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ABSTRACT OF THE THESIS

ThlS thn51s descrlbes an experlmental study of some

,nonllnear’phenomena in plasmas,—like the formation agd
”propertles of a double layer. and evolﬁtion of-a rarefac-
on wavea; in the process of its propagation in plasmas.
experiments on double layers, were performed in a

sma machlne, and the rarefaction wave propaga-

“studles were conducted in a similar device, but
,méaified suitably.

A detéiled’study of the pseudo-double layers
 ¢¢9ealed, that it was due to a plasma blob, formed as a
'fesulffof ionisation of additional neutral gas that leaked
 ih£o the system, during the probe movement. These effects
 were observed only when the system was operated at a
_C?iti;al‘pressure, This led to the formation of potehtial
nahdehsi£y discontinuities. Velocity measurements
_Sﬁowéd an ion front, moving at a velocity much greater
"than ion acoustic velocity. Further probing, revealed

that it was due to the expansion of a plasma blob, in

which was imbedded a double layer, moving almost at the



ii

~vy’of the front. From'aneediabatic thermodynamic
‘modei‘end a\model based on self 51milar expan51on of
we verified that lt ls poesible to accelerate
large velocmtles in an expanding plasma in the
Jectron drift.

gfﬁhefSYStem, below the critical pressures

wéesuCCéedeakin generating weak double
dcb/T 4 to 5. We observed criticality in

lﬁé'blas,ccnditions too., Beyond a critical bias

7was rendered unlform, by disrupting a double

Iniéhe’ceurse of our further investigations, we
d hagion/modifying the bias configurations, we could
ccessﬁeiiy10btain strong double layers. A’detailed
nvesﬁiQétien/was carried out, and detected ho*restraints
Vﬁé‘ﬁaXimum amplitude to the ionisation potential, or

elecﬁron temperatures, We were able to obtain double

,layy.kersv Wi.t(h‘éﬁcb/’.[’e ‘=x 50. A circuit model was carried
\€}“Which’exhibited an increase in current in the modi-
ifédnfiguration. This was verified, by experimentally,
Qﬁifering the electron currents in the tworconfigura-

iéﬁs; It was found, that the strength of the double



ainlyfdépeﬁaedien.the currents involved in the

We next carried out a time evolution study of the
efaéﬁien WéVéSﬂin a homogeneous and a current carrying

In the former case, we observed a phenomena,

"t‘*the fluld theorles. The rarefaction
brdaden:at.the minimum, and developed
‘e tralllng edge. The minimum, split

rouéﬁe; one of whlch propagated at a supersonic

th othe:‘trevelled at a subsonic speed. The
;ﬁﬁhericelly solved, with a rarefaction
in;gial‘eondition. We did not observe, any
ieeimiiefito the experiments. Since the fissioning
t“éfweve, could bevdue to trapping of charged particles,
e have“resorted to carry out some computer experiments

,esolV1ng the ion Vlasov-P01sson equation.

”thn the presence of a small steady circuit, we
;pulsed the ‘source plasma of the double plasma machine,
“fandéobserved a rarefactlve wave, to amplify, and also give
_rlse to an ion acoustlc type of turbulence. The com-
iipressiVexmodes, that formed on the downstream sector

7d§ﬁpedfOUt, while the dominant rarefactive mode evolved

teﬁeh ion ho;e like double layer. Thus we were able

”jexhibit in the laboratory, for the first time, £hat
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Chapter 1
INTRODUCTION

1.1 Nonlinear processes in plasma physics

Plasma Physics research, both theoretical and
experimentgl, has undergone a tremendous surge of acti-
,Viﬁy, iﬁ the last few years., Plasma effects are finding
an ever indreasing application in astrophysics, solid
state physics, laser physics, gas discharges, and finally_
the most important of them all being the quest for con-
trolled fﬁsion as a replacement for the existing sources
>df energy. Depending on the complexity 6f the various
processes taking place in a plasma, they have been élassi~'

- fied as Linear, Quasi-linear and Non~linear phenomena.



Plasma possesses the property of sustaining col-

lective oscillations, which in turn provide an interface

 to transfer energy into a plasma from an external source.

Both the linear and nonlinear properties of these collec-
tive modes are important and fascinating. They are
classified on the basis of some field quantity. When the
amplitude of the disturbance in a field quantity is small
compared to either the mean value of the field or other
appropriately chosen quantity, pertaining to the medium
(in case the mean value is zero), then one can obtain
linearized field equations which gives linear waves and
instabilities., A linear wave can continue to propagate
with constant amplitude temporally, at all points of

space or spatially as it propagates in space. In either
of the latter two cases, the amplitude of the waves,
afteryé sufficiently long time can grow to an extent, that
the assumption of linearity breaks down. Obviously, since
in almost all cases in nature, enough time is usually
available, most disturbances end up in a nonlinear state,
in which case, one must use the field equations, without

any linearization.

Nonlinear equations, though hard to tackle, describe
a rich variety of nonlinear phenomena, that are being

explored in the recent years. Thus, we find that the



3 étﬁdy of nonlinear phenomena is fascinating as it requires
; ,an amalgamation of various branches of physics, like
astrophysics, biopﬁysics, particle physics and solid staﬁe
hﬁfphysids. Some of the amazing processes in plasma physics
like the saturation of instabilities, trapping of charged
particles etc,, have been possible only by nonlinear

effects,.

e

1.2 Coherent and incoherent structures

Two subclasses, the coherent and incoherent
phenomena belong to the nonlinear processes. The Former
is a very scarcely found property, but the latter seems |
to be the most probable state, One of the most difficult
problems, has been the understanding of the transition
from an incoherent or turbulent state to a coherent
structure., What exactly is the process or mechanism,
whereby such a transition takes place? What are the
factors governing such a transition? Are there systems,
at least in a mathematical sense, where such a transition
can occur? It is these queries which still remain un-~ &

explored.

Amongst the various coherent nonlinear strﬁctupes
found in a plasma, a couple of examples are the Double

Layers and Ion Acoustic Solitons. Double layers. belong



to the class of a hHighly nonlinear laminar‘electrosﬁatic
shocks, which have been found to be responéible for the
acceleration of charged pafticles in many regions of Sgace
ﬁlasmas. They have been suggested to be the end result of
certain Elass of instabilities like the ion acoustic
instability or Buneman instability (Buneman 1959). They
have been found to be stable even in the presence of

fluctuations, driven by the accelerated particles.

The ion acoustic solitons, which are regions of
local density maxima, also belong to the ¢lass of coherent
structures. These waves exhibit the fascinating property
of maintaining their shape and amplitude, and'still
propagate long distances without damping. In these waves,
the effect of nonlinearity is to cause a steepening,
whereas dispersion broadens the wave. Even if one of the
effects dominate, the result would be a distortion of the
wave. But in.these compressive ion acoustic solitons,
both nonlinearity and dispersion, operate on the wave in
such a way, that their effects are opposite, and equally |
balanced. Asg a consequence, the wave maintains a stable
structure, for long distances and times. This fascinating
property, has been one of the main reasons, for the exﬁen~

sive study of these waves.




On the contrary,.é rarefactive wave, dées not
spéssess the same properties of a compressive wave.
Instead, both nonlinearity and dispersion operate on
the wave in such a way, that there exists no balance
between them. As a result, it leads to the steepening
of the wave, and finally damps out due to dispersion.
Hence, a detailed study of rarefactive waves, has not
been carried out to the similar extent, as that of

compressive waves.

Of recent, rarefactive waves have been invoked,
in the formation of double layers. This has been
brcposed, mainly, because of its ability to reflect
electrons and trap ions in the potential wells. 1In the_
presence of a current especially, these rarefactive wa&eé
have been observed in computer simulations, to develop

into a double layer.

In order to understand the phenomena of some
nonlinear coherent structures, this thesis is aimed to
investigaté some of their properties via double layers,
and propagation of rarefaction waves, both in a homo-

geneous and a current carrying plasma.



153 Plasma Double Layers

1.3.1 Historical background

Theoretical plasma astrophysics is usually based
on a formalism, that broke dowﬁ in the laboratory about
25 years ago. Its application to the magnetosphere, has
proved to be invalid during, the last few years (Alfvéﬁ
1968, 1975, 1976, 1977 and Alfven and Arrhenius 1976).
In this "pseudo plasma’” formalism one neglects é number
of important plasma phcecnomena (e.g. electrostatic double
layers, current sheaths, pinch effect, critical velocity),
which are generally recognised to be of decisive impor~
tance. (Alfvén 1968; Falthammar 1977: Block aﬁd Félthammar
1976: Block 1972, 1975,v1978: Sherman 1973; Danielsson

1973).

‘BElectric fields perpendicular to the magnetic
field or Tranverse clectric fields, can be easily upheld
in a plasma, and are intimately related with the state of
motion. Nevertheless, transverse electric fields have
proved to be important for some kinds of particle
energization, in the magnetosphere.

Blectric f£ields in the direction or parallel to
the magnotic fields are termed field aligned or parallel

electric fields. - These electric fields are particularly



>'interesting both from a plasma dynamié point éf view
(eig. unfreezing of magnetic field lines) and with
raspect to direct énergization of charged particles. For
a long time, the importance and even the existence, of
magnetic field aligned electric fields in most cosmical
4plasmas, were disregarded. The main reason for this,
was the unjustified extrapolation of the conductivity
concept from a medium to a low density plasma. In
reality, the conductivity concept lbsses its meaning
and the actual behaviour of the plasma may be more
similar to a situation with ¢ = o than @ = & (Alfvén
and Falthammar 1963, Alfvén 1968, 1977, Falthammar et

al., 1978).

1.4 The double layer phenomena

An interesting phenomena, belonging to the class
of parallel electric fields, is that of double layers.
The study of double layvers also called as double sheaths
‘can be dated to the days of Langmuir (1929). He studied
these phenomena of Sheaths, that form around the hot
anodes and cathodes, where an excess of negative charges
are found around the cathode (negative) and accordingly,
an excess of positive charges are found around the anode
(positive). These excess charges shield out the long-

range coulomb potential and thus produce a sheath so



that a potential plét across the spadebbetween’the cons=
ductors appears as an arctan (fig. 1.1). Langmuir coined

the word "Double Layers'" to these phenomena.

1.4,1 Free Double Layers :

Of recent double layers have been used to describe
the region of transition, between two plasmas at different
potentials, far from any boundaries. The number of
investigations of these free electric double layers has
increased rapidly during the last few years, In many
cases, the investigations have been stimulated by the
strong evidences from space experiments, that doubie
layers exist in the magnetosphere, above the aurqfal
zones (Wescott et al., 1976; Mozer et al., 1977; Temerin
et al., 1982) and other cosmical applications (Alfvéh'
and Carlguist, 1967: Alfvén 1978). Apart from an academic
interest, double layer like potential structures, are
beginning to find a large amount of applications, in open
ended fusion devices like the thermal barriers in Tandem
mirrors. In such devices, these structures, enable an
effective confinement of the high temperature. chargéd

species (Fowler and Logan, 1977: Baldwin and Logan, 1977).

1.5 Characteristics of a double layer

Some of the widely accepted characteristics of a
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double layer are as follows :

1. The double layer is a local region,
capable of sustaining a high potential drop ¢dl' due’to
space'charge separation, and sandwiched between two
plasmas. Ggnherally, @dl is larger than the equivalent
thermal potential, kTe/e, of the plasma. Potential
drops of the order of 10 - 105 volts, have been experi-
mentally found over structures, interpreted to be the
double layers,

2. The potential drop ¢dl’ within the double
layer is usually assumed to vary monotonically (fig.
1.,2a). 1In some cases, there may be a superimposed fine

structure, consisting of several maxima and minima,

3. The electric field, E (fig. 1.2b), which
gives rise to the potential drop across the double layer
is generated by space charges 9 , according to
Poisson's equation. The space charges are primarily
concentrated to two adjacent layers of opposite polarity
(fig. 1.2c), hence the term double layer. TInside the
double layer, the positive charge density produced by the
ions may drastically differ from the negative charge
density produced by the electrons. Quasi-neutrality,

does therefore not prevail in the‘double laver.
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4. The electric field is much weaker in the
plasma, that surfounds theé double layer, than in the
layer itself. This implies, that the double layer,
taken as a whole, is electrically neutral. It therefore
contains an apprdximate number of positive and negative

charges.

5. The thickness of the double layer is
generally much smaller than the mean free path of the

ions and electrons,

6. Inside the double layer, the ions and
electrons, which account for the space charge, are acted
upon by the electric field. Some of the particles, are
accelerated and form beams on both sides of the layer,

while the rest are either decelerated or reflected.

7. Most double layers, which have been experi-
mentally investigated, have carried an electric current,

I This does not mean that the current is a necessary

ai*
condition for the formation of all types of double
layers, However, in case electric energy is released,

in the double layer, a current must flow through it,

since the power developed is

Pa1 = Tg1 041 (1.1)
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1.6 Double raver formation

It is wellvknown, that electric cﬁrrent densities,
exceeding certain threshold values, will drive instabili-
ties, and that the end result can be a state, £hat con-
stitutes anomalous resistivity. Linear theory is
sufficient to determine the onset criteria of these
instabilities. But to follow the development of the
instabilities into the non-linear regime and through, to
the final state is forbiddingly difficult. Yet to do
this and take appropriate account of the mutual interac-
tion of the particle and wave distribution functions, is
in principle necessary, to calculate the value of the
anomalous resistivity. In order to make some progress,
one often assumes, that the steady state is one of
spatially uniform and time stationary “"turbulence" with
certain properties, and from there one calculates the

corresponding anomalous resistivity.

However, it has become clear from the laboratory
experiments, and numerical simulations, that the end
result of current driven instability need not be the

turbulent state, and the associated distributed voltage

drop, characteristic of anomalous resistivity. Instead,
the end result can be a localisged space charge structure,

"a double layer", where essentially, the whole potential
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drop occurs over a distance of only some tens of Dcbye

lengths,

With a view to understand the various processes,
thét goes into the formation of a double layer, and
determine what the end result would be, it is necessary
to carry out laboratory experiments, and numerical

simulations, in addition to the theorctical analyses.

1.7 Review of the Thecretical analysis and numerical

computer experiments

1.7.1 Theory : Double Layers with a relative electron

drift velocity

Due to the inherent difficulty in carrying out a
detailed time dependent theoretical analysis, most of
the work has been carried out as a time independent
phenomena., One of the first theories can be traced back
to Langmuir (1929). It was first demonstrated by
Bernstein, Green and Kruskal (1957), that by adding
appropriate number of particles, trapped in the potential
energy troughs, essentially arbitrary travelling wave
solutions could be constructed. These waves were hence-
forth termed as BGK waves. Montgomery and Joyce (1969)
obtained laminar collisionless shock like solutions of

the electrostatic Vlasov equation, without invoking a
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dissipation mechanism.' Assuming a monotonically varying
potential, they determined.the different sorts of time
independent solutions to the electrostatic collisionless -
plasma equations, that would exist with the following

distribution functions, for the electrons

£, (%o v) = £ o o+ £, (7, v) . (1.2)
] I3 e o PN R
, NV 1 a/;/&n¢=z~’“p [ {u~ Sl P! )u'>o
9 X, ) Ty .Lh.}.t “t y’ 5 \ ¥ g ) by,
J‘Tgb.( / ) j!‘/\ T (_‘\-‘—-(h : ,) _—' "A»_ \tf; \\’ ,— Zv/(//
s - [z 2e6) )
4 M__/ L=\ V<0 1.3
/ /Z— LR Ty (\i( Me ) vf /[ o )

where f_. - free electron species and f 4 ~ trapped
electron species. The ions were treated to be cold.

Thé trapped particle species for electrons were defined,
a distribution function, such that the trapped particle
density Ngp» is always a non-negative, non~decreasing
function of the potential. With these, they were able
to obtain, shocks, whose amplitudes were unlimited, in

contrast to the fluid theories.

Block (1972) derived, from fluid equations, a
number of self consistency conditions‘for stationary
double layers. But it was not clear from this work,
whethér plasma on both sides of the double layer was

stable. Knorr and Goertz (1974) constructed strong and
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weék stationary shock solutions from the one dimensional
vliasov equation, They derived the necessary conditions
for the existence of a double layer and investigated the
stabiliﬁy of the plasma in the reglons where the potential
is econstant, The distribution functions of the charged
particles both free and trapped, were determined as

functions of total energy

W =

Nf =

m, ij + ay ¢ (x) : (1.4)
whare mj, vj and éj are the mass velocity and charge of
the specific specles respectively and d (x) is the poten-
tial as a function of x.

The density of the free and trapped species, was deter-

mined from

) (fj (W) dw
n,x = — e
1 J ﬁmj J‘w—qj ¢ (x

Substituting these values in the Poisson-equation they

were able to obtain a solution of the type

b(x) = ¢o tgh (XVé) - (1.6)

They had determined the stability, by evaluating
the Penrose criterion, But since Penrose criterion is
applied to only homogeneous plasma, the stability analysis

is not complete, because it does not cover modes due to

o (145)
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the inhomogeneity. Nevertheless, it has helped in
understanding better some of the observations of double

layers in space and laboratory experiments.

Wahlberg (197 ) investigatéd the stability
problem, of the double layers, in the presence of
electron oscillations., It was found that in thé weékm,
field limit, the oscillations are adiabatic and mode
coupling is negligible, but becomes significant, if‘the

field is stronger.

Hasan and Ter Haar (1978) obtained solutions of
the Vlasov-Polisson equacions, resulting in a double
layer, with power law distributions for the electrons.
This theory was suggested to explain partially, the

phenomena of solar flares.

Levine andCrawford (1980) presented a theoretical

model to obtain double layers from fluid theory, by
choosing appropriate charged species, consisting of

both free and trapped electron and ion species.

In most of the works mentioned above, it was
necessary, for the current through the plasma to exceed
a critical wvalue. This condition was favourable to
initiate Buneman instability, before the double layer

formation. Some investigations of double layers,
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esbécially the numerical simulations, revealed, that the
condition of relative electron drift velocity to be
greater than the electron thermal velocity was not
neceséary, Perkins and sun (1982), were able to obtain
double layer solutions, of vlasov-FEaoisson equations, in

which no relative electron-ion drift was included.

1.7.2 Double Layers from a rarefactive initial conditions:

There are quite a few theoretical models, which
have predicted the formation nf double layers, from a
rarefactive initial condition. Block (1972), has shown
that in a system, possessing rarefactive and compressive
waves, it is possible in the presence of a current, to
amplify the rarefactive waves, by ejecting out particles,
while the compressive modes would damp out, as a result
of particles filling the region. But for this to occur,

an important condition to be satisfied is that

2 ~ 1
m_Ug > fTe + Ty (1.7)

where Uy is the relative electron drift velocity, and Te

and Ti are the electron and ion thermal energies.

carlquist (1972) demonstrated, that in the
presence of a current, the plasma was rendered unstable,

if the current density exceecded a critical value. As a
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result, a small one dimensional disturbance, in the form
of density dip wbuld then give rise, to a progressive
local evacuation of the plasma. When the particle

density in the dip reduces to a certain value, a double
layer is formed in the evacuated region. Hasgegawa and
Sato (1980) showed that in a current carrying plasma,

if it was possible to generate a negative potential well,
it would result in a double layer, due to reflection of
electrons. Raadu and Carlquist (1981) discussed an
evacuation process, due to the growth of current driven’
instabilities in é plééma; The evacuation proceés was
found to work very effectively in the nonlinear phase

and leads to an extreme, density reduction, within the
dip. It was suggested, that the growth of such stfuctures
produced weak points within the plasma. that could lead

to the formation of double layers. Hudsen et al. (1983)
examined the time-~stationary solutions to the Vliasov
Poisson equations for ion holes and double layers. From
their analysis, it was observed, that double layers evolve

from holes in ion phase space.

