ e r , arguments have been adduced that there may be a lower limit on the neutral
gas density which can lead to the critical velocity phenomenon. This point is siguificant in view o f the cosmogonic scenario which Alfv6n has presented for the f o r m a tion o f planets and satellites. Our contention is that Alfv6n's hypothesis m a y n o t
remain valid at as low gas density as 109--101~ m -8, the values corresponding to the
early solar nebular gas cloud (Alfv6n 1954). This point cannot be investigated in
the laboratory due to severe requirements o f high vacuum and an extremely long
interaction length. Nevertheless, our contention is indirectly supported by the recent
results obtained by Voyager I mission to Jupiter (Bridge et al 1979) did n o t find a n y
braking o f the m o t i o n o f the co-rotating plasma in the presence o f neutral gas a t m o sphere a r o u n d I0 satellite around the Jupiter.
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