Lotko (1982) drawing a clue from Buti (1980),

suggested that atleast under conditions in space plasmas,
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whéfe two electron‘temperature plasmas were present, it
was possible tc have rérefactive solitary waves resonantly
amplifying into a final structure of a dcuble layer,
whereas the compressive modes would damp out, Schamel
(1982) reported analytical proofs of the existence of
two distinct classes of double layer solutions of the
Vlasov-Poisson equations. One class, consists of a
strictly monotonic transition of the potentia; and
needs distributions with a beam component. The poten-
tial profile and the phase space diagrams are shown in
fig. 1;3. The second class has, in addition, a ncgative
potential spike at the low potential side of the double
layer and needs distributions which are distorted in the
thermal range. The latter, ion acoustic type of double
layer, has been identified with an asymmetric ion hole.
The'potential profile and the phase space diagrams are
shown in fig. 1.4. Kim (1983) obtained two different
double layer analytic solutions, one related to the
electron solitary hole and ion acoustic solitary hole,
and has shown, that they are the nonlinear extensions

of the slow clectron acoustic wave and the slow ion

acoustic wave respectively.
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1.7.3 Computer Experiments

Though most of the theoretical analyses mentioned
above, relate the equilibrium state tc the imposed
boundary conditions, they are unable to address ques-
tions about the accessibility of the steady state to a
system in dynamical evolution or its stability. Though
the experiments reveal fascinating physics, within the
context of laboratory conditions, they are also
influenced by such factors as grids, wall sheaths,
ionisation of background neutrals etc., they provide
limited implications’about the accessibility of d.c.

state, under space conditions.

In many cases and particularly, in nonlinear
fluid or many body systems, numerical simulations are
useful for investigation at a level intermediate
between the analyvtical and experimental modelling.
Simulations too,‘have.inherent limitations, in the
scale and complexity of the descriptions they may
economically provide, but subject to these they offer
a means to do "expceriments” with controls and diagnos--
tics limited té mainly, by the ingenuity of the

investigator.

A variety of double layer simulations have



already been carried out, marked by a diversity of
approaches, parameter regimes, and results, Because

the double layer evolution\involves microscopic phase-
space phenomena, such as particle trapping, only the
particie in cell and Vlasov—Pdisson solution methods are
appropriate for studying its dynamics, and both methods

have been emploved.

The different methods and techniques can be

classified into distinct groups :-

Group A:l~D, fixed potential simulations

Group B:1-D, floating potential Buneman regime

Group C:1-D, i1on acoustic regime, floating and
periodic potential

Group D:2~D simulations

The works in group A include those of Joyce and
Hubbard (1978), Hubbard and Joyce (1979), Singh 1980,
1982) and Johnson (1980). The common features in these
simulations being first, the obtained potentials ¢dl
are "strong’; ¢dl§> Te/e. Second, they are initialized
in a nonequilibrium state; the transient response of
the plasma to the initialization is violently nonlinear
and dominates the entire cvolution. At the outset of

the run, a large amplitude solitary pulse, forms near the
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low potential end and ?ropagates towards the high
potential end. This structure resembles an electron hole
propagating towards the high~potential boundary and is a
characteristic dypamic feature of all the fixed potential
simulations. The'pulse relaxes into a monotonic double
layer as it traverses the System. A central result in
the double layer simulations is the existence of a
scaling law relating the width L and potential of the

double lavyer :

2
by = ag(_l_i_} (1.8)

)\eo' is the upstream Debye length. The physical
content resides in the constant &« , and is essentially
determined by the necessity that the distribution
function of the reflected particles, to be positive

definite (Goertz and Joyce 1975).

Group B includes papers by Goertz and Joyce (1975),
Smith (1982), Belova et al,. (1983), which are quite
different from one another both in their approaches and
observed dynamics. Goertz and Joyce (1975) carried out
a particle in cell simulation, with stationary Maxwellian
electrons. The double layer evolution is marked by the
appearance of a solitary pulse near x = 0, which propa-

gates towards x = L, and exhibits an overshoot before
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séﬁﬁling into a stationary double layer. Smith (1982)
employed a circuit model in a Vlasov simulation. The
evolution of the double layer clearly depends on wave
instabilities. The unstable modes grow in the direction
of the electron drift. As electrons become trapped,

the potential rectifies and quasi-stationary solitary
pulses develop, with alternating ion and electron holes.
As the double layer evolves, the magnitude of the
current density decreases. Since no waves wefé observed

outside the double layer, the double layer is stable.

Belova et al. (1980) intialised the simulation
in the ion frame, in a longer system than Geoertz and
Joyce (1975). They observed recurrent explosive insta-

bility of the ion acoustic caviton.

Particle in Cell simulations of Ion Acoustic
double layers, in group C have been performed by Sato
and Okuda (1980, 1981), Kindel et al. (1981), and Hudson
and Potter (1981). They exhibit a different phenomeno-
logy and dynamics, from that of Buneman double layers,
discussed above. In these experiments a long, gentle
potential drop is seen in the leading region, which is
interpreted as being due to anomalous resistivity
developed as the drifting electrons lose their momentum

to the excitation of ion-acoustic waves. The striking
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characteristic, which is always evident, i1s the
existence of a sharp negative potential spike, imme-
diately preceding’the double layer, which resembles an
ion hole. The ion acoustic double layer observed in
these simulations are all “weak", the central potential

jump being of the order of e@dlél T

Under group D, very less of'simulationé, has
been carried out, except for Kindel et al. (1981) and
Borovsky and Joyce (198la,b). Kindel et al. (1981)
noted, that in 2-~D unmagnetized simulations, double
layers do not really form because, electrons are free
to scatter around localised potential fluctuations,
instead of being trapped. In the presence éf a magnetic
field, the double lavyer develops independently on neigh-
bouring bundles of field lines with a perpendicular
correlation length of about twice the double layer

thickness.

Borovsky and Joyce (198la,b) obtained U shaped
2=-D structures in their simulations. An interesting
result of these structures is that both parailel and
normal to the magnetic field, and regardless of the
magnetic field strength, they scale with the Debye
length and not with the ion gyroradius as might be

expected.
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Inspite of the nﬁmerous simulations, there has
been no simulation truly applicable to double layers in
space. The principal reason concerns the plasma
reservolirs, which may be assumed to be unaffected by the
double layer in the present simulations in which current
closure is implicitly, at the system boundaries. In
space, however, the true plasma reservolrs are far from
the immediate vicinity of the double layer, and so the
distributions of the injection sources must be modelled
in such a way that they depend on the evolution of the

double layer itself.

As regards to comparisons between simulations and
laboratory expceriments, many intéreSting fruitful work
could be done in this regard. Though there are a couple
of experiments of Baker et al, (1981), and Iizuka et al.
(1982), wherein such detailed comparisons have been made,
there are more experiments which could be interesting
subjects for simulation. Finally simulations may also
be exploited to study some of the fundamental paradigms,
which seem to be important for double layers, such as the

development of ion acoustic cavitons and ion holes.

From the theoretical models and numerical simula-

tions we can conveniently distinguish double layers into
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two classes, one, fhe Buneman type strong double layers
with 1QeM/Te<: 1000 and second, the ion-acoustic weak
double layers ~o< e¢/Te~§‘1. The first class of double
layers congists of a strictly monotonic transition in
the potential. This kind double layer is found in beam
and voltage driven plasma, In this class there is no
limit on the upper bound of the amplitude of the doﬁble
layer. The second class of double layers, predominantly
found in current driven plasmas has in addition a hole
at the low potential side. The potential drop is weak

o & e¢/Te:§ 1 and covers the range, which was excluded
for the first type of double layer. The other synonyms
for this could be, ion-~acoustic double layer, asymmetric

ion hole or weak double layer.

1.8 Review of Space and Laboratory Experiments

1.8.1 Space Observations

The electrostatic double layers may now be con-
sidered a well established phenomenon in laboratory
plasmas which was stimulated by space observations, by
means of rockets and satellites. From the study of
Cosmic plasmas, it has been increasingly clear, that
such plasmas do not usually differ in any fundamental

way from those produced in the laboratory. In



accordance with this view, it was suggested that double
layers may exist in cosmic sites such as in the solar
atmosphere (Alfven and Cariquist 1967: carlquist 1969,
1979), in the ionosphere and magnetosphere of the
Earth, in the magnetosphere of Jupiter (Shawhan et al.
1975; Shawhan 1976; Smith and Goertz 1976), and in
double radio snurces (Alfven 1978). Several mechanisms,
based on parallel electric fields have been proposed to
explain how auroral particles are accelerated‘
(Falthammar, 1977, 1978). One of the most interesting
of these mechanisms is constituted by the double layer -
(Block, 1969, 1972 , 1975, 1978; Akasofu, 1969: Kan et

al. 1979; Goertz, 1979).

The first measurements indicating the existence
of double layers were obtained by Albert and Lindstorm
(1970), from the pitch angle distribution of electrons
in the ionosphere above the visible aurora. Wescott et
al. (1976) and naerendel et al. (1976), studied the
electric fields in the magnefosphere, by means of
artificially injected barium plasmas. Though they were
able to monitor the electric fields, it was not evident,
if some of the phenomena was essentially due to double

layers.
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Further, evidenée for the‘occurrence of double
layers in the magnetosphere comes from direct (in situ)
measurements of the electric fields made on board the
S3~3 satellite (Mozer et al., 1977; Temerin et al. 1982),
Mozer et al. interpreted their results on the parallel
electric fields, in terms of obligue double layers (or
electrostatic shocks) similar to that studied theores-
tically by Swift (1975). Temerin et al. (1982), have
observed some new results of the electric fiéld measure=
ments which reveal two types of structures. The first
was the double layer which predominantly consists of
one polarity, which .accelerates ions upwards'and
electrons downwards. The second type was that, consist-
ing of two opposite polarities and called solitary wave
structures. To explain their observations they suggested
a mechanism similar to that of Hudson et al. (1983), |
wherein a rarefactive solitary wave can feasonably

amplify into a double lavyer.

1.,8.2 Laboratory Experiments

During the last two decades a great number of
experiments have been performed, showing that free
double layers of various types can arise under widely

different plasma conditions (including both magnetized
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' énd non-magnetized.plaSmas) (Torven, 19713 Babic,
Sandahl and Torvén, 1971: Torven and Babic, 1975;
Torven, 1979; Torven and Lindberg, 1980; and Sato, 1982).
In some plasma experiments, refined equipments and
techniques have been required to study the double
iayers. In other plasma experiments again(though not
aimed for the investigation of double layers) it has

been difficult to avoid the occurrence of double layers.

According to the methods used for double layer
generation, the experiments can be classified into four

categories

Category I :-~ Double Layers generated by driving a

large discharge current between the

Cathode and Anode

Torven and Babic (1975) carried out the first
clear experiment on the double layers generated in an
uniform positive column with a large discharge current
‘between the cathode and anode. At a critical current,

a visible boundary was detected across the positive
column and this was attributed to a double layer. Though
stationary, the voltage was fluctuating, but below the
critical value, there appeared periodic pulses that

bropagated towards the anode at ion acoustic speed.



Levine and Crawford (1980) carried out a similar
experiment, wheréin they oObserved an abrupt increase

in potential at a critical current. Lutsenko et al.
(1976) also observed a current limitation as above,
associated with a double layer formation., In this case
the double layer always propagated towards the anode

after its initial formation, at the cathode.

Category IT s-~ Double Layers generated by applying a

large positive potential to an elec~-

trode immersed in a plasma

In this case a large positive potential was
applied, to a metal clectrode immersed in a discharge
plasma, (Torven and Andersson, 1979; Torven, 1980).
Above a critical value of the plate potential relative
to the the plasma, additional ionisation occurred in
front of the plate. At this instant a double layer was
found to separate out from the anode sheath. Beyond
the critical value, the double layer was found to move
towards the left. A similar experiment was carried out
by Hatakeyama et al. (1980), in a strong magnetic field.
A large potential was applied to the end plate, which’
resulted in the formation of a double layer when the

applied potential was greater than the ionisation
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- i)otential° Anderséon (1977, 1981) investigated the
formation of double layers in a similar type of experil-
ment. He was able to obtain double layers, which was
foﬁnd to separdte from the anode sheath similar to those
of Torven. An important conclusion was that volume
ionisation at the anode was necessary to generate these
double layers. Stenzel et al, (1982) carried out an
experiment to simulate magnetic substorms and solar
flares. A potential Was applied to a plate to drive a
current in the centre of 2 neutral sheet of magnetic
field topology with a discharge plasma. When the
current was inéreased to a critical value, a spontaneous
current disruption was observed. The disruption inducecd
a large inductive spike in the plate vdltage, which was
confirmed tO’drOp off in the plasma forming the transient
double layer. In the experiments, belonging to this
category, ionisation effects cannot be neglected, since
a large positive potential is applied to the electrode

immersed in a low density plasma.

Category IITI :- Double Layers generated by applyihg a

potential difference between two plasmas

Two plasmas produced independently, can lead to

two plasmas with different potentials, if a potehtial
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| difference is applied between their sources. Hollenstein
et al. (1980, 1983) produced two independent plasmas by
argon discharge’and a potential difference was created bj
applying a potential between the two sources. In this
experiment since the electron drift was smaller than the
thermal velocity, ion acnustic instability was considered
‘to give rise to the double layer genefation° Torvéh and
Liting (1982), in a similar Argon discharge, but with some
modifications succeeded in obtaining double layers with
potential drops upto 1000 volts, in a weakly magnetized‘;
plasma column. This value is the highest reported to
date. The double layer was stable for a wide range of
plasma parameters, though instabilities could be intro-
duged for certain parameter conditions. Sato et al.
(1981, 1982)>performed some experiments in a Q machine
under a uniform magnetic field. Stationary double
layers were.generated by applying potential differences
between the two heated plates »n which the plasma is
produced by surface ionisation. They were able to obtain
potential drops upto 150 volts. An added advantage in
their experiment was the very low electron temperature,
which led to a large ratio of the potential to the thermal
energy. Hatakeyama et al. (1982) also carried out some

experiments in similar machines, but with non uniform
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magnetic fields like mirrbrs. It wds found that the
double layer position was very closely associated with
mirror position and mirror ratio. Kanazawa et al.
(1981) were able to obtain double layers, with three
dimensional configurations under a strong magnetic
field. The double layers had a two stage structure in
the axial direction énd 3 dimensional configuration

in the radial direction. Hatakeyama et al. (1982)
performed an experiment with a bump in the magnetic
field, in which a potential difference was applied
between two plasmas. At a position where the twd plasma
pressures are balanced, a stable potential minimum wasf
observed. The magnetic bump was found to enhance the
potential dip. The dip is surrounded by two regions
with higher poténﬁiallof an order of corresponding
electron temperature. This potential dip could be
correlated to a kind of thermal barrier employed in

open ended fusion devices.

Category IV :- Double Liayers generated by beam

Injection into a plasma

The double layers were generated by the injection
of either an electron beam or an ion beam into a plasma.

In case of electron beam injection, above a critical
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ﬁeam current, the pierce instability (Pierce,13 44 ),
gives rise to a potential drop near the beam injection,
limiting the beam current.. This local potential drop
develops into a double layer. .Idn beam rceflection

by a metal plate, biased posiﬁively results in an
increase of potential near the plate, which leads o
the formation of a double layer under a certain

condition,.

Quon and Wong (1976) obtained the first measuréf
ments of the double layers generated by an electron beam
injection into a low density plasma. The experiment s
were performed in a modified double plasma machine. The
double layers were obtained only when the electron drift
(Va) was almost equal to the thermal velocity (Vé).
Below this critical value only an ion acoustic instabi-
lity could be excited, The double layers were rendered
unstable above the critical value. A similar experiment
was performed by Coakley et al. (1978, 1979), in a
Triple plasma machine. They were successful in generat-
ing strong double layers eﬂdl/Tecw 14.‘ A clear electron
beam generation duec to the double layer was reported.
Leung et al. (1980) generated double layers, by inject~
ing an electron beam from the source inte the target

plasma. The experimental system was a triple plasma



- 38 -

maéﬁine, operaﬁed in the double plasma mode., As in the
experiment of Quon and wphg (1976) they were only able
to‘obtain weak double layers_with e¢dl/Te<; 10. They
were also limited by the ionisation_potential, of the

neutral gas.

Tizuka et al. (1979) injected an electron beam
into a non-discharge plasma. At a critical value of the
peam density, Buneman instability was observed. Above |
this value, it resulted in Pilerce instability. As a
result a potential well was created, which developed
into a double layer. Baker et al. (1981) used a triple
plasma machine of a larger dimension. They used a
Kaufman source to produce a plasma, and a strong
magnetic field. They were also able to obtain strong
double layers with ed)dl/Te ¥ 10 and thickness of one

metre,

Jovanovic et al. (1982) generated double layers
in a O machine, by injecting an electron beam into a
plasma produced at a hot plate by surface ionisation of
Caesium vapour. The measurements demonstrated a two
dimensional configuration of double layers under a

strong magnetic field.

Apart from the above experiments, Stenzel et al.
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(1980, 1981) performed a novel experiment to generate
double layers by injecting an ion bheam into a plasma.
The ion beam was injected élong a converging magnetic
field towards a positively bilased plate in front of a
permancnt magnet., They were dlso able to obtain strong
double layers, without being limited by the ionisation

potential of the neutral gas.

1.9 Time evolution of double layers

In addition to the stable double laver experiments,
a number of experiments have investigated the formation
processes of double layers. Quon and Wong (1976) studied
the temporal evolution of the double layer by pulsing the
electron drift on and off. They obtained a solitary
E~field structure at about 80 ﬁ(secs after the electron
drift was turned on and reached a steady state was at

about 50/1Lsecs after the passage of the solitary pulse.

Leung et al., (1980) applied a negative potential
pulse between the grids and monitored the time evolution
of the double layers. At a large voltage, the potential
in the target chamber underwent a transient development.
They obtained a double layer like structure, which was
not stationary, but propagated towards the anode grid,

which showed that it was due to moving double layers.
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sato et al. (i981)'inve8tigated the double layer
farmation process, and mbnitored both the potentials
and currents. They also observed a moving double layer
like structure with a negative potential dip associated
with it. This observation was similar to that of
Tizuka (1982), wherein they found a negative potential
dip on the low potential side of the double layer. They
attributed the decrease in current, in the system, toO
the formation of this potential dip. This dip Qas not
stationary, but disappeared on recaching the anode and
again formed at the cathode end. This phenomena was
also attributed to moving double layers, due to plasma
expansion from a higher density region to a lower density
region. In one of the recent experiments Fujita et al,
(1983), in their attempt to investigate the double layer
formation process, observed the double layer tc separate
from the anode sheath and associated with it was a
negative potential dip on the low potential side. It
propagated from the anode to the cathode region. On
reaching the cathode the negative potential dip vanished

leaviﬁg a stationary double layer structure behind.,

Amongst the experiments in group IV wherein double

layers were formed by electron beam injection, most of
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them were carried out in double or triple plasma

machines.

1.10 Experiments in double plasma machine

The first of these expériments were by Quon and
wong (1976). In this experiment, they were unable to
produce strong double layers, with e@dlﬁaa> 10. The
double layers were rendered unstable, whenever, the
electron drift velocity <Vd) exceeded 3 Vae One reg-—-
triction in these sy%tems to achieve strong double
layers. could have been the large electron temperatures,
which were about 2-3 eV. As a result they could never

~

overcome ele/Te,? 4«5, though the potential drops were

about 10~12 volts.

Coakley et al, (1978, 1979) were able to observe
strong double layers with e¢dl/Te:> 10. They could
achieve this only by using specially designed sources.
They had deployed surface magnets to contain th@ primary
electrons. As a result they were able to obtaig a
bulk clectron temperature of 1 eV. This enabled them
to achieve strong double layers with e@dl/Teﬁw 14,

They had to resort to triple plasma machines, since
they had earlier failed to produced cven weak double

layers in the dnuble plasma machine. But instead,
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they had observed énother interesting phenomena. As
they moved to collecting probe axially, they observed
the entire plasma potential to switch from a low state
to a high state. As they did not find any signature

of an accelerated component, they attributed this
phenomena, to plasma itself, to possess two metastable
states. Zven in thelr triple plasma device, they were
not able to produced stable double layers of amplitudes
larger than 22 volts. Beyond e@dl/Te:) 18, the double

layers were rendered unstable.

Leung et al. (1980), investigated the double
layer formation in a triple plasma machine, but operated
in the double plasma mode. In this experiment too, the
electron temperature was about 2 eV, and though-they
were able to obtain double layers of amplitude of about
15 vonlts, the ratio e@dl/Te was always less than 10.
They also observed that the double layers were unstable
for amplitudes greater than the lonisation potential
of the neutral gas. Hence they concluded that in terms
of experimentally produced doﬁble layers, in a multiple
plasma device, a strong double layer is one whose
potential drop is comparable to the ionisation potential
and is not necessarily large with respect to electron

temperature,
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1.11 Non-linear ion acoustic waves

1.11.,1 Theory of Ion Acoustic Waves

Theoretical models for ion-acoustic solitary and
laminar shock waves have been discussed by a number of
authors (Sagdeev, 1966; Washimi and Tanuiti, 1966;
Tanuiti and Wei, 1968; Moiseev and Sagdeev, 1963;
Yajimavet al. 1966: Mason, 1970: Montgomery and Joyce,
1969; Biskamp, 1969; Otto and Sudan, 1969). Using the
equations Sagdeev (1966), first predicted the existence
of ion acoustic solitary wave, in a plasma of cold ions
and isothermal hot electrons. Using the same equations
Washimi and Tanuiti (1966) and Tanuity and Wei (1968)
showed that the propagation of weakly nonlinear solitary
waves can be described by the K.dV equation. that had

been studie@'extensively by Zabusky and Kruskal (1965).

The KdV equation which describes a weakly non-

linear dispersive system is given by
p !
D
by, e 0 @
— 2k 4 Y2 Thc o
PRI R Sl T (1.9)

D / &
5

er gy >
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where @ is the density or potential perturbations

) 1
(C@ ¢ /2 3/2

3

coordinates. In this equation the convective term

t are the stretched

it

(x~t), and T = ¢



<b,éﬁdescribes the nonlinearity and the third-deriva-—
H 'b?,ﬁ- By ' “} .
tive term <ﬁ¢/a§~ reflects dispersion. Compressive
ion-acoustic pulses evolve into ion acoustic solitons
(Gardner et al. 1972; Whitham, 1974), which are a
stationary solution of the KdV equationvand result from
the balance of nonlinear steepening and dispersive

broadening.

A rarefactive pulse of finite amplitude is also
subjected to nonlinear steepening, but unlike the com-
pressive pulse, it does not evolve into a snliton as
a balance between nonwlinearity and dispersion cannot
be achieved for it. According £0 KdV equation a rare-

factive pulse should evhlve into a wave train.

1.11.2 A rarefactive pulse in a current carrying plasma

contrary to the propagation of rarefaction pulses
in @ homogeneous plasma the same has gained a lot of
importance in a current carrying plasma in the last few

years due to the study of double layers.

Block (1972) determined from fluid equations a
condition for an instability containing bhoth rarefaction
and compression regions, and also determined the direc-
tion of plasma motion in the rarefaction and compression

regions, and also determined, the dirccticn of plasma

-
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motion, in the rarefaction and compression regions. He
obtained a condition for the electron drift velocity to

satisfy

N L
m Vd > T Te - Ti | (1.10)

Ein order to attain a sheath nf unlimited strength. Under
this condition, plasma particles are ejected out of the
rarefaction regions. This leads to a growth of the
rarefactive wave and finally transforms into a double
layer. Kan and Akasofu (1978) proposed a current
interruption mechanism in a collisionless plasma with

Te < Tit They suggested +hat when a current exceeds the
Buneman instability threshold, the instability leads to
the growth of Bernstein-Greene—Kruskal (BGK) waves

in the form of a row of solitary negative potentiél
wells, in the direction of the current. As these anes
grow, they trap an increasing number of current carrying
electrons between the neighbouring potential wells. |
This trapping process was proposed as a possible mechanism
for current interruption in a collisionless plasma.
Carlquist (1972) considered initially a homogeneous

plasma of density n, =ny =1, and carrying a constant

current density i.

7

a result, a small dip in the

density onccurs at time t = 0. From the equation of




calculated

motion-fﬂr electrons, the‘electric field, was
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reviewed the time~statiohary theory of phase space holes
and double layers and concluded that an ion-hole consisting
of a negative potential can in the presence of a current
evolve into an asymmetric double layer, Hudson et al.
(1983), examined time stationary sclutions of V1asove.
Poisson equations for ion holes and double layers, pertain-
ing to recent space observations of Temerin et al. (1982)..
From their analysis it is suggested that double layers

on phase space.

-

evolve from holes in

Hasegawa and Sato (1982), supposed a negative

potentinl spike to be formed in an electron stream by

some mechanism. Then, those streaming electrons whose
kinetic energies are less than the peak potential energy
can be rceflected by the potential spike, thus leaving an
electron void in the velocity space on the downstream
side'of the spike. With this electron void, the potential
would swing to a positive value on the downstream side

forming a double laycr structure.

From flux and energy cocnservations, the density of

beam current was evaluated to be

1/2
n, = n(l+ d)/«bs)/ (1,12)
n is the density, and @ is the potential and $S =
2
m_u
e o .

2
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 The density of the thermal electrons was described as

n = 11

h 5 ©XP (83/kT ) (1.13)

The density »f ions was assumed to be
o

2n tl
. o S
ni(¢) = = exp (%Ti £ L dt #KO (1.,14)

e

- P >0

These values were substituted in the Poisgson's equation
and obtained a double layer structure, with a negative

potential well on the low potential side.

There are four independent one dimensional
computer simulations (Sateo and Okuda, 1980:;Kindel et ial.1981;
Hudson and Potter, 1981; Chanteur et al, 1982), which
indicate that a double layer evolves from an initially

small amplitude, negatively polarised soliton, which i1s

apparently amplified by coupling, to the electron
current, Thus the study of rarefactive waves has genera-
ted immense interest in the recent few years in order to

explain the formation of double layers.,

1.11.3 Experiments on rarcfactive waves

Because of the interesting characteristics, a

number of experiments have been performed on ion
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acoustic solitons, in ﬁniform quiéscent plasmas (Ikezi
et al. 1970; Hershowkitz et al. 1972; Ikezi, 1978:
Watanabe, 1975; Nakamura, 1982; and Longren, 1983), and
in plasmas having density gradients (John and Saxena,

1976; Dahiya et al. 1978; John et al. 1977).

Tkezi (1970) and Watanabe (1975) launched a
rarefaction pulse in a plasma, which evolved into a
wavetrain. Okutsu and Nakamura (1979), have observed
ion-acoustic soliton-like pulses evolving from rarefac-
tive initial conditions. Theilr observations were
interpreted in terms »f the solution of the K4V equa-
tion for an initial rarefactive pulse which evolved
with the steepening of the trailing edge into a wave
train moving slower than the ion acoustic speed. It
has been nbserved that the width of the pulse launched
into the plasma modifies the shape of the profile

considerably (Saxeua ot al., 1981).

As regards, the experiments on the evolution of
inn acoustic double layers, from a rarefactive pulse
in a current carrying plasma, no laboratory evidence
has been attained, except some computer simulations Chan-—
teur et al.1981l; Sato and Okuda, 1980; Hudson and

Potter, 1981). In our experiment on the time evolution
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of double layers, W€ observed evidences, showing the
dovelopment Of double layers from a rarefactive ion
acoustic wave. Thig will be described later, in this

thesis.




Chapter 2
EXPERIMENTAL SETUP AND DIAGNOSTICS

The experiments were performed in a double plasma
machine modified accordingly, for the different experi-
ments. A schematic of the device used in the‘double
layer experiments is shown in fig.2.1. The entire
vacuum system was made of stainless steel cylindrical
chamber, pumped down to a base pressure of abouﬁ 1x10'5
Torr. In the following sections, we describe the plasma
sources, the diagnostics étc,, that were housed inside
the vacuum system, also dealing briefly with the‘con~

struction of these diagnostics.and the electronics

circuitry necessary.
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2.1 Plasma Sources

The double plasma machine comprised of two plasma
chanbers. One is the source plasma and the other target
plasma. The source plasma, was made »f a cylindrical

mesh chamber of 30 cms long and 30 cms diameter., The:

mesh chamber itself sefved as the anode. Abcut 20
tungsten filaments, 8 cms long, were mounted inside'the
cylindrical Chamber. To achieve uniformity of the
plasma, the filaments were positioned at equal intervals
in a circular cunfiguraticn, along the periphery of the
chamber, The filaments were electricélly isolated from
the anode body, by porcelein washers. This_structureb

was in turn housed in the vacuum system of 50 cms diaoe—

meters and 125 cms long. The tungsten filaments were

heated to thermionic emission and a steady state dis-—
charge was maintained between the filaments and the
anode mesh, by accelerating the electrons te about 50-60

volts. The filament heater current was about 150 Amperes

at about 10 volts.

The target region did not contain a separate
filament source. The high energy drifting electrons from
the source maintained the plasma in the target region, by

electron-neutral impact ionisation. The target and the




souréé‘plasmas weré clectrically isolated by a grid
assembly consisting of two wire meshes of about 70% to
80% transparency. This grid éssembly was mainly used

as an accelerating structure fnr the electrons, and

also prevent density gradient, that could be present
with a single grid. The crnss flow of charged particles
is prevented by appropriately biasing the grids. As @
result, the source and target plasmas could be maintained
at different potentials. Depending on the nature of the
experiment, we could inject an electron oL ion beam by
appropriately bhiasing the source plasma. An end grid

G3 was provided at the end of the target plasma, and
grounded, The sheath around this grid, helps in main-

taining the trapped particle population.

The whole vacuum unit was pumped down to @ base
pressure of 1:;{10'-5 Torr, Different pumping arrangements
like pumping from the target scection, ©r SCUrce section,
were deployed. Their advantages are explained in
detail, later in the thesis. The‘grids were usually
biased positive. with respect to their adjacent chambers.
For e.g. Gl was biased positive with respect to the
source, and G2 biased positive with respect to the

target. In some cases, both the grids Gl and G2, were
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Pbiased positive with respect to the source. The results.
obtained from both the configurations are described later

chapters of the thesis.
e

The experiments oOn rarefactidn waves, 1in a
homogeneous plasma, were carried out in an uniform
~ plasma produced -as explained above. A grid of a diameter
»f 20 cms was used to launch the waves. The experimdnta1 
set up will be explained in detail in Chapter 5 of this

thesis.

2.2 piagnostics

The diagnostics comprised of a hot emissive probe
for plasma potential measurements, a cold Langmuir probe
for density, temperature and electron cnergy distribution
measurements. A retarding potential analyser was deployed
for ion enerdgy distribution measurements. A detailed

account of each of these diagnostics 1is described below,.

2.2,1 Plasma poteitial measurements using an emissive

probe

Flectron emitting probes have been used to deter-
mine the plasma potential quite accurately to the order
of the wire temperature. 1Lts advantage in potential

measurements lies in the fact, that it responds to only
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particle potential energy unlike the collecting Langmuir
probe, which senses both the potential and kinetic

energies, of the particles.

An emissive probe forms a diode with a plasma in
which it is immersed, but in addition to electrons, we
also have ions which are collected by the probe depending
on the bias voltage. When the probe is hot and biased
below the space potential it emits electrons into the
plasma and also collects plasma ions. ‘Vhen biased above
the plasma potential it collects clectrons from the plasma.
The point at which the transition from hot to cold probe
takes place is called the inflection point and this point

gives the plasma potential.

Several authors (Chen 1665, Kemp and Sellen 1966,
gmith et al. 1979) have proposed various methods to
determine the plasma potential. The floating potential
(Kemp and Sellen 1966) method can be used t2 determiné
the spacc potential of the plasma. The point at which
rhe hot probe deviates £rom the cold probe (cross—over
point) gives the plasma potential. The plasma potential
determined from the emission characteristic also gives a
good measure of the plasma potential, The double cross

technigue (Smith et al. 1979), where the plasma potential



{8 measured from the collection and omission characteris-

tics gives an accuracy of the order of wire temperature.

Both plasma and wire temperatures are obtained
from the same probe characteristic. In the experiments
on potential double layers, we used the hot probe, for
space potential measurem.nts, with high spatial resolution.
SQme preliminary investigations were carried out to
determine the best method of measurement as presented

below.

2.2.2 Probe construction and mode of measurement

The probe construction is shown in fig. 2.2. The
Blockvdiagram of the electronics used to determine the
probe characteristic is given in fig. 2.3, with the
timinhgs diagram presented in fig. 2.4. The probe is
heated by a half-wave rectifier output which also
triggers the comparator, and the measurements are carried
out during the off-half cycle to kecp the probe at a
uniform potential. The probe is biased by a sweep of
- 28.0 volts to + 14.0 volts of 5 seconds duration. The
probe current is sampled at various bias voltages, usihg
pulses of 50 microseconds width, using a Boxcar integra-
tor operated in the sampling mode. The output or its

differential can be directly reccrded on a X~Y recorder,
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 :The Chdradteristics have been obtained in the plasma
sources described above, The differentiated curve is
_also recorded on the same grapho The density is varied
by varying the discharge current from 1.8 Aamp to 0.3 Amp
\Jresulting in a density change by'an order of magnitude.
The plasma potentials determined by double cross technique

are compared with that obtained by the first differential,

2.2.3 Results and Discussion

The probe emission data for 150 volts is given in
Table 2.1, Fig. 2.5° shows the probe characteristic at
a density of log/cm3 and fig. 2.6 at a density of
108/cm3. It is found that at a density of 109/cm3,
IeSat/IcSatw( 1, and the plasma potentials determined
by the threé\méthods i.e. from the ¢ollection charac-
teristic, cemission characteristic and the peak of first
differential, are almost of the same order only differing
by an order »f the wire tcmperature. At a density of
108/cm3, T, Sat/gc sat & 1, the three methods yielded
three different potentials. This has been found to Dbe
prominent only at low densities i1.e. at 108/cm3 ana
increasing the probe filament voltage does not affect
nuch, since the collection saturation characteristic

does not change much though I Sat/%: sat { 1.
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The discrepancy in this result at low densities

is that the shcath size increases and hence presents
_almost & planar gurface to the plasma. Thus there is a
transition from cylindrical probe characteristic to a

plane probe characteristic.
The Half width Half maximuar (Hwepd) of the ai ffren-
tiated peak is supposed to give the probe temperature, but
this is also true only at higher densities of the order
fof 109/cm3, whereas at low densities of the order of
108/cm3, the width hecomes very broad, leading to in-
correct determination of probe temperature directly.

s 8 9
Tt is also noted that hetween densities 10 - 10 /

o Sat/Ic gsat »>1, where the emission characteristic
gives the same potential as the first differential. From
the above ohservations, we can conclude that the double

s ugeful at higher densities 2 109/cm3

cross technique i

where the measured potentials

with I sat/I_ sat <1,
e c

ag that of the first differential.

are of the samnme order

rved that the floating point method (Kemp

Finally we obse

n,966 ) yielded potential measurements as

and Selle
accurate as the first aifferential method even at low
densities. Hence we employed this scheme of measure-

ment in all our observatlors.
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v 3

Cold Langmuir Probe

The cold cdllecting‘prnbe of 1.2 cms diamecter,
- made of tungsten disk, was used +o measure plasma density,

_electron temperature and distribution functions.

_2.3.1 Temperature measurement

The block diagram of the electronics used to deterw
mine the I-V  characteristic, and distribution functions
'is shown in fig., 2.7. The probe was applied a ramp voltage
from ~20V to + 20 volts, and the current-voltage charac-
teristics (I-v) vere directly obtained on the X-Y recorder
or the oscilloscope. The temperature was obtained from

the formula

o

ac(

k’I‘e (ev) =~ 7

v
R
n I

(2.1)
probe :

)

I.._.I

k is the Boltzman constant, VP probe bias poten-

tial, Ip is the probe current.

2.3.2 Density measurement :

The probe was biased to large negative values to
collect ion saturation current. The density was obtained

from the eqn. (2)

I, ) ~
ilon’ sat c 3 (2.2)
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. - I aturation current, v, -~ ion
(Ilon)sat on s 52 tio ;v ‘
' . \ 2k
coustic velocity = 'Te cms/sec. A - Arca of the
i

. N ‘ 5 '
collecting probe in cm, Mi = Mass of argon 10n.

?é;3.3 Electron Energy distribution

The I-V characteristic, thus obtained as mentioned
above, was differentiated electronically, to yield the

_energy distribution function £(V), as explained below

Let the electron current collected be
P

where Ip is the current,
n 1is the density
v 1is the velocity of the electrons due to

the applied potential.

In terms of the velocity distribution function,

density n can be written as

n =‘§f(v)dv (2.4)
Substituting this in egn. (2.%)
Ip = eff(v)vdv (2.5)

This can be written in terms of energy due to the

applied potential as



...6’7...‘

2.
e
I = e £(v_)av 6

Vp is the potential applied to the probe

Differentiating equation (6) we get

2
o e o A4
de = £ (vp) de (2.7)
Hence dIE = gi £(v_) (2.8)
dav oom P

In general. equation (8) can be written as-

£v) = (2.9)
e

Hence from equation (9), we find that the first

 differential of the I-V curve yields +he electron enerdy

distribution.

2.4 cridded Energy Analyser

A retarding potential analyser (RPA) consisting of

grids and a collecting disk was deployed to monitor the ion

energy distribution functions. The dimension of the RPA -
was about 3 cm long and 2 cm diameter. The RPA used in
our system cconsisted of one grid and a collecting disk.
The outer enclosure was left at floating potential to
repel ions. The grid mesh was applied a negative poten-—

tial to collect ions, but repel clectrons. The potential
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~on the collector was varied and the ion current was
monitored with respéct to the collector potential. The
first differential »f this I-V curve yielded the ion
distribution function. The ion temperature measured with

this analyser was about 0.2 eV.

2.5 Probe_Configuratiops

In addition to the individual probes, we had
mounted a cold Langmuir probe and a hot emissive probe,
on the same shaft one slightly above the other, The
shaft was insulated and placed along the wall of the
system, to minimise the disturbances, to the bulk plasma.
The advantage in this arrangement, is that, in the
presence of a double layer, the plasma potential and the
corresponding distribution function can be measured

simultaneously, at a particular point.



Chapter 3

 MOVING DOUBLE LAYERS IN AN EXPANDING PLASMA AND WEAK

DOUBLE LAYERS

3.1 Moving double layers

In our efforts to form double layers, we found
that as the emissive probe was moved axially to scan the
axial plasma potentials, there occurred abrupt potential
Jjumps in a distance of about a Debye length. These
results were similar to those observed by Coakley and
Hershkowitz (1979). In order to understand the physical
process involved, we carried out further investigations,
which are explained in the following paragraphs of this

chapter.
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j;l.if Experimental,sétup'and diagnostics

The experiment was pérformed in a double plasma
ﬁachine, similar to that described in 2.1. 1In this
assembly the grids were biased positive with respect to
5ﬁhe adjacent chambers, i.e., the grid Gl was bilased
positive with respect to the source plasma and the grid
g2, was biased positive with respect to the target

plasma. The base pressure in the system was =y 1077

_ Torr, whereas the working pressure was between 8 x 10

_ Torr, to 2 x 10"4 Torr. The essenﬁial diagnostics, were

| collecting Langmuir probe, to measure plasma density,
‘electron temperature, and distribution functions. The
emissive probe was deployed to monitor plasma potentials

directly by the floating potential method (Sekar 1982).

7 _ id+9

The plasma parameters in the system were Néwld+
em™3, T, = 20V, Ty = Te/ZO. Three Langmuir probes spaced
at equal distances, as shown in fig. 3.1, were mounted on

+he same shaft, and biased to collect electron saturation

currents.

3.2 Experimental Results

3,2.1 Axial variation of plasma potential

A large electron current was made to flow, from

the source to the target chamber, by means of a relative
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Figure 3.1

e Source ]
50cm

schematics of the double plasma device. Drifting electrons
arve produced by biasing the source chamber negative with
respect Lo target chamber. F-Filaments, ¥,
Pg _ collecting Langmuir Probes, H-Emission probes. Grid Gl
{8 Dbiased at oV with respect To the source, potential
ied between 0-10V with respect to the
:

of grid G2 is v
target and end grid G3 is ground
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fbias'between the soufce and the target. The space charge

¥'effect of this current, lowered the plasma potential in
the target region close to the grid G2 and was negative
 ‘with respect to the ground. The pressure of argon gas

was carefully adjusted to prevent complete neutralization

of space charge of electron current. In a certain range
of neutral pressures, below a critical pressure, plasma
potential changesé%&?)kTe, extending over several tens
of Debye lengths, were observed. This will be shown in
the next subsection. At a critical neutral pressure,
determined by the relative bias on grids and between tar-
get and source chambers, the plasma potential made an
abrupt transition (over a distance =¢ Debye length), as
the poSition of emissive probe was changed in the target
region. Fig. 3.2 illustrates the observation of such a

sharp potential jump in one typical case.

The profile A was obtained while the emissive
probe was moved away from the grid G2. It can be seen that
at a certain position in the target chamber the plasma
potential makes a sharp transition from a low-state of
-6V to a high-state of + 4,4V in a distance of~s 0.2 cm.
At this instance, there occurs a visible increase in the

plasma glow indicating that the plasma density has
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increased. Also collecting Langmuir probe shows that the

. 5
plasma density increases from 2,4 x 108 cm'3 to 4 x 10

;cm‘3; The profile B corresponds to.the measurements
obtained while the emissive probé is moved from the
’region of the high-potential state towards the grid G2
and different from the position of transition in the pro-

file A. This is indicated by branch I of profile B.

 Occasionally, the plasma potential did not make any such

ftransition and the entire plasma remained at the high
| _potential state (branch II of profile B). To realise the
 'ihitial conditions it became necessary to disturb the
device controls like the needle valve which maintained the
gas flow or the relative bias between the source and the
target chamber. Apparently resetting of the device con-
trols enabled us to reduce the ionisation of the neutral
\1gas in the target chamber to an extent that space charge
of the electron current was not completely neutralised.
From the analysis of Langmuir probe traces we did not find
any indication for the presence of beam electrons with
energies less than or equal to the potential jump as
shown in fig. 3.3 after the transition was effected. The
probe characteristics before and after the transition,

only exhibited a change in the electron temperature.
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3.2.2 variation of plasma potential profiles at

different Neutral pressures

Fig. 3.4 shows the variation of plasma potential

‘axially at different neutral pressures. The inset is the
: one shown earlier in fig. 3.2. As mentioned earlier, the
effect of biasing the source plasma negative with respect
to the target, was to cause a large electron current to

flow from the source to the target chamber. Depending on
the pressure of neutral gas, the net effect was to lower

the plasma potential in the entire target region.

As seen from the fig. 3.4 at low pressures (7 x 10”
Torr’ an extended potential structure, corresponding to a
drop of « 12 volts over 20 cms is formed with a potential
minimum adjacent to the grid G2. Of the applied potential
between the chambers nearly half appears across this
extended potential structure, and the rest appears across

the sheath formed around the end grid G3.

The measured electron distribution does not contain
any beam component, but it could be represented by two
population of electrons, hot and cold. As the hot plasma
component is increased by increasing the relative bias

voltage, to accelerate electrons from the source, the

5



3
}

i

Axial position (¢

o R S WY

- A

UUNBRE. S -

T

3

Gl




sPafiél variation geﬁs modified. The potential near G2,
becomes positive, and potential near G3 more negative.
At the critical pressure, the entire plasma potential
undergoes a rise in potential. This transition occurs
over a distance of one Debye length. At 8 x 10™° Torr,
the entire plasma attains uniform potential. The dif-
ference between the source and the target potentials
become very small. Any increase, in the neutral gas
pressure makes very little change in the spatial varia-
tion of the plasma potential profile, in both the source

and the target chambers.

3.2.3 Variation of plasma potential at different

relative biases

Similar effects were observed with différent
relative biases at a constant pressure, as shown in fig.
3.5. At about 10 volts applied to the source, the
electron current injected into the target plasma lowers
the potential of target plasma due to the excess space
chafge, The result is an extended potential structure.
At a critical threshold value of bias the entire
potential of the target plasma undergoes a sudden
transition as the probe was moved. The potential jump

observed at regions close to the grid G2 was larger
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_ than the potential changes near grid G3. Upto about 24

k volts, it was observed that the target plasma potential
was lower than the source plasma potential., But at about
30 volts, the potential'change took place very close to
grid G2. At this instant the potential of the target
plasma was more positive than the source plasma. Another
interesting result was that at lower potentials, the

- plasma attained its original state as the probe was moved

towards G2, resembling the results shown in fig. 3.2.

It was also observed that the value of the
relative bias needed to trigger these transitions was
lowered as neutral pressure was increased. In all these
cases the maximum potential jumps were of the order of the
ionisation potential. Similar effects were observed at
different G2 bias voltages alsoc. It was found that the
high state plasma potential was almest close to the
potential of grid G2. It increases with the bias voltage

of grid G2 as shown in fig. 3.6.

3.2.4 Location of initial ionisation

Since the maximum potential drops occured near the
grid G2, we carried out an investigation to locate the
source of ionisation. Hence we monitored the variation

of the plasma potential, necar the grid G2, as the neutral
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gas pressure was varied. ' This is shown in fig. 3.7. It
shows that as the pressure of the neutral gas is changed

5 Porr to 1.35 x 10™° Torr, the plasma

from 1,3 x 10~
potential makes an abrupt jump, from —15.2 volts to 6
volts. The implication of this result, is that a sharp
transition of the plasma potential can be effected by a
minute amount of the neutral gas, and it occurs, only
when thefdevice is tuned to a critical pressure. The
value of the critical pressure depends upon the relative
bias between the two chambers. At larger bias voltages,
the critical pressure depends upon the relative bias
between the two chambers., At larger bias voltages, the
critical pressure is lower. It thus appears, that during
the movement of the probe, a very minute amount of neu-
tral gas leaks into the device, and ionisation of this
gas, on reaching the grid G2, leads to the source of the

moving plasma.

Having ascertained that maximum ionisation occurs
near the grid G2, and this blob expands towards gfid G3,
we carried out a time of Fflight measurements. Two col-
lecting Langmuir probes Pl and P3, placed near G2 and G3,
separated by about 30 cms, are biased to collect, the

saturation electron current. Fig. 3.8 shows that the
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onset.of ﬁhe increase-in ¢lectron density occurs earlier
at the probe near GZ,thaﬁ grid G3; when a transition in the
plasma potential is effected by moving the emissive
probe, away from G2, From the I~V curves, the electron
temperatures at Pl and P3, before and after ionisation
were 10,5 eV and 4.5eV, respectively. This indicates
that the plasma potential jump is accompanied by a moving
plasma. The plasma moves in the direction, away‘from
grid G2, and towards G3, at a Velocity”x;106 cms/sec.

At a given position in the target region, the onset of
the increase in the electron density occurs simulta-
neously, with an increase in the plasma potential at

that position. Thus the plasma potential jumps, shown

in figs. 3.2 to 3.4 are not stationary structures,

3.3 Discussion

3.3.1 Role of neutral gas pressure

Below a critical pressure, the electron current
extracted from the source, establishes an extended
potential structure in the target region. This has a
potential structure continuously varying in space and
does not correspond to a double layer. What seems to be

sustaining these structures in our case is the variation
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in the electron temperature of the hot component of the

. electron distribution.

If a potential double layer is to exist, the ion
1,density in the low potential region, must be less than
the electron density. This explains, why a critical

adjustment of pressure, of the neutral gas is required

to produce a double layer (Leung et al. 1980).

We have demonstrated that the observed potential
jumps, are accompanied by a moving plasma. Fig. 3.7
suggests, that the origion of the plasma blob may be in
the enhanced ionisation of a very minute amount of the
'gas that leaks into the system, by the movement of the
probe, That the plasma blqb is formed in the region
adjacent to the grid G2, is evidenced from the time
resolved measurements of the density made at different
spatial points simultaneously. This also rules out in
our experiment the formation of double layers from an
anode sheath, as observed in experiments of Torven (1979).
The measured velocity of the leading edge of the created

plasma is 5 C_ (CS is the ion acoustic velocity).

3.3.2 Expansion of plasma

The observed high velocity is due to the expansion
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gf plééma. The expanéion‘results, in due to thermal
pressure in the plasma. iThe initial response of the
_plasma to the thermal pressure, is that the warm electrons
will separate out to form a regiqn of space charge con-
centrated near the density discontinuity. The electrons

on an average will separate out from the ions to form a

_region of electron space charge, by a distance of a

Debye length, so that at the boundary there will be

Qformed a double layer of thickness of the order of a
\ Debye length. The electrons cannot go further due to
the electric field, and the ions which immediately follow
will be accelerated. This would mean that the leading
edge of the ions in the double layer, will be moving at
a faster velbcity, than the ion acoustic speed. 2an
interesting outcome of our explanation of the observed
potential jumps and the large velocities is that they
can be correlated to the electron temperature. This is
presented below in the model based on the adiabatic
expansion of plasma and hence acceleration of ions by the

ambipolar fields.

3.3.3 Thermodynamical model for the expansion of plasma

Following Hendel and Reboul (1963), a thermodynami -

cal collisionless model leads to an adiabatic transfer of
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jeﬁurgy from elecctrons to ions. The conditions necessary
_for such a mechanism to oxist being
(1) The existence, in the discharge, of a
constant source of electrons, with adeguate

energies.

(2) The concentration of charged particles at
the front, of the expanding cloud, capable of

accelerating ions.

As both the conditions are gatisfied, in our
experiment, the above model 15 applicable. The electrons
gain relatively high enerdy from the applied field, while
the enerdgy rransferred to the ions from the external
field, and electron-ion collisions are negligible.
rRandomization of electron veloclity is obtained in a few
microseconds. High velocity electrons, attempt to
escape isotropically from the plasma, but are restrained
by the electric field of the ions to a distance of a

Debye length.

The space charge set up by the electrons accele-
rates a spherical ion piston radially, outward. Since,
we are considering a one dimensional case, we can treat
this as a plasma expansion in a single direction. The

energy needed for the ions is supplied, by the initial
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__energy content of electron gas.  During the short period
f,'of ion acceleration‘by space’ charge, only a negligible

amount- of heat can be delivered to ions by collisions

 with electrons, due to a limited transfer of momentum

~in such a collision. So energy transfer is adiabatic.

The work done, by the electron gas at Td_ ~and
bressure P on the ion piston, during the expansion from
volume V1 to V2 is given by

2
W= j§1 P dv (3.1)

This work done, sets up a space charge field, accelerat-
ing ions towards electrons and simultaneous deceleration

of electrons.

Using Poisson's adiabatic law

vt = C (3.2)
with r = 5/3, and the general gas law

PV = nkTe (3.3)

From(3,2)and(3,3)we get

nkT
S

-2/3 _
v - C

(3.4)
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Differentiating (3.4) we get

-2/3 y=5/3 dv = Q%QE (3.5)
From (3.2)
~ Pdv = 3/2 nkdr . (3.6)

Substituting (3,5) into (3.1) we get

_ 1 2 =3 T
W= 5 nMve = 5 nk‘} 2dT
Hence, we .obtailn
1
- Tel TeZJ/2
= |3] - .
\% J§<A. i (3.7)

Eqn. (3.7) is the drift velocity acquired by the

ions,

Thus, when ions and electrons, finally drift at
almost the same velocity, electron energy is transferred
to the ions, the final ion energy being almost equal to
the initial electron energy. Momentum is conserved,
since the centre of Mass of the expanding plasma is at

rest,

From the I~v characteristics, at the probe Pl’ we
have electron temperatures, before and after ionisation

to be 10.5 ev and 4.5 ev respectively.
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From eqn.(3,7),

Y2
T - T

- el e2 5 )
Vion = {3)( Mi Nz 8 x 107 cms/sec. & 4 Cs.

This 1s quite in agreement with the experimental

.result of Sst.

3.3.4 Sclf similar expansion of plasma

The observed high velocity of the ions, due to the
expansion of plasma can also be approximately modelled on
the basis of self-similar expansion of plasma into vacuum,
though expansion of plasma from a high density into a low

dehsity region would be more appropriate.

In our experiment, the ionisation of additional
neutral gas that leaks into the system during the probe
movement, leads to a steep increase in density. We can
study the motion of this front, through a self-similar

analysis.

For this purpose, we can start from the equation

of motion for ions

:_a___l\i_j; v 2 v) = o (3.8)
ot DX *
™ A
Ui oe U OV = -2 OF (3.9)
37E X M; 9%



As a result of thermal pressures, a charge separation

between electrons and ions will be set up, with a distance

of about one Debye length. Since, this distance is very

small, compared to the dimensions of the system, into

which, the plasma expands, we can assume quasi-neutrality

i.e,
= - i - cd
N, = N, = N, exp ( KT (3.10)
Following the techniques of Ames (1972), Longren

(1977) and Gurevich and Pitaevsky (1975), we can from

simple Lie groups determine the self similar variable to
be
E, = x/t (3.11)

A transformation using this variable converts the
partial differential equation of two variables, given by
(3.8) and (3.9) into an ordinary differential equation of

one variable. This simplifies, the mathematical comple~

xities.

Substituting (3.11) into (3,8) and (3.9), we get

Tt
S

(U §)+ N ‘il’l = (3.12)

(mé) ‘6]“ e 3"{;‘ (3.13)
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Solving (3.12) and (3.13) we get

s
(if-‘> dig _Cs _Q{.le;.

B

- e (3.14)
d, M dg ’

Hence
“

h 4

iij{"f;) Cs

t

!

and

U: = ?’E’ + Cs (3.15)

Substituting (3.15) into (3.14) we get

cdue = -Cg dN;
N

‘ » ‘ ) - Cs ‘Qh f\u

Na

From (3.,10) we get

- {?g><¢."
V= Cs T TeX (3.16)
& Ty
Hence we have derived an expression for the
velocity of the ions in terms of the potential jumps

( D {?T’F'L ).
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~In our experiment, the potential Jjumps, we

bserved were 2 20 volts.
Settlng TN (bpl M 20

T = 10.0 eV

el
and ' T = 4,5 eV
e2
we get O T, = (Tel - Top) = 5.5 ev

«'« From equation (3.16), we

- — 20

This agrees quite well with the experimental
bbservations, wherein we observed ions to be accelerated
to velocities much larger than ion acoustic velocity,
Though we have not included, density gradien£ etc., 1t
approximately gives us an idea, of the possibility of
ions to be accelerated to large velocities in the
expansion of the plasma blob. Since this occurs, in the
direction of the electron drift, the charge separation
and hence, the moving double layers, will persist, till

almost the end of the systern,

3.3.5 Comparison with computer simulations

Computer simulations (Goldenbaum and Gerber 1973),

that do not use Boltzman distribution for the electrons
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i7ana'¢harge neutrality, have obtained a maximum velocity
of the leading edge to be about 5 CS, which is the same
as that of our observed resﬁlt. What is important is,
not that the measurement can be explained by the expan-

- sion of a plasma blob. The important point to note is
that the expansion of the plasma is accompanied by a
double layer at the leading edge of the plasma blob, and
{its thickness is of the order of a Debye length. Thus

it seems likely that the potential jumps, are cbrrespond—
ing to the moving double lavers, formed as a consequence
of the expansion of plasma, created due to the ionisation

of the leaked gas adjacent to the grid G2.

We have observed that potential jumps occur when
the device is twuned to a critical pressure. Having
identified the cause of these jumps in the formation of
a plasma blob, it means that enhanced ionisation of the
gas, that leaks into the system during the movement of
the probe occurs, only when the neutral pressure is at a
critical value. In view of that, ionisation mean free
path of the ionising electrons in the target plasma
decreases very rapidly, when the gas pressure changes by
a very small fraction of the ambient pressure, an explaw-
nation is required for the cause of the enhanced ionisa-

tion at the critical pressure. We explain it as follows:
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3:3:6 Role of high enérgy electrons

The energetic electrons, in the target chamber
ionize a fraction of the leaked gas, at the high poten-
tial end, producing low energy electrons and ions. The
low energy clectrons are trapped between the sheath
around the grid G3 and the potential minimum, located
near the grid G2. The ions in the high potential side_
are accelerated towards the potential minimum and

reflected at the sheath of the grid G2,

Thus the potential well near the grid becomes
shallower. This in turn allows morc electrons to be
extracted from the source and hence more ionisation of
the gas. The critical effect may be arising due to the
fact that, at this bressure, the plasma region adjacent
to the grid G2, attains momentarily an accelerating
potential of the order of the ionisation potential, of
the gas with respect to the source. Since the ionisation
cross section of the gas increases rapidly at the ionisa-
tion potential, the accelerated electrons, extracted from
the source, leads to an enhanced icnisation of the
neutral gas, adjacent to the grid G2. This creates a
plasma blob in which a double layer develops at the

leading edge, at a later stage.
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An interesting feature of these results, is the
acceleration of ions in the direction of electron drift.

_ Such observations have been made in the space experiments of
Chiclmetti ot al.(l97%nd also in.the computer simulation

of Singh (1982),

3.3.7 Comparison with the experiments of Coakley and

Hershkowltz

Coakley and Hershkowitz (1979) in an attempt to
form double layers in a double plasma machine, were not
successful. As they scanned the plasma axially with a
Langmuir probe, they observed, what they termed as pseudo-
double layers, As they scanned with one probe, double
layers were apparently observed. However, with two collect-
ing probes simultaneously monitoring the plasma, they
found that the plasma potential changed simultaneously at
both the probes. They ascribed this to the situation of
the plasma actually possessing two metastable states,
neither of which had double layers. As the axial position
of a probe was changed, in the target chamber, a point
was reached at which the entire potential of the plasma
changed. From thelr probe characteristics, it is
evident, that therc could be a change in the electron

temperature. But, they did not pursue their investigations
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 any further, and concluded, by quoting that the phenomena

_observed were a pseudo-double layers.

From our investigations, we feel that our observa-
tions of potential jumps may be similar to those of
1bgkley and Hershkowitz (1979), and should be able to
ééplain their observations: However, we do not attribute
_ these potential jumps, to the existence of two metastable
states in the plasma, for they require much more complica-
ted processes, rather than the simple explanation, we

_have offered.

3.4 Weak Double Layers

3.4 .1 Experimental setup and diagnostics

The experimental system and the diagnostics are
similar to that described in chapter 2. The base pressure

was & 10-5 Torr, and the operating pressures ranged from

4 x 107> Torr to 3 x 10~ Torr. Plasma was produced in the
source and target chambers., as discussed earlier. The

plasma parameters in the target chamber were ne"Q§3 X 107/

cm3, T = 2.0 eV, Tiﬁj Te/ZO. The plasma potentials were

e

monitored directly with an emissive probe by floating

point method (Sckar 1982).
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Experimental Results

~Double layer potentials at different neutral

Pressures

SN Lt s e

In the normal mode of operation, grids Gl and G2

were biased at OV. The target chamber and end grid G3
were grounded, keeping the source chamber floating. The
potential of the source plasma was varied by applying a

bias voltage with respect to the target chamber,

The axial potential profiles at a fixed relative
fnbias, but different neutral pressures, are shown in
fig. 3.9. The potential drop across the double layer
was about 6 to 10 volts, i.e. elﬁ¢/Te¢$:3~5. This was
possible only at low pressures. At a higher neutral

- pressure of about 3 x lO"4 Torr the entire potential in
the target chamber became uniform as shown by A in

figure 3.9,

3.5.2 Electron Energy Distribution

The electron energy distribution in the presence
of a double layer in one of the cases (profile C in fig.,
3.9) is shown in fig. 3,10, As a result of electron flow

which was maintained by a drift velocity VDE,l.B Vinhe

(v

- . s Y2\
the - ©lectron thermal velocity = (Lfe/me) ), a
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negétive potential wéll was formed near the grid G2.

There was a beam component, near grid G2, which modified
to a drifting distribution function at the trough of the
potential., Accelerated electrons were observed at the
high potential side of the double layer. These components
were observed to thermalise in a distance of about 10 cms

(SO,XD) on the high potential side of the double layer.

3.5.3 Double layers at different relative bias potentials

Operating the system at low pressures between
4 x 107 Torr to 8 x 107> Torr, we obtained double layers
by varying the relative bias potentials. The axial
potential profiles for a fixed gas pressure, but different
relative bias voltages are shown in fig,., 3.11. Similar to
the observations in fig. 3.9, we observed a criticality
in the relative bias also. This can be clearly seen from‘

the uniform potential profile of B in fig. 3.11,

3.6 Discussion

3. 6.1 Spatial evolution of the eclectron energy distribution

From the results obtained, it was found that a

relative electron drift velocity Va-) 1,3 the’

sary to form a double layer, which corresponds to the

was neces-

necessary condition to form a double layer, and experimen-
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tally observed by Quén and Wong (1976), Coakley and
Hershkowitz (1979) and Torven (1979). The relative bias
injects an electron beam from the source into the target
chamber. The distribution function at the trough of the
potential is modified to a drifting distribution. A
plausible explanation for this could be that the beam is
slightly decelerated at the trough of the potential near
G2 and further via fluctuations of the ion acoustic
nature (Sekar et al. 1981, Kaw 1982), can redistribute
its energy to the low energy components. The resultant
drifting distribution leads to the formation of a double

lavyer.

The presence of the electron current, which is
maintained by a constant flow of electrons, creates the
potential minimum, where ions can get trapped. As the
potential rises, the electrons are accelerated, which
can be seen from the electron distribution function.

We do not provide a separate source of trapped electrons,
like the triple plasma device of Coakley and Hershkowitz
(1979). Hence the presence of low energy electrons are
due to the ionisation of neutral gas, and thermalisation
of the beam component. The hot electrons that travel
towards the double layer are reflected at the layer,

while those moving away are reflected at the end grid
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G3, thereby maintaining the necessary trapped population
of electrons at the'high potential region. 1Ions that are
accelerated from the high potential region get reflected
at the grid G2 and tocgether with the ions produced near
the grid G2, provide the necessary reflected particles at

the low potential side.

P

Ionisation of neutral gas was found to play a
crucial role in deciding the criticality of both neutral
pressures as well as relative bias voltages. At low
neutral pressures, there was a large potential minimum
formed near G2, as a result of the electrons from the
source. The potential then rose towards G3 and under
suitable conditions of bias voltages, transformed into a
double layer, As neutral gas bPressure was increased, it
led to a larger ionisation. These ions as well as the
ions, accelerated from the high potential side, reduced
the space charge of electrons at the potential minimum.
A further increase of pressure enhanced ionisation and
hence a further reduction in the potential drop. The
potential change in the entire chamber was about 1 to 2

volts,
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similar results Were'obserVed at large relative
bias voltages, even at low neutral pressyres; Above the
d¢ritical bias voltage, the beam-electraﬁs were energised
sufficiently; to ionise the neutral gas in the target
chamber. From these observations;‘the cruclial role of
{onisation of necutral gas as reported in the earlier
experiments (Leung et al 1980, Coakley and Hershkowitz(1979)
Mattoo et al. 1980, 1¢81), in the formation of double

layers 1s clearly observed.

3,6 .3 Comparison with the theoretical and computational

results

i S

The thermalisation distance of the accelerated
electron components, which is about 10 cms (SOﬁ\D) is
comparable to those observed by Quon and Wong (1976) .

From the theoretical calculations for beam plasma intérac~
tion, we obtained a thermalisation distance of 15 cms

(75 AD). This corroborates to our experimental observas=

tions which is of the same order of magnitude,

From the computer simulations of Joyce and
Hubbard (1978), it was observed that the spatial extent
1
of the double layer was Liz; = 6(@23¢/Te)/2, where

L is the distance measured in terms of Debye length.

dl
From the experimentally obscrved result of eZS¢/Te¢& 6,
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width of the double layer = 12 cms and Debye length =

0.2 cms, we get

S 1/n
Lgy =& 25 (%é_‘.@) &
Coakley and Hershkowitz (1979) obtained Lqy ™

12 (el_\d)/Te)l/z. The discrepancy in our experimental
results with respect to the computer simulations could
be due to various reasons, e.g., in the computer simulﬁ-—
tion, ionisation of neutrals etec,, are not considered.
Moreover, the double layers in the computer simulation,
were strong double layers, with eﬁd),/‘l‘e =% 50, whereas, in
our experiment, the double layers we had obtained, were

weak with el /T_% 6.



Chapter ' 4
STRONG POTENTIAL DOUBLE LAYERS IN A DOUBLE PLASMA MACHINE

In Chapter 3, we had dealt with the criticality of
some parameters like the neutral gas pressures and the
relative biaé potentials, wﬁich controlled the formation
of double layers. In Chapter 1, we Had discussed that
"double layers are current dependent phenomena, and the
amplitude of the pbtential drop, depends on the magnitude
of the current, in the system. Our further investigaul
tions have revéaled that the latter is true, rather than
the criticality of parameters like the ionisation poten-—
tial,.heutral density etc. In the following we présent

the results of our observations on strong double layers.
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4.1 Experimental Setup and diagrostics

The experiment was performed in a double plasma
machine modified in the biasing arrangements, gas feed and
pumping arrangements. The double plasma machine consists
of a source and a target plasma separated by two grids Gl
and G2, The schematic of the modified version of the

machine is shown in Fig. 4.1.

Plasma was produced only in the source chamber by
heating 20 tungsten filaments, 8 cms long, to thermionic
emission. These electrons were accelerated to about 40
to 60 volts, and a steady state discharge was maintained
by electron-neutral impact ionisation. The neutral gas
used was Argon, maintained at a fixed pressure in the
range of 6 X 10™° Torr to 3 x 10”% Torr. Though the
target region, did not contain a separate source of
filaments, plasma was mainﬁained in this chamber by the
high energy ionising electrons that drifted from the

source.,

In order to minimise the effect of additional
ionisation the pumping arrangement was shifted from the
source region to the target region. The gas was intro-

duced into the source region instead of the target
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chaﬁber. The combinéd effect was to lower the neutral
density iﬁ the target chamber. Another modification

was the biasing arrangement of the grids separating the
source and the target chambers. In the earlier confi-
guration (Chapter 3), wherein only weak double layers
were generated, grid Gl was biased positive with respect
to the source, and G2 was biased positive with respect
to the target. But in the modified version, both the
grids Gl and G2 were biased positive with respect to

the source.

These modifications enabled us to produce strong
double layers in this device., These results are presen-

ted further in this chapter.

The diagnostics in this experiment, mainly com-
prised of a hot emissive probe, a cold Langmuir probe and a
grid energy analyser. The hot emissive probe, consisted
of a tungsten filament sufficiently heated to emit a
copious amount of thermionic electrons. The floating
potential measured at maximum emission, yielded, the
plasma potential directly. A cold Langmuir probe,
mounted on the same shaft was deplqyed to measure plasma

temperature, density and electron distribution function.
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The advantage in this arrangement of mounting both the
probes on the same shaft, was that it made feasible the
measurement of both plasma potentials and electron dis-
tribution function, simultaneously at different spatial
points. The grid energy analyser was used to obtain the

ion temperature.

The pldsma parameters that were obtained, in the
target chamber with these diagnostics were density (Ne)&l
7 - \
3 x 10 cm 3, electron temperature (Té) > 2eV, ion tem-

perature (Ti) 2 0.2eV and the Debye length(/\lgzonz -4D,3 cm

4,2 Experimental Results

With the biasing arrangements as described above,
in a given range of blas voltage, and neutral gas pres-
sures, it was possible to obtain strong double layers
with elib/kTe‘> 10. In the following sections, we

describe the results obtained.

4.2,1 Axial plasma potential profiles at different

relative bias voltages

Maintaining a fixed pressure, and grid bias
voltages, we obtained the axial plasma potential profiles

in the target region at different relative bias voltages.,
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These results are shown ianig. 4.2. At 0 volts relative

~ bias, the plasma potential in the entire target chamber

is uniform, but as the bias voltage is raised to 20 volts,
a small amplitude potential drop appears. The potential
drop obtained in this case is about 2 volts, in distance
of 2 cms. At 30 volts, a larger amplitude potential drop
of about 24 volts, with e£3¢/Te ®/ 12 is obtained. The
spatial extent of this structure is about 14 cms. This
structure resembles a double layer with a constant
potential, both on the low potential and high potential

sides, and an almost monotenic rise in between the two,

Fig. 4.3 shows the potential profiles at relative
biases of 40~100 volts, With increase in the relative
bias voltages, the potentiél'drop across the double layer
also increases. The transition region is found to shift
towards the lower potential side i,e. towards grid G2.
Till about 40 volts, the potential minimum in the target
region is negative than the source potential, but above
60 volts, the potential minimum in the target region is
slightly above the source potential. The potential drops
obtained at these relative bias voltéges vary from 30 - 78

volts thus yielding emb/rre 2 15 - 39,
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Further increase iﬁ relative bias voltages,
yielded some interesting results, which are shown in
Fig. 4.4, The relative bias potentials were varied
between 200 - 300 volts. At 200 volts, the potential
structure almost resembles a sheath but at about 7 cms
from the grid, a knee is observed, beyond which the
potential rises monotonically, and possesses an uniform
potential on the high potential side. At 250 volt, the
knee like structure becomes sharper, with the potential
dip resembling a virtual cathode like structure, forming
on the low potential side, This structure persists even
at higher pofentials of about 350 volts. The potential
drops obtained at these potentials were about 80 to 96

volts, with ea.tb/Te'm 40 ~ 48,

Fig. 4.5 shows a plot of the variation of etS¢/Te
versus relative bias voltages, It initially exhibits a
linear increase, with a saturating trend at larger rela-

tive bias potentials.

4.2.2 Double layers at different G2 bias voltages and

neutral gas pressures

The potentials on Gl and G2 appear to play a

crucial role, in the formation and stability of double
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layers. The potential profiles at constant relative
bias (50 volts), and ncoutral pressures (8 x 10'5 Torr),

obtained by varying the G2 bias are shown in fig. 4.6.

At G2 bias voltages between 0.5 volts'to 10 volts,
a double layer with a potential drop of 30 volts is
_observed. This amplitude reduces at higher G2 biés
voltages and at about 30 volts, we could obtain a

potential drop of only 4 volts.

Fig. 4.7 shows the axial potential profiles at
different neutral pressures for a fixed relative and G2
bias voltages ( 50 volts and 1.0 volt respectively). The
maximum amplitude was obtained at a pressure of 6 x 10~°
Torr. As pressure is gradually increased, we observe the
potential drop to reduce from an initial value of 28
volts at 6 x 10-5 Torr, to a voltage drop of 8 volts at
2 x 107° Torr. One important observation is that in the
modified configuration we were able to generate strong
double layers, over a wider range of pressures for e.g.

from 6 x 10™° Torr to 2 x 1074 Torr, as compared to the

earlier experiments (Chapter 3).

4.2,3 Electron energy distribution

Fig. 4.8 shows a plot of the electron distribution
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Figure 4.8
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function £(E) for one typical case of the observed
double layer. These were obtained from the first dif-
ferential of the I~V characteristics_of the collecting
Langmuir probe. Since both the emissive probe and the
collecting probes are mounted on the same shaft, we
could obtain the distribution functions and the plasma

potentials simultaneously at all spatial points.

These measurements show an incoming electron
beam being slightly deceleraﬁed as it creates the nega-
tive potential depletion and subsequently accelerated
towards the high potential side. Theré is a large
electron component of the main plasma on the high poten-
tial side. The accelerated beam components are observed
to thermalise in a distance of about 8 - 10 cms on the

high potential side.

4,2,4 Electron and ion densitics

We monitored the electron and ion densities, in
terms of currents, picked up by a Langmuir probe biased
appropriately. These measurements were carried out both
in the absence as well as in the presence of the double

layer.
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Fig. 4.9 shows thebplot of plasma potential and
the electron and ion densitieé in the target region in
the absénce of a double layer. The plasma potential
initially drops by a few volts neér the grid G2 and beyond
2 cms away from the grid, it is uniform, throughout

the target region.

The spatial profile of the electron current
exhibits an initial increase near the grid but the
currents falls off quite sharply beyond 2 cms away from
G2. The ion current also shows a similar trend near the
grid, but remains almost uniform throughout the target

section.

As the relative bias was further increased, a
depletion in ion current was observed in the spatial
profile and at this instant a small potential drop was
also observed., Further increase in relative bias led to
a larger potential drop of about 10 volts with cZ§¢/Te
.5 as shown in fig. 4.10. At this instant, there
appeared a well defined depletion in both electron
current and ion current. The depletion in ion current
occurs on the low potential side exhibiting an excess of

electrons whereas the electron current depletion occurs
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on the high potential side. This charge separation
leading to a potential difference, is a clear indication

of the presence of a double layer.

Fig. 4.11 shows the density profile for a strong
double layer with a potential drop of 21 volts and
eé>®/Te:} 10. It is clearly seen that the depletion in
density of ions on the low potential side and depletion
of electrons on the high potential side, leads to a
spatial charge separation and hence a potential drop,

across them.

4.3.5 Ion-—acoustic fluctuations

From the above observations, it is clear that the
double layers could be obtained only above a threshold
of the relative bias voltage. Below the threshold
voltage, low frequency fluctuations were excited through-
out the chamber. To determine the physical processes, we
monitored the density fluctuations at about 8 cms away
from the grid G2. The monitoring was carried out by a
collecting Langmuir probe biased to collect electron
saturation curren%s. The results of the fluctuations
ocbtained at differént relative bias voltages are shown

in Fig. 4.12,
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At about 15 volts, we observed some low level
fluctuations, which gréw in amplitude at about 25vvolts.
The frequency of these oscillations was about 12 kH,.

At 30 volts the frequency increases from 12 kHZ to 25
kHZ and at higher relative piases the amplitude again
reduces, before attaining a very low level, at a bias
of about 42.5 volts. At this juncture, a gsteady state
double layer is observed in the target region. The
threshold bilas voltage for these fluctuations to appear,

reduces at higher neutral gas pressures.

4,2,6 3 - dimensional Double layers :

Fig. 4.13 shows the 3_dimensional potential
structures in a typical case of a double layer. The
potentials were obtained by.rotating the emissive probe,
through an arc, which intersects the axis of the device.
The maximum amplitude along the axis is about 16 volts

with e &p/T 2 18.

The plasma potentials are more negative away
from the axis. A representation of the equipotehtial
contours for the date shown in fig. 4.13 is presented

in fig. 4.14.
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4.3 Discussions

4.3.1 Dependence of strength of double layers on

electron_currents

We have shown from the above mentioned results,
that it is possible to form strong double layers in a
double plasma machine. We have been able to generate
double layers over a range of 10 - 100 volts which
implies weak double layers with e43¢/Teq$ 5 to strong
double layers with eéBQ/Teta 50. From these observa
tions, it is clear that electron temperature or ionisation
potential do not constrain the amplitude of the double
layers. Quon and Wong (1976), were able to observe only
weak double layers in theif double/plasma machine.
Leung et al, later modified their machine into a triple
plasma machine and operated it in the double plasma mode.
The maximum amplitude of the double layer they could
obtain was about 14 volts corresponding to the ionisa-
tion potential of Argon; with electron temperature of
2eV, this gave a ratio e¢/kTe¢5 7. Their attempt to
produce potential double layers of larger amplitudes,
was not successful, for the larger amplitude potential
drops were rendered unstable. Hence they concluded that

strong double layers are those, whose potential drop is
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‘0of the order of the ionisétion potential and not large
compared to kT_. Coakley and Hershkowitz (1979) were
unable to produce stable strong double layers e@/kTe>‘@
in their double plasma machine. They hence resor#ed to
a triple plasma mchine using specially designed sources
to supply free and trapped particle population on either
side of the target region in which double layer was
formed., By using surface magnets the‘bulk plasma
electron temperature was reduced to 1 eV. 1In the triple
machine also, the maximum amplitude obtained for stable
layers was limitted to a value of 18 volts, with ea /T
7~ 18, Though at times they were able to obtain double
layers of amplitudes of 22 volts, these were found

to be unstable or irreproducible.

Sato et al. (1981) observed in their Q machines
ultrastrong double layersvof amplitudes of about 100 -
200 volts. $Since the electron temperatures in their
machine was 0.1 ev, they were able to generate double
layers with eaﬁ@/Te?&(l—Z) x 103. Baker et al, (1981)
were also able to obtain strong double layers with ed §/
Teﬁx 50. Since the plasma was produced in fheir system

by a Kaufman source, the electron temperatures were

about 0.3 eV. Hence they were able to obtain strong
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_double layers with e£5$/Te > 10, though the potential

drops were only about 15 volts.

Some of the experimental results mentioned above
may lead one to conclude that the strength of the double
layer depends on the electron temperature. The lower the
electron temperature, the stronger would be the double
layer. But this would be true if double layers. were
purely resistive in character, where Spitzer's resis-
tivity (Resistivitytu:l/Ti/z) would hold good. But
double layers, unlike anomalous resistivity do not obey

the general Ohm's law

—
~§ = rL~J (4.1)

and hence no direct relation exists between the currents

and voltages (Falthammar, 1978).

According to Block's theory (1972), double layers
are current dependent phenomena, and hence larger currents
should lead to.stronger double layers., This was observed
in the experiment carried out by Tbrvé% (1981),
where very strong double layers were obtained. For this
purpose a triple plasma source was used., The magnetized

plasma column was maintained in the central chamber by
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two'plasma sources, one at'each end of the chamber. The
high voltage drops were obtained when the background
pressure in the chambef wag kept sb small that ionisa-
tion by eiectron impacts'in that region contributed
negligibly to the plasma density. The neutral gas that
was used in +his experiment was Argon. The observed
potential drops were of the order of 1000 volts with

et §/T 2 500 since T, 7 26V

stenzel et al. (1981) obtained strong stable
iayers whén an ion beam was injected along converging
magnetic field lines. The observed potential drops
were about 50 volts, with ed (D/Teé 25. The electron
temperature in this experiment was apout 2 ev. One
interesting aspect of these results, was that though
the experiment was performed in a discharge type of
plasma, they were not limited by ionisation potentials

of the neutral gas.

our experimental result indicate +hat it is
possible to generate strongd double layers by injecting
larger currents into the target plasma, by increasing
the relative bias potentials. This very well agrees

with Block's theory (1972), that larger currents should
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\lead to larger potential arops. Another important point
to note is that potential drops observed by us were not
limited in amplitude to the ionisation potentials, con-
trary to the observations of Coakley and Hershkowitz

and Leung et al, (1981).

One of the main reasons for our being able to
obtain strong double layers in the modified configura.-
tion is that, we were able to extract a larger current
into the target region. In the earlier configuration
(Chapter 3), wherein only weak double layers were
possible, the biasing arrangements, were similar to
those of Quon and Wong (1976), Coakley and Hershkowitz
(1976) and Leung et al. (1979). 7o verify this fact we
monitored the electron current close grid G2, with a
Langmuir probe in the two different configurations. We
term the configuration wherein only weak double layers
were obtained (Chapter 3) as configuration I and the
modified configuration explained in this chapter as

configuration II.

The beam current was monitored at different
relative bias voltages. This is shown in fig. 4.15. I
indicates the electron current profile in configuration

I and II indicates the current profile in configuration IT,
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It is very.explicitly‘observed that, in configura-
tion I, the current initially increases, but further
increase in bias voltages reduces the current. It was
found that we were able to obtain weak double layers,
only in the region where the current showed a trend to
increase., Beyond the current cut off, the entire plasma
potential was rendered uniform, and no double layer was

present.

In case of configuration II, we observed that the
current increased with relative bias voltages though it
shows a saturating trend at very large potentials. Hence
we were able to obtain double layers over a wide regime,
ranging from e¢:¢/Te:;l ~50. This experimental result
corroborates the theory that double layers with larger
potential drops are generated at larger currents. An
interesting obsérvation in our experiments., is the forma-
tion of the knee like structure in the potential profile,
This type of potential profiles has been mostly observed
in numerical studies of heat transfer in laser-pellet
problems (Yabe et al. 1981). The potentials could result
from the presence of large electron beam current at the
low potential side. In our experiment we observe these

structures at high relative bilas potentials, whence we
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could be dfawing large elecﬁron currents from the source,
The sheath like structure could. be an additional potential
barrier at the low potential side, that may be necessary
in limiting the low potential side electron current and/
or provide ion trapping. The experiments of Chen and
Hershkowitz (1983) have also revealed such potentiai

barriers on the low potential ‘side.

4,3.2 Relation between the applied voltage and double

layer potentials (EMPIRICAL)

From Langmuir's (1929) condition for the double
layer; between the electron current (ie) the width of the
double layer d and the double layer potential (¢dl)' we
have obtained an approximate relation between the applied
voltage and the double layer potential, for comparison with

our experimental results.

The Langmuir's condition as defined by Carlquist

(1982) for a double layer is expressed by eqn.(4.2)

. 2 ﬁ‘Vi 39
ie| d” =k {2 e 0.2

where k 1s a constant.

We can write
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iy = € R Uy 4.3

where Uz is the electron drift velocity, and n is the

density of the current carrying electrons.

The drift velocity is expressed in terms of the

applied potential as

Uci - <q_€cﬁ\/m.€)‘/l 4.4

where ¢A is the applied potential bias. Substituting

eqn. 4.4 in egn. 4.3 we get

Ly T BN C““fme) ‘F #e

This relation for current, when substituted on the LHS

of egn. 4.2, yields
A Yo 3/2

n (12/‘1“43) @)d = -‘_”D.\ ( e a) qéﬁ g 4.6

Further simplification yields
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Since approximately we find O (en)ty O (K)» 1

‘k@arlquist 1982) we obtain 3/
~“/2.

PR~ )

A

Hence . ¢ %C%—\dq,)z/a e

We have herewith obtained an approximate relation
between the observed double layer potential (¢dl), width

of the double layer (d) and the applied potential drop
(@A).

From the experimental values of d and applied
voltage @A, we obtained a plot of ¢dl versus @A, which
is shown in fig. 4.16., This shows a saturating trend at
large relative bias voltages, with an initial linear
increase. This plot very closely resembles the behaviour
of the profile of the double layer potential obtained
from the experimental observations with respect to the
applied potential, shown in fig. 4.5. Similar trends
in the potentials were obtained by Stenzel et al. (1982),
wherein they had also obtained a saturating trend in
potential at larger relative beam voltages, after an

initial linear increase at lower applied voltages.
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4.3,3 Double laver thickness and strength of double

layers (Comparison with computer experiments)

Ffom the plot of fig. 4.5 we find that in our
experimental results the thickness of the double layer
initially increases in accordance with the ideal theory
(Carlquist 1972), but later reduces, with the formation
of the knee like structure, to increase again to a
saturation value. This phenomenon of initial reduétion
and again increasing in thickness has also been observed
by other experimenters (Coakley and Hershkowitz, 1979;

Sato et al. 1981; Stenzel et al. 1981),

Computer simulations of Joyce and Hubbard (1978)
on double layers, have shown that the shock thickness
(Ldl = L/XD> measured in terms of Debye length can be
related to the diménsionless shock amplitudes as

/
Lozl 6(ead/T)" as

From his computer experiments, Singh (1980) obtained a

general relation between the two to be

L, =¥ (eeP/r

where f is termed as the normalised width. From

4,10

/a
)
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Table 4.1, we find that the width of the double layer
increases from about'15dixr)tb 54'XD and settles down

to a constant value of 51.1‘&D, as the potential drop
iﬁcreases. This is also shown in fig, 4.5. From the
experimental observations, we calculated the value of Y,
which yields an average value of 12, for eA@/Te<< 20.
This is similar to the observations of Coakley and
Hershkowitz (1979), where they have obtained a value of
12 at eA¢/Tgx 14, At'eﬁ¢/Tegb 50, our value of ¥ reduces
to about 6.5. This is in very good agreement with the
computer simulations of Joyce and Hubbard (1978). The
width of the double layer in their computer simulation at
eA@/TeQ$50, was about 4O'AD’ whereas our experimental

results reveal a double layer thickness of 4050 XD'

Torven (1979) 'in order to compare the various
results of different experiments has, defined r*; a measure

of the space charge strength within the layer as

Yy
M :.( )‘I/L) (f = ¢>/T~€) 4.11

Till about eA¢/Te g 20, the value of] obtained
from our experimental observations is o 0.08. At eﬁ@/Te

240 ~ 50, we obtain a value of [ = 0.17. The computer
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results of Joyce and Hubbérd (1978) have also yielded a
value of | = 0,17, atjeA¢/Te¢d 50 as calculated by

Torven (1979).

From the comparisons, we find that our results are

in good agreement with the computer simulations.

4.3.4 Role of neutral gas pressures and G2 bias voltages

The neutral gas pressure has been observed‘to play
a crucial role in the formation of double layers (Chapter
3). Similar resuits were also observed by different
experimenters (Coakley and Hershkowitz 1979 s Leung et al.

1980; Stenzel et al, 1981),.

Strong double layers werc observed in most of the
experiments only at low pressures for eg. 6 X lO"5 to
1 x 10™% Torr. Beyond about 2 x 10”7 Torr, the double
layers, tended to bécome unstable, and the entire plasma
potential was rendered uniform. From the results of fig.
4.7 we find that it is true also in our experiments on

strong double layers. One physical possible explanation,

for this reduction in amplitude could be as follows:

After a double layer is formed, addition of

neutral gas increases ionisation. The additional ions
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formed, together with those, that are accelerated from
the high potential region, redﬁce the excess negative
space charge required on the low potential side. Since
the electrons injected from the source region creates

the negative potential well on the low potential side,
the additional ions neutralise the space charge of the
excess electrons. This leads to a reduction of the depth
of the potential well. Beyond a certain value of
pressure, the electron density on the low potential side
is no more greater than the ion density. At this instant,
the entire plasma potential in the target chamber becomes

uniform.

Coakley and Hershkowitz (1979) were able to shift
the position of the double layer in the target region by
varying the G2 bias, when it was biased positive with
respect to the source. 1In our present configuration, we
were unable to shift the double layer position to the
same extent as that of Coakley and Hershkowitz (1979),
This is probably due to the presence of an additional

source on the high potential side, in their experiment.

At low pressures Coakley and Hershkowitz (1974)

were able to obtain larger potential drops with the grid



- 148 -

G2 biased positive with respect to the target, but the
strength of the double layer was observed to reduce,
since the electron temperatures increased at very low

pressures,

In our experimental observation, we find that the
amplitude of the double layer reduces with increase in
G2 bias., This could be due to reduction in electron
current flowing into the target region at positive G2
bias voltages. Hence we monitored the grid current with
G2 bias, and observed that a large current flows in the
grid G2, at larger G2 bias voltages. This leads to a
cut off in the electron current flowing in the target
region. Hence based on the observation presented in 4.3,
we can deduce that the magnitude of the electron current
in the target region decreases wilth G2 bias and hence
lowers the amplitude of the potential drop in the double

layer.

43,5 Stability of the double layers

The experimental results showed that the strong
double layers in our experiments were very stable in
contrast to those Of Coakley and Hershkowitz (1979) and

Leung et al. (1980), wherein the double layers were
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rendered unstable beyond e@¢/Te;> 18,

As shown in fig. 4.12, Qe obtained low frequency
fluctuations at a threshold relative bias voltage of 20
volts, which increased both in ampiitude and freguency at
a relative bias of about 40 volts. These ion acoustic
fluctuations are probably created by the beam current

when V_, (electron drift velocity) approached Vine (elec-

d

tron thermal velocity), These fluctuations can in turn
scatter particles from localised regions, leading to a
depression in particle density. These fluctuations are
not present once the double layer is formed. Hence we
find that there exists an ion acoustic type of instabi-
lity, before the formation of the double layer, but after
the formation, these instaobilities are absent. Since the
amplitude of these fluctuations is also very small com-
pared to the total d.c. potential drop, they may not

play a significant role in disrupting the double layer.

The 3~ dimensional double layers preseﬁted in
fig. 4.14, very closely resemble the U shaped double
layers observed in the space expefiments along the
magnetic field lines, and also theoretically predicted

by Block (1972). Similar observations were reported by
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Baker et al. (1981) in an unmagnetized plasma. As
Observed in their results we have also obtained plasma
potentials positive with respect to the walls, to reduce

the electron losses,

Hence we have obtained stable 3~dimensional

double layers in the present modifications.

4,4 Circuit analysis of the two configurations I & IT

To justify our conclusion, that a " layer current
flows in the configuration II, than in configuration I,
and also verify our experimental observations, we have
carried out an approximate circuit analysis of the  two

configurations.

Fig. 4.17 shows the two configurations I and IZI,
along with the directions of the independent currents,
flowing in the system., Denoting the currents flowing in

the different loops by the following

I

3Gl = current flowing between the source and
grid G1

IG2 - = Current flowing in the grid G2

IT = Current flowing in the target region

I

S~T = current: in the entire target region
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we find, by anelysing the circuit that the current

flowing in the target section in configuration I is

I = T - I 4,12

T &-T. G2

Hence, we find that the current flowing in the target

region is reduced by I - from the total current.

G2’

Now, considering the configuration II, we find
that the total current flowing in the cource-target

region turns out to be
I = T | 4.13

This shows that there is no reduction in the
current, which flows into the target region. This is

quite in agreement with the observation.

In configuration I, we find that IT decreases,

with increase in V, due to increase in the current

S-7’
flowing in G2. This was verified by monitoring the grid
G2 current with respect to the VS—T potential. The

same effect was not observed in case of configuration II,

wherein the grid G2 current, practically remained constant

throughout, the increase in VéuT potential.
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Hence, we have proved tﬁat there ir a largercurrent

flow in configuration II, which in turn aids in obtain-
ing strong double layers compared to configuration I.
This model quite well égrees with the experimental obser-—
vation for the currents in the tafget section for thé

two different configurations, shown in fig. 4.15. Aé a
result, it also helps us in concluding, that the
magnitude of the double layer amplitude, depends on the
current flowing in the system, and not on the ionisation

potential or the electron temperatures.

4.5 Comparison of the results with other previous

experiments

In this section we present the comparison of our
results of configuration IT with configuration I, and
also other experiments on strong double layers. Table
4.2 contains the comparison of éonfiguration I and II,
Table 4,3 presents the comparison of the results of
Coakley and Hershkowitz (1979), and Leung et al. (1980)
with those of ours in a multiple plasma device, Table
4.4 presents a comparison of the results of different
experiments on strong double layers in different

devices.
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4.6 Physical model for strong and weak double layers

observed in our device

4,6,1 Strong Double Layers

From the circuit model explained in 4.9, we can
deduce that in configuration II, strong double layers can
be generated by drawing large currents into the target
plasma. These current carrying electrons create a deep
potential well, by providing the excess negative space
charge. As it is a steady state, there is a constant
influx of electrons, which provide these negative space
charges. As we incréase VS_T bias, the density of the
excess electrons increases, and hence the dip in the
potential well increases. As described in section 4.2.1,
we have three different types of potential profiles after
the formation of the double layer. These are illustrated
in fig. 4.18 a,b and c. Fig. 4.18 a corresponds to the
case where the potential minimum in the target chamber
is below the source potential., Fig. 4.18 b corresponds
to the case where the potential minimum in the target
chamber is above the source potential. Fig. 4.18 é coxr-
responds to the case where a knee like structure appedrs
in the potential profiles. ©Since the Grid G2 potential

in this configuration was always 1 volt less than source
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potentiél the electrons entering the target chamber are
initially decelerated, very close to the grid G2, where
they create a negative potentiai well by lowering the
plasma potential, before the potential rises monotoni-

cally, to form a double layer.

Taking into account the initial deceleration, the
free electron density obtained from the steady state

equations of motion for electrons is

Ny = Nooxe[d 8]

bs is the source plasma potential, bM is the potential

minimum near grid G2. Both ¢)q and Q)M( 0.

Froh the above equation, we find that, the density of
the free electrons increases with larger values of ¢S
This equation holds good atleast till Vg m bias = 40
volts, whence the target plasma potential minimum is

more negative than the source potential as shown in fig.
4,18 a., Fig. 4.18 b corresponds to the second case,
where the plasma potential minimum is slightly positive
compared to the source electron density, we still have

a double layer, maintained by the free electrons that

are accelerated from the source. by the negati%e relative

bias.,
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This situation holds good even at higher relétive
pias voitages, put as seen in fig. 4.18 <, when a poten-
tial of about 200 volts was applied, a knee like struc-
rure is observed in the potential profile. But in this
case an ion sheath like structure commencing at G2 is
present, with a large potential drop across it, This
sheath like structure, aids in two ways to provide excess
negative space charge on the 1ow potential side. First.
of all it provides an accelerating structure for the
electrons near 2 and also reflects electrons from
reaching the grid G2, thch would otherwise constitute
to an additional grid G2 current. These two electron
components apparently give rise to the knee like struc-
ture. This sheath liké structure is even more promi-
nent at higher relativg bias potentials of about 300
volts. At this instant a clear negative potential dip
is observed, after the initial transition from the grid
and beyond the potential dip, a double layer profile is
evident as seen from fig. 4.18 c. This entire profile
is almost similar to the multiple double layer structure

observed by Chan and Hershkowitz (1983).

The presence of ions on the low potential side

can be accounted for by two processes. Since the G2



~ 163 «

potential, was alwyas one volt negative with respect to

the V voltage, this could give rise to the prominent

S~T
ion sheath around G2 at large negative ﬁbﬁehéialsd This
could be formed from the ions accelerated from the high
potential regions as well as ions entering the target
from the source. As a result of this sheath, the
electrons decelerated at the grid G2, would again
experience an equal acceleration, and thus lead to a
localisation of the excegs negative charges beyond the
sheath. This could give rise to the negative potential

dip observed in the potential profiles, followed by the

double layer transition.

Hence, we have obtained a density relation which
could lead to strong double layers, as long as d)M< ()S.
At ¢M ).¢S, the formation of an ion sheath like struc-
ture near G2, enables the formation of a negative
potential well, on the low potential side, by providing
the necessary electron space charge, required to sustain
this structure,  This could also resemble a multiple
double layer as proposed by Block (1972) and. observéd
in case of weak double layers by Chan and Hershkowitsz

(1983).
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4,6.2 Weak Double Layers

Tn the case of weak double layers, we found from
the circuit model for configuration I, that the current
and hence the well near grid G2, reduce with VS*Tbias,
Leung et al. modelled their observed double layers on
the basis of a triode and obtained, a relation for the

free electron density to .be

Ney ::/qJ“EeXP..C«g_géMﬂ 4,15

from the Boltzman relation. Where ¢S is the source
potential and ¢M is the potential minimum near G2 in
the target region. From this it can be seen that if
the potential drop is high, (¢S - ¢M) is large and the -
number of free electrons in the low potential region
will be small. This perhaps could lead to weak double

layers.

Eqn. 4.15 derived Leung et al. (1980), may hold
good in our experiment also, on weak double layers
(Chapter 3), wherein it was observed that the free

electron density reduces beyond a certain value of VéuT'

The above phenomena could be due to the following

process:



- 165 -

From Fig. 4.19 it is evident that grid G2 in
configuration I is always held at zero potential.
Increasing VS-T bias lowers ¢S and hence the difference
between (¢GZ - @S) increases. As a result almost the
entire potential drop OCCuUrs between Gl and G2. Until
the difference is below the ionisationlpotential,
electrons can be accelerated across the grids. and
presence of the beam component can give rise to a double
layer of a small amplitude. But once the difference
exceeds the ionisation potential, it must be producing
a large ionisation in the region betﬁeen the grid
assembly as well in the target region close to grid G2.
This apparently increases grid current in G2, and. there-
by reduces excess electron space charge on the low
potential side. The experimental observation of increase
in G2 current confirms this process. The presence of an
accelerated elecfron beam component (Chapter 3) in the
distribution function, near G2 agrees well with aur
explanation that, below the ionisation potential,
electrons could be accelerated across Gl and G2, which
provides'the necessary negative space charge required

on the low potential side, to form a double layer.
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.AS a consequencé of the depletion of excess
negative space charge, near G2, the double layers
obtained.in configuration I are always weak double lavers,
with a'potential drop, of the order of or less than the

ionisation potential.

We have thus shown, that by‘modifying the bias
configurations, it is possible to generate strong double
layers with et@/Tej} 10. We have also shown, that
irrespective of the device, it is possible to obtain
strong double layers without being limited by the
ionisation potential or electron temperature. The
strength of the double layer has been found to depend on
the currents involved. Through the circuit model, we
have been able to establish the fact, that a larger
current, and hence formation of strong double layers is
possible with thé‘modifications incorporated by us. The
relation we have derived, between applied voltage and the
double layer potential agrees quite well for the experi-~
mental observations. We have also presented a physical
model which quite well explains the observations. An
intercomparison has been made between the different
experiments, and found that it is possible to obtain
strong double layers, where ionisation potential should

not be the limiting amplitude of the double layer.



Chapter 5

PROPAGATION OF NONLINEAR ION ACOUSTIC PULSE IN A HOMO-
GENEOUS PLASMA, AND THE EVOLUTION OF AN ION ACOUSTIC

DOUBLE LAYER, FROM AN ION ACOUSTIC RAREFACTION INSTABILITY

Non-linear ion acoustic waves in plasmas have been
the subject of intense study, for a considerable period
of time. Weakly non-linear ion acoustic waves are descri-
bed in terms of Korteweg~de-~Vries equation (KdV) which
poséesses interesting stability properties in terms of
having infinite number of constants of motion. In the
past only compressive ion acoustic pulses have been
studied in depth due to their interesting characteristics

arising out of the balance of nonlinearity and dispersion,
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giving rise to coherent solitary structures.

Such a balance of nonlinearity and dispersion is
not possible for the case of the rarefactive ion acoustic
pulse and as such the rarefactive pulse does not evolve
into a solitary wave. Instead it suffers decay into a
wavetrain. The rarefactive ion acoustic wave has, there-
fore not been paid much attention both in theoretical as
well as in experimental works. Interesting behaviours in
the propagation of rarefactive waves might, however arise
due to the fact that negative potentials associated with
these waves might a) trap a part of ion population and
b) reflect low energy electrons. Recently some theories
have been suggested that nonlineaf steepening of a wave
can arise due to trapping of particles(Kono and Mulser,1983)
Such wave particle interactions might lead to effects

which have not been properly understood.

Numerical simulations (Sato and Okuda 1980, 1981;
Okuda and Ashour-Abadalla 1982; Smith 1982) and theore-
tical models (Hasegawa and Sato 1982 Schamel 1982;
Hudson et al. 1983; Lotko 1982) present a scenario in

which the ion acoustic double layers evolve from a
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rarefactive negative potential in a current carrying
plasma., Experimental evidence is however lacking, though
recently there have been evidences of such structures

observed in satellite measurements,

In view of the above, we have carried out experi-
ments on the propagation of nonlinear ion-acoustic rare-
factive pulse in homogeneous, current free, as well as

current carrying plasma.

In this chapter, we first describe our results on
the propagation of a rarefactive ion acoustic wave in a
homogeneous plasma and then the evolutionvof a double
layer from an ion acoustic rarefaction in the presence of

an electron beam/current in the plasma.

5.1 Evolution of a rarefactive ion acoustic wave in a

homogeneous plasma

5.1.1 Experimental setup and diagnostics

The experiment was performed in a large volume
plasma devices 125 cms long and 50 cms diameter, as shown
in fig. 5.1. The entire plasma chamber was evacuated to
a base pressure (:10—5 Torr. Tungsten filaments each
about 8 cms long, were uniformly distributed throughout

the device. The filaments were heated to thermionic
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emission and the emitted electrons were accelerated to
maintain a steady state discharge, by electron-neutral
impact ionisation of argon neutrals. The working pressure

, . -4
was maintained at about 10 Torr.

A cold Langmuir probe was deployed for the measure-
ment of density and temperature. It was also used to
monitor the density perturbations, by biasing it to col-
lect electron saturation current. The plasma in fhe
system was uhiform over the chamber dimensions. The
plasma parameters were Ne ~ 2 x 108 cm-3, Te:tslev, Tizg
Te/ZO. The ion acoustic speed measured through a low

5

amplitude ion acoustic wave propagation was %z 1.66 x 10

cm/sec,

A grid of 20 cms diameter was immersed in the
plasma and biased negative with respect to the plasma
potential. In addition a negative stepipotential was
applied to launch a rarefactive pulse. These pertdrbam
tions were detected by the Langmuir probe and recorded on
a storage oscilloscope, triggered in synchronization with

the applied potential.

5.1,2 Experimental Results

The waves were launched into the plasma, by pulsing
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the negatively biased grid with both positive (compressive)
pulses and negative (rarefactive) pulses. The density
perturbations monitored by the éollecting Langmuilr probe
are shown in fig. 5.2. The compressive pulse evolved into
well known solitons as displayed in fig. 5.2a, exhibiting
the characteristic relationship between amplitude, width

and speed.

For the case of a negative pulse, no rarefactive
soliton was observed close to the grid, but outside the
sheath, the negative pulse was observed to be a symmétric
single pulse. Fig. 5.2b shows such a pulse of initial
amplitude < 0,5%. These pulses were observed to broaden
as they move away from the launching grid, with a speed
less than, but close ion acoustic velocity. At farther
distances, these low amplitude pulses were linearly

Landau damped.

Fig. 5.3 shows the density perturbation of initial
amplitude R%3.6% as a function of time at different axial
positions from the launching grid. The rarefactive pulse
starts out as a symmetric negative pulse, together with a
wavetrain, consisting of a prominent compressive pulse
at the rising end of the rarefactive pulse. Further

propagation leads to (1) broadening of the trough and



Stiran

[
=)
-
-
oo
[
5
:
3]

SRR OV U U NUURNS UURRE SV SRS SN NOVHOS NUOUS WO

TimMe

(22 Sec/DIV)-

T

TIME OF FLIGHT

Typical

Hlving @




o

W Ww . o o

T e s

Y

~
/
A
S
",

-

.
",

.\%

e,
i
f—

3 "
. D
R e O I L R i B s S -~ o~ vy
a - - o (o S e O e = D = - O e D -
{ RSV

B




- 176 -

(i1) stéepenlng of the rising part of the density ahd
generation of the wavetrain 2t the trailing edqe The
broadened trough next fissions near the minimum, resulting
in the generation of two minima separated by & local

maximum.

After this fisgssioning oOr breaking, the two troughs
travel at different speeds and move away from each other.
The wavetrain at the trailing edge also separates along
with the newly created trough. The process of broadening
of the trough and steepening at the trailing edge (near
the rising part of the density) continues for both the

trouchs, as they propagate further, after the fissioning.

gimilar results were observed for an initial
amplitude of 4.5%, which is shown in fig. 5.4. For pulses
of initial amplitudes > 5%, the fissioning process, is
observed to occur more than once. where each of the
troughs undergoes this process, as the perturbation
propagates further. A typical example is shown in . fig.
5.5 for a pulse of initial amplitude of ~10%. Ultimately
the entire population preaks up into a small amplitude

wavetrain which damps out as it propagates in the plasma.

In fig. 5.6, we have plotted the time of flight‘
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of the pulse minimum,vfor the different amplitudes of 2%
to 4.5%. The path followed byvthe newly created trough
after fissioning is shown by the dashed line. The side
line in each plot represents, the path which the

trough would have followed, if it travelled with ion
acoustic velocity. An examination of the plot reveals the

following.

(i) The rarefaction pulse travels with a speed
1é CS initially, and this speed depends upon the initial
amplitude of the pulse. The speed decreases with increase

in amplitude.

(ii) After fissioning, the first trough acquires
a supersonic speed ;>CS (branch I) while the newly created
trough and the wavetrain, which separated along with the
newly created trough, travel at a subsonic speed <{Cs,

(branch 2) as seen in fig., 5.6.

(1ii) TFor pulses of initial amplitudes between 2%
and 4.5%, the speeds of the two troughs, created through
the fissioning of the original pulse are 1,2 CS and 0.8 Cs'

0.2 C_. in the speeds of

Hence, there is a separation of o+ S

fast and slow troughs, from the ion acoustic velocity.
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(iV) As seen in fig. 5.5, tﬁe distance to which
the rarefaction pulse propagates before fissioning reduces
as the initial amplitude of the pulse increases. This is
illustrated in fig. 5.7, which gives the time of £light

versus position for rarefactive pulses of larger initial

amplitudes. Moreover. the sepafation“ofMO72»e§~inv%hew
velocities ﬁrom Cyo is also not obtained in this case.

Tn one of the typical cases, the faster trough propagates
at a speed of 1.12 C_, whereas the slower trough propa-
gates at a speed of 0.6 C_. Hence it is observed that
one of the troughs acquire a supersonic speed, while the
other propagates at a subsonic speed. It is further ob-=
served, that the rarefactive wave with supersonic

speeds survives for longer distances, while those

travelling at lesser velocities damp.

Fig. 5.8 shows the variation of the amplitude of
the rarefactive pulses as they propagate in the plasma.
The amplitude of the newly created trough, after the
fissioning is indicated by the dashed line, on each

curve. It is seen that

(i) The attenuation of the pulse amplitude is
not characterised by a single attenuation length, for

the pulses of different amplitudes.
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(ii) The slower trough generated after the

fissioning attenuates faster, and

(1ii) TFor pulses of larger amplitudes, the
slower trough grows in amplitude over a certain length

before attenuation sets in.

5.1.3 Discussion

The results of the experiment show that the rate-
faction wave in a homogeneous plasma does not evolve
into a double layer. Instead we observe that the low
amplitude waveééO.S% are found to be Landau démped,
whereas the rarefactive waves of larger amplitudes preéent
some new features, like the fissioning of the original
wave trough into two, following the nonlinear steepening,
and the observation of the difference in the velocities of

the two minima.

Okutsu and Nakamura (1979) carried out a numerical
and experimental study of the temporal development of
weakly nonlinear, broad ion-acoustic pulses. They were
mainly interested in the experimental observation of the
train of ion acoustic compressive peaks that evolved from
three kinds of initial perturbations, pure compressive,

pure rarefactive and one-cycle sinusoidal pulse in which
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the rarefactive leading part is followed by a compressive

part.

Theilr experiment was performed in a large volume

plasma machine, and the waves were launched by grids,

immersed in the plasma. In case of the compressional
initial pulse, the leading edge was found to steepen and
then develop into a train of compressive peaks. These

peaks moved at speeds faster than ion acoustic velocity.

Similar train of compressive peaks were also
generated by introducing a rarefactive part in front of
the compressive part. But in this case the velocity of
the peaks was not faster than ion-acoustic velocity. It
was observed that these peaks did not evolve into solitons
as in the previous case. The spatial plots exhibited a
broadening at the minimum and a new rarefaction was

observed, but this was not reproducible.

Thelr numerical solution of the KAV equation with
an initial one cycle sinusoidal perturbation consisting
of a compressive and a rarefactive part and also a pure
rarefactive wave did not exhibit the fdrmation of the new

rarefaction wave at the minimum of the perturbation.

Though the observation of the second rarefaction
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in their experiment is similar to those of ours, they do
not attribute it 'fissioning' and moreover they have not

been able to reproduce the results.

Apart from these there are quite a few essential

differences between thée Ttwo experiments.

The main difference between the observations of
Okutsu and Nakamura (1979) and ours is in the éhape and
the width of the initial perturbation. While in the
former case, the initial perturbation is close to a single
sinusoidal pulse of widths 100 XD’ the initial pertur-
bation in our experiment, is better approximated by Sechz
(g/}%, with a typical width o 10 AD' The rarefactive
pulse in the present case, thus contains higher k-numbers
and hence subjected to larger dispersive effects than
broader pulse in the experiments of Okutsu and Nakamura
(1979). It thus appears that the steepening of these
narrow pulses at the trailing edge results in the genera-
tion of higher k-numbers, and higher order dispersive
terms . neglected in deriving the KAV equation, may start
becoming important. Further, as the potential associated
with the density depletion is an attractive potential for
ions,‘the ion distribution function taking into account

the finite temperature effects, may be getting modified
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within the wave. This could lead to trapping of ions

in the wave troughs and hence lead to the observed

results.
5.2 Numerical solution of the KdV (Korteweg-de-Vries)
Equation

Since the weakly nonlinear ion acoustic waves are
described by the KdV equation, we carried out a numerical
solution of the KdV equation, as an initial value problem,

to verify the experimental observations.

The KAV equation in a frame moving with the ion

acoustic velocity C_, is given as
P

& L.

O ct,/'_m + 1D¢/>C + 5] @/agia Ee (5.1)

where ¢ is the normalised density or potential perturba-
'y \ 32

tion, and EV = ¢ (X~—t)and C:¢ €  are the stretched

coordinates, In this equation, the convective tenn¢«5¢y

describes the nonlinearity and the third derivative term

RN
0 b : ~a
UZ @%Ef_reflects dispersion.

The numerical technique deployed to solve the
above equation is a hybrid method, where time integration
is done using the partially corrected Adams-Bashforth

scheme (Gazdag 1976), and the space operator is split up
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into a linear and nonlineér part (Tappert 1974). The space
integration is mainly carried - out in the Fourier space, but
the nonlinear terms are computed by getting back into the
real space representation. To prevent aliasing, when

computing the nonlinear term, only the n/2 lowest Fourier

modes are retained, where n is the number of grid points
in the space coordinates. The accuracy of the integration
is gauged by keeping a check on how well +the constants of

motion are conserved,

5.2,1 The Algorithm

The KAV equation defined in Egn. (5,1) may in

general be written as
n L ’ 2\3
Q#>/6T+E'¢=5¢/agfﬂf 0 C'D/agiz Y (5.2)

where T is the time variable and E; is a suitably con-

.7
structed space variable.,g and g{ are constant coeffi-

cients (e.g.Bﬁ = 1 and C‘;Z = Y2 for ion acoustic waves in
plasmas). Egn. (5.2) is invariant under the scaling
transformation

7
- : P A
&5‘ ,.1;)\6 /‘-f“&}\g and({D*—>>\§b (5.3)
This invariance is useful for example, to norma-
lise the scale length )R in the g; direction to unity.

There is an alternate scaling given by Berezin and
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Karpman (1966) which can convert all initial conditions to
an unit amplitude, unit width type of initial condition.
To see this let us consider_a class of initial conditions

of the form

[, 3\ ,
P(g,0) = BRE L) (5.4
where ¢o is the initial amplitude, L is the width an”
gﬁg (L) is the functional form of the initial pulse (viz.
a square pulse; a half sine pulse, seeant hyperbolic

pulse etc.). The following new set of variables

:6/ ;’C‘—_—g’)ﬁanddpzﬁ,'D;b (5.5)
changes the KdV equation (5.2) to
~ o (}: - O -
43 8d L |
aﬁb/ . {3"; 5r’+~— C}C,b - o (5.6)
AT == = 53
2 0% e
where 4 = dJ~L« '
5, ‘o
Under the given transformation, all initial condi.--
tions are transformed to the same initial condition i1.e,
unitbamplitude, unit width functions. TInitial conditions
with same numerical value evolve identically in the
scaled coordinate system, though differently in the
laboratory system. This scaling applies for all times
and not merely in the asymptotic region. With the use

of appropriate scaling parameter, the initial condition
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can be simply described by the functional form of unit
width and the behaviour in the laboratory coordinates can
be recovered by multiplying the space, time and amplitude

in the scaled coordinate by the scaling parameters given

below :
Scaling parameter for amplitude = ¢o
Scaling parameter for time = L/(DO
Scaling parameter for space = I

In case, the calculations are to be carried out
without this scaling, the scaling parameter 5* may be set
- equal to unity and the initial condition may be specified

by its constant amplitude and width.

Fourier transforming Egqn. (5.2) gives us

aQ,R/J;whédﬂ Lindes if?/a_> (5.7)

1’.] #,,{g“*r) {x}a(—»—(/{ g) ({g (5.8)

is the kyy, Fourier component of @(Ebﬁ?) and

<E}5 /3/9& R - %11/{ @7*)'“”,\’ (ﬁg)aﬁ; (5.9)

is the kth component of the nonlinear term. Eqn. (5.6)

consists of a linear part
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R e
E)Q;L)b\ /5t LR O Pr (5.10)
and a nonlinear part |
)
: / L,
2 .(l\/
. oo ‘ (5.11)
/L‘/{ \/ T 2),2

which can be treated as a source term. Thug we can treat

the linear pﬂrt exactly by writing
(D /T)“ (t)@x; <.{ﬂ_’c)
(5.12)
)% Z
where L = R (5

From Egn., (5.10) we get by Taylor's expansion

d)(f'““} fffb (‘7)“}% !A’C—%—* @C"u AT ] XF[ i (T+0)]

(5.13)

The derivatives can be evaluated from the equation

for @k(T') which can be obtained by substituting Egn.

(5.12) in Egn. (5.7) to be

5¢,%/§T kR Sk () exp(-ia<)

2
where Sk(ff //CS J5A1:>}ﬁ 1f AT is chosen such
that

(5.14)

Sk(TN) does not vary significantly in this interval

then Egn, (5.14) can be integrated to yield

4) (traT) :cf; < —t'& S(&) «x;o ~4 a_xe’c)] (5.15)
;tm.gz]
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Hence the second ﬁerm of Egn. (5,13) may be

written ag i o | T= ~ ‘

J cp,_{/at[t-ex_p(x LAT ﬁc‘“\}ﬁ (G/‘i"l“)%ﬁ/{(’?)j’
X P(&f AL A 'C)

:.ﬁt wap(&lﬂ. ATH Sbﬁf')ex}v(-«(ﬁz_z;’c (5‘\16)\

‘Similarly, thé‘higher order derivatives can be

evaluated by using the equation (5.15). It is to be noted

construct the nonlinear term and then take itsg Fourier
transform. To Prevent aliasing errors only the n/?2 lowest
Fourier modes are retained. The solution to Eqn. (5,7)

can then be obtained in terms of the Taylor series of Egn.,

An increase Fourier transform then vields the solution of
the Kav equation. The method involves single step time

differencing scheme.

It has however been shown (Gazdag, 1973) that +this
method of using truncateq Taylor series 1s unstable if the
truncation isg effected by neglecting time derivatives

=3 o
higher than the firgst a@ji/a( and second a ¢/{/a(2 H
however it isg stable if the truncation is done by neg.-
S g
lecting derivatives of order higher than ¢ q%% /(§C

-

and (5413 \ 4. Thus, for stable calculations it woulq
k /ot
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be necessary to calculate second and third time deriva-

tives at each step, which may become rather involved.

In order to avoid this difficulty, following
Gazdag (1976), we have used a two-step time differencing

scheme, which yields stable accurate solutions, with the

evalution of only the first time derivatives. The
scheme consists of (1) a predictor step, followed by (2)

a corrector step.

For this purpose we write Eqn. (5.16) as

pr(iﬂ. Ac)AT= Cr/,{(t)
<

2d,|

2,

oT

:JI_% F*exr)@nﬂ_étﬂ.Sh‘(t)-exp(_-i_n_ &Z) (5.17)

Then if the results obtained from the predictor
step are denoted by superuscript'g, then the predictor
step according to partially corrected second order

Adams-Bashforth scheme (Gazdag, 1976) is given by

b AN 36, (€)-G (o) |
Cbr« (ﬂ/;): CP/‘{(T} QXP(LJLAT%(?G]’? (<) G”‘(p( QK%— (5.18)

and the corrector step

@\(GAC): (P/K(t)*?XF({JIQ'C)'f(CI)}{(C),}-(JT/-{(?#’AZJ/Z_ (5.19)

Egs. (5.18) and (5,19) correspond to Egs. (5.12)
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and (5.13) of Gazdag (1976) respectively. In the first
time step the predictor is calculated according to the

equation

R4 6

and for subsequent timeé steps Egs. (5.18) and (5.19) are

used to obtain predicted and corrected values for ¢k'

Inverse transform according to the equation

Ly

o(eratg)e L Re [ udexplitarang)|dh,

then yields the solution of KAV equation at a given

time step (C+ AT).

To check the accuracy of the integration, the cone-
servation of the following invariant gquantities are

monitored

) j:¢('€g}() dii, (5.22)

2 1:4;)1(@)() d & ) (5.23)
3 1: ’[4’3 (tf) Q/B— <C)(P/d§>:}d§ (5.24)

These constants are evaluated using FFT routine.

H
il

H
1l

H
i

These constants are conserved to better than 1 part in

106 and are sensitive to the time step used. The time
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step should be chosen to satisfy TY2 62k3maxﬁstél (Abe

and Inuoue, 1980).

5.3 Numerical Results and discussion

We solved the KdV equation for compressive pulses

and rarefactive pulses, keeping the amplitude (éﬁy&ﬂ con-
stant at 10%, and varying the widths. The shape of the
initial pulse in all these cases, was taken to be Sech2
<§’/E}o)° The amplitude was positive for compressive

pulses and negative for rarefactive pulses.

Fig, 5.9 illustrates the results of the Kav

equation for an‘initial compressive pulses of a width of

Vv 60 . This pulse being an almost exact solution of
a soliton is found to maintain its shape and width for
long times. It travels to the right at a velocity of
about 1.04 Cq- Fig. 5.10 shows the evolution of an ini-
tial pulse of width~ ./ 30 . This also propagates to
the right at a velocity of 1,03 CS° But this solution
not being an exact soliton solution does not maintain
its shape in the process of its propagation. Since non-
linearity and dispersion are not exactly balanced, the
wave suffers a distortion. A nonlinear steepening is
observed at the negative slope of the perturbation and

as it propagates, the amplitude reduces, by generating
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an ion acoustic wave train.

The evolution of a rarefactive wave for an initial

amplitude of (cgn/no)g& 10% and-widthfg, ' /60 is shown

in fig. 5.11, These pulses propagate to the left in the

ion acoustic frame, implying a speed less than ion
écoustic speed in the laboratory frameg The velocity
observed in this case is about 0.9 CS. Further while
the leading edge gets stretched, the trailing edge stee-
pens and a wavetfain is generated at this edge. The
number of peaks in the wave train grow as the wave pro-
pagates further. ’However, the solutions do not exhibit
the experimental observation of the fissioning of the
wave at the minimum. The evolution of the rarefaction
for smaller widthey J§6~ is shown in fig. 5,12 which

is almost similar to that observed in fig. 5.11.

From the above results, it is apparent that the
KdV equation given by Eqn. (5.1) alone, exhibits only
some of the experimental observations, but does not
predict the results such as the fissioning of the wave
at the minimum since the rarefactive wave launched in
this experiment is very narrow, it may be subjected to
larger dispersion, due to the generation of higher order

k-numbers.
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Taking into accoﬁnt the higher order nonlineari-
ties and dispersion, Ichikawa et al. (1976, 1977)
obtained a coupled set of the first order KAV equation
and thé linear inhomogeneous equation for the second

order perturbed quantity. The steady state solution of

the coupled set of equations gives rise to a Dressed ,
soliton, of which the stable core is determined as a
soliton solution of the Kdv equatlon and the clouds
surrounding the core is determlncd as a solution of the

second order equation.

5.3.1 Effect of higher order nonlinarity and dispersion

The coupled set of equations for the first order
potential ®(l) and the second order potential b(Z) are

glven by )

Ve ¥ +5 M/a“¢ a/wifCP

ctﬁ ) |
*\/5gf<<p (P>:5@)m. (5.26)

whereS(ﬂb“)):_% 5 *‘ 4)05 4@

The KdV equation (5.25) possesses an infinite

3
&/a(:¢) d(%

number of conservation laws, thus ensuring the existence

of an arbitrary number of stable solitons, while the
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)

linear-inhomogeneous equation for ¢(2' describes the

hebaviour of the second order potential affected by the

)

C . . 1
nonlinear interaction of the wave ¢( . The second

order potential is also influenced by the distortion of

the nonlinear wave ¢(1).

K

The steady state solutions of the coupled set of

equations (5.25) and (5,26) are given by

4>u>(-*\) S n Sech (DR

- (5.28)
4,(2) 2o 1Yy L9 DR fab (DR ) -
P n) =Y, N Sech (m,)(zmw& ") -
+75€d}(DW)§
‘ (5.29)
p \LL
wen D :(/\/2,) (5.30)

n - Q,;twg (5.31)

¢
Here 0 , defines the initial position of the soliton,and
determines the amplitude and velocity of the soliton. The
perturbed potential calculated upto the second order is

given by

(1 (2)
4)<‘\> =0 )(’\)JV(P () (5.32)

We carried out a numerical solution of Egns. (5.28)
and (5.29),by the technique similar to that explained in

section 5.4, for both compressive and rarefactive pulses as an
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initial value problem.

Fig.5.13a shows the results obtained in case of an
exact soliton solution (egs. 5.28«5,31). It is observed

that the steady state clouds of Egn. (5.27) moves stably

with the KdV soliton, confirming the reliability of our

numerical technique.

Fig.5.13b exhibits the temporal evolution of the

soliton solution ¢<l)(%y) with an initial condition

cp(l)(%,@:D (5.33)

When the KdV equation travels to the right, the second
order clouds (shown by dotted lines) start to develop

themselves around the soliton core.

The evolution of a rarefactive wave with these
second order corrections is shown in fig. 5.14. It is
observed that the inclusion of higher order effects has
also not reproduced the experimental observation such as
the fissioning of the wave. The rarefactive wave unlike‘
the compressive pulses do not maintain the initial shape.
They exhibit a nonlinear steepening, Ffollowed by a reduc-
tion in amplitude, by generation of ion acoustic wave

train.
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Our experimental results do not show as many peaks
in the wave train as expected on the basis of numerical
calculation of the fluid equations. This is understandable

in view of the fact that while a slow wave train is

subjected to Landau damping in the actual experiment, the

KAV equation does not account for this effect.

Since the potential associated with the density
depletion is an attractive potential for ions, the ion
distribution may be getting modified in the presence of
the wave. It may be possible that in the process of
launching the waves, a slug of ions travelling at ion
acoustic velocity could be created, which is eventually
trapped in the negative potential of the wave., These
trapped ions probably lead to a localised density increase

between the two density minima.

S0 it is clear that the wave particle interactions
may be important to explain the experimental observations.
In order to verify this we intend solving numerically,
the nonlinear Vlasov-Poisson eugations for the ions, as

a future work,



5.4 Evolution of an ion-acoustic double layer from an

ion acoustic rarefaction instability

Of recent a widespread interest has been generated
towards the formation of ion acoustic double layers, which
originate from an ion acoustic instability. &n electron
current drawn through a plasma can cause a number of low-
frequency instabilities that méy give rise to anomalous
resistivity, and thus limiting the current. Recent inves-
tigations, however have shown a different behaviour

namely, the formation of a double layer.
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Block (1972) aﬁd Carlquist (1972) proposed theore-
tical models to explain the formation of double layers
in the ionosphere regions. In both these models a rare-
faction in density in a localised region was found to

evolve into a double layer. Block (1972) suggested that

in a current carrying plasma, a rarefactive instability
tended to grow, and finally evolve into a double layer.
The condition that was required for this was that the
drift velocity of current carrying electrons should be

greater than the thermal velocity i.e,

7 ’ < — -
< - [ (5.34)
FY\e LLd >R et ¢
It was also shown that under the same conditions

compressive modes would be damped out,

Computer simulations by De Groot et al. (1977)
revealed the formation of double layers preceded by a
negative potential well. The double layers they had
obtained had eAﬂ/T {4 in a short system (longth’\’141/\D
where >\ is the Debye length), when the electron drift
velocity U’ against an ion background satisfied {ja.> \fé,
where Ue is the electron thermal velocity. Ion acous-
tic double layers were later obtained by Sato and Okuda

(1980, 1981) in simulations with slower drift velocity

(Ué<§ve) and a longer system (I, > 512,AD), The ion
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acouéfic double layers were small amplitude (e[3¢/Te<g
and were found to evolve from . a subsonic negative poten-
tial pulse propagating in the direction of the electron
drift. The computer simulation of Okuda and Ashour -

Abdalla (1982) revealed that weak double layers similar

to those observed by Sato and Okuda (1980) could be
obtained in systems of shorter lengths of 128‘AD' in the

presence of a continuous plasma source,

Hasegawa and Sato (1982) constructed a BGK solu-
tion of an ion acoustic double layer, from a negative
potential well, They supposed a stationary negative
potential spike to be formed in an electron stream.

Then those Streaming electrons whose kinetic energies are
less than the peak potential energy can be reflected by
the negative potential spike, thus leaving an electron
void in the velocity space on the downstream side of the
spike. With this electron void, the potential would
swing to a positive value on the downstream side forming

a double layer sStructure,

The ion density they had assumed in +the bresence

of a negative potential well is given by

Ny = QJ%/TM_QQQVMI ,&i~ 'let-ﬁd¢<q)

~ €4
/R)L (5.35)
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. - € —_
n,< (.p/‘k‘.i

Ny =

%m‘ @5)7 _—(Pb (5.36)

where ¢b is the rms potential of ion fluctuations or

something equivalent,

From the flux ang energy conservations, the density

Oof the beam electrons were obtained to bpe \
_, /o

no =n, <:\ -+ CP/CP5> | (5.37)

N, ZWZ-E')(/?<€¢/{ZT€> (5.38)

With these density values for both electrons ang ions,
they obtained a BGK solution Tesembling a double layer

with a negative potential on the low pPotential side,

layers one Symmetric monotonic double layer and the other
an asymmetric ion hole double layer. The botential
profiles and the Phase space diagrams are explained in
figs. 1.3 and 1.4 of Chapter 1. From this model, it wasg
Observed that in order to form an asymmetric double layer
from a symmetric ion hole, two brocesses play a dominant

role. The negative bPotentials created in a plasma would
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electron density balance ‘on the two sides is disturbed
and as a consequence, the symmetric ion hole evolves into

an asymmetric ion hole double layer.

Though the Ion acoustic double layers had not been

observed in laboratory plasmas, satellite -observations

(Temerin et al, 1982) revealed that coherent asymmetric
double layer like structures with eél@/Te<< 1 did exist
in space plasmas. Based on these results, Hudson et al.
(1983) and Lotko (1982) proposed theoretical models for
such structures, as solutions of Vlasov-Poisson equations,
They had also bredicted that, whilé rarefactive modes
would amplify in a current carrying plasma, compressive

modes on the other hand wou 1d damp out,

There have been some laboratory experiments, where-
in a negative potential well was observed following a
double layer (Leung et al, 1980; Iizuka et al. 1982). But
these experiments do not exactly resemble the theoretical |
models mentioned above. The experimental Observation of
Tizuka et al. (1982) is virtually similar to the expansion
of a plasma from a high density region into a low density

region.

However, very recently Chan et al, (1984) reported

the observation of the first ion acoustic double layers
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originating from an ion acoustic instability. In the
following sections we present our experimental observa-
tions of the formation of a double layer from a rarefactive
ion acoustic instability. Though similar in some respects

to the observations of Chan et al. (1984), there are some

striking differences which we shall discuss later.

5.4.1 BExperimental set up and diagnostics

This experiment was performed in the modified double
plasma machine, the schematic of which is shown in fig.
5.15. The details of plasma production in the source and
target chambers are similar to those explained in section
4,1, of Chapter 4. A cohstant relative bilas VE%T was
maintained between the source and the target, to inject
a steady electron current into the target region. Above a

critical relative (Vd> V,.), this configuration leads to

th
the formation of strong (ed)/kTe > 10) monotonic double
layers, in the target section. Hence, the steady bias

was kept at a value below this critical wvalue.

The diagnostics deployed for the density and poten-
tial measurements were a cold Langmuir probe and a hot
emissive probe respectively. Simultaneous measurement s

of density and potential fluctuations was carried out at
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various axial positions from the grid G2, by mounting
them on the same shaft. The plasma parameters in the
. . ~ 7 -3 o~ 1

o [aY) N A e
target region were Ne 10 om 7, Te.,.ZeV, Ti/Te\‘lo'

)w)fi 0.3 cms and Cg (ion acoustic speed) > 2 x 105 cm/sec.

D g 7 N - Expo ridmental-Results &
s

A steady relative bias between source and target
(VsuT) was maintained below the critical value above
which strbng monotonic double layers were formed, 'This
bias resulted in a steady electron beam with Vd<< Vin
entering from the source side into the target region. A
step potential was superimpcéed on the applied relative
bias at the source, which resulted in the modulation of
the electron-beam density/velocity. As a result of this
modulation, an ion acoustic fluctuation growing in space
away from the grids was observed. Both the density and
potential fluctuations were monitored simultaneously and

a typical example of these at various spatial locations

are shown in Fig. 5.18&.

The profiles on the left correspond to fluctuations
in electron saturation current, while those on the right
are corresponding potential fluctuations monitored by the
emissive probe. Close to the grids the potential exhi-

bits a solitary negative pulse. Farther away from the
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grid‘(ifQG,XD) ion acoustic fluctuétions (2230 kH, fre-
quency) are observed, on the trailing edge of the leading
negative pulse, At farther distances, the ion écoustic
fluctiations grow in amplitude and this is accompanied by

cascading down in frequency. The leading pulse still

maintainsthe negative potential—characterand undergoes
steepening at its trailing edge, developing into a shock
like structure. At about 46)\D, following the shock
formation, ion acoustic fluctuations are seen on the
high potential side. These modes are observed to
propagate at ion thermal velocities and damp out at
farther distances. At about 76)¥D away from the grid
G2, the fluctuationé on the high potential side damp out,
leaving behind an asymmetric potential structure, with a
negative dip on the low potential side. This structure
resembles an ion hole double layer. The negative poten-
tial dip is found to persist till the end of the system.
The maximum amplitude, was e[}¢/kTeiiO,4. The shapes of
the potential and density profiles at a fixed location
in the target region away from grid G2 is shown in fig.

5.17.

Density fluctuations close to the grids are similar

to the fluctuations in the potential. At about 20,0 Ap
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small amplitude ionwacoustic fluctuations are seen. The
fluctuations grow in amplitude accompanied by reduction in
frequency. The fluctuations grow such that the density

depletion are enhanced and density humps are reduced. A

’maximum amplitude (é n/no) of = 0.8 is obtained on the
leading rarefaétive part of density fluctuation at about
SO>\D. The leading rarefactive pulse undergoes steepening
at its trailing edge and at the point, where the potential
assumes a shock like structure, a density hump is observed
at the leading edge followed by a density depletion at the
transition region, of the potential. High frequency fluc-
tuations are seen in the density profiles beyond the den-
sity depletion as seen in fig. 5.18. The density hump is
present at the negative transition of the potential and
density depletion at the transition to high potential side

of the double layer,

The time of flight plot for the leading potential
dip is shown in fig. 5,19, and the corresponding plot for
the leading density depletion is shown in fig. 5.20. The
change of slope in fig. 5.20 indicates the slowing down
of the wave to 1.3x105 cm/sec from an initial ion
acoustic speed of 2x105 cm/sec. The fluctiations on the

high potential side travel at much lower speeds and are
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damped out. - The leading density minimum travels initially
with‘a.velocity close éo ion acoustic speed, but later
slows down as the double layer like potential structure

is formed. The widths of the double layer obtained in our
case was found to be 3142;hD and that of the associated

potential dip on the low potential side to be ZQAD.

The amplitude of the potential drop of the double layer

was about=20%.

Similar results were obtained when a positive step
potential was superimposed on the relative bias potential
applied to the source as shown in fig. 5.21, There are
a few minor differences observed in this case like a
compressive wave is observed in the density profiles,
very close to the grid and at about 6 cms away from‘GZ
a rarefactive wave separates out from the compressive
pulse. At farther distances, the compressive wave
damps out leaving behind only the prominent density
depletion associated with the transition of the potential

profile.

5.4,3 Discussion

The results presented above indicate that modula-
tion of electron beam density/velocity leads to ion
acoustic fluctuations which grow in the direction of the

electron drift. The rarefactive waves undergo preferen-
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tial amplification and the.associated potential evolves
into an asymmetric ion-acoustic double layer with a

negative potential dip on the low potential side. The
" observations are very similar to the scenario envisaged

_in numerical simulations and analytical treatments (Sato

and Okuda, 1980, 1981: Hudson et al., 1983; Kindel et al,
1981; Nishihara et al. 1982; Hasegawa and Sato, 1982:
Schamel, 1982)., According to this scenario the growth

of the ion hole was triggered by current driven ion-
acoustic fluctuations, leading to the formation of non-
linear coherent state., The negative (rarefactive) poten-
tial pulse propagated initially at ion-acoustic speed and
subsequently grew by exchange of energy with drifting
electrons. The propagating velocity finally decreaéed to
almost zero. Two processes appeared to play important
role in the evolution of the asymmetric ion-~hole viz.
partial reflection of streaming electrons and trapping of

ions in the negative potential well.,

In our experiment we see that the perturbation
triggered by beam modulation is driven strongly by the
electron beam leading to growing ion-~acoustic fluctua-
tion travelling &along the direction of electron drift.

The fluctuations attain a level of 20 to 40% and are of
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sufficient amplitude to trap the ions locally. The
trapping velocity is found to be 3&105 cm/sec., which is

less but of the order of ion acoustic velocity. As a

result of particle trapping;—the waves grow at the cost
of energy of the free Streaming electrons. The conse-
quence of the growth of these waves ig that almost
periodic nature of the wave gets modified, A prdminent
negative potential well is left behind and later partial
reflection of streaming electrons causes different
plasma states on either side of the double layer. The
potential structure almost becomes stationary after the
double layer formation, an important feature of our
results is the existence of the negative potential dip

till the end of the pulse,

Spatial plots for the bPotential and density fluc-
tuations at different times, after the application of
the pulse are shown in figs. 5,27 and 5.23 respectively.
The figures illustrate clearly the formation of steady
asymmetric ion acoustic double layer with an electron
density hump associated with the negative potential dip
and an electron density dip at the transition to high

resultg,

Our results resemble +he results obtained in
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numerical énd analytiéal works in many important aspects
viz. the growth of the ionmaqéustic fluctuétions iﬁ a

current carrying plasma accompanied by the cascading of
the frequency, growth of the negative potential dip and
subsequent formation of asymmetric potential structures.

The width of the double layer in our experiment is 42 D

which is quite-close-to-the-numerical.-results of 50 D
obtained by Sato and Okuda (1980, 1981) and Okuda and
Ashour-Abdulla (1982). The amplitude of the potential

drops in our result is 0.4, while those obtained in the

numerical experiments is also 1.

5.4.4 Comparison with the result of Chan et al. (1984)

Comparing our results with those of Chan et al.
(1984) we find quite a few interesting differences
between the two, apart from minor differences in the mode
of excitation of ion-acoustic instability, that leads to

the formation of the double layer.

Chan et al. (1984) observed that on pulsing the
grid, the entire plasma potential becomes positive to
enable acceleration of the Maxwellian tail electrons.
This appears to be very similar to the observations
related to plasma expansion as reported by Iizuka et al.
(1979) and Mattoo et al. (1981). In our experiment a
constant electron cﬁrrent was injected by a steady

relative bias and the additional pulse modulated this
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current, wﬁich_is.similgr tobthe theoretical predictions
of Hasegawa and Séto (1980).\ In our results, the modula-
tion results in the negative potential well growing from
the ion acoustic instability, The experiment of Chan

et al. (1984) does not reveal explicitly, the growth of
the rarefactive wave. They instead, observed fluctua-

tions on both the low and high potemntial sides Inour

experiment we clearly observe the growth of shock like
structure leading to the formation of asymmetric poten-
tial structure. We also explicitly observe the damping
of compressional modes, as predicted from the theoretical

analysis of Lotko (1982)

The negative potential dip accompanying the double
layer, is observed till the end of the system i.e., about
30 cms, and persists till the presence of the input pulse
that is applied to the source plasma i,e. about 1 msec.
This is contrast to the observations of Chan et al. (1984)
and Iizuka et al. (1982) wherein, the negative potential
dip is filled up as the wave propagates towards the end of
the systém. Similar results of the presence of the negative
potential dip have been observed in the computer simula-
tions of Okuda and Ashour. Abdalla (1982) in the presence

of a continuous plasma source.

There are many common features in the two experi-

mental observations viz. the growth of the ion acoustic
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fluctuations in a’current carrying plasma, cascading down
of the frequency coupled with the growth and formatlon

of asymmetric potentlal structures.

Ion distribution function measurements within the

potential wells would have ¢learly pinned down the

obgervatlons of ion holes in rhase space vortices are

being planned for the future work,

We have thus experimentally demonstrated the
formation of ion acoustic double layer in a laboratory
plasma, beginning from the growth of an ilon-acoustic
instability in a current carrying plasma. The results are
in good agreement with the predictions of numerical simu-

lations and theoretical models.



Chapter 6
CONCLUSIONS

In this thesis, studies of some nonlinear pheno-
mena, like double layers and evolution of nonlinear ion
acoustic waves have been presented. The experimental
observations of the so called pseudo~double layers, its
causes etc., have been discussed in detail, The role of
currents in generating weak and Strong double layers havé
been investigated. The time evolution study of rarefac-
tion ion acoustic waves, in quiescent plasmas and in a
current carrying plaéma have vielded a wealth of infor-
mation on the nonlinear dynamics of some plasma systems.
The conclusions drawn from the results of our experiments

are presented below:
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6.1 Summary of the experimental results

6.1.1 Moving double layers in an expanding plasma

The detailed investigations on the so called

pseudo double layers (Coakley and Hershkowitz, 1979)
revealed that the phenomon was essentially due to the
ionisation of additional neutral gas that leaked_into
the system during probe movement. From the velocity
measurements it was observed that a high density plasma
blob formed near grid G2 as a result of the additional
ionisgation, expanded into the low density region towards
end of the system. The difference in the thermal
energies of the charged species led to formation of fast
moving double layers, and as a consequence ions were
accelerated to very high velocities ~2 5 Cge (CS is the
ion acoustic velocity). The thermodynamic model and the
self similar expansion model for this phenomena, agree .

quite well with the experimental observations.

6.1.2 Weak double layers (e[l¢/kTe £ 10)

Initially, we were able to form stable and sta-
tionary weak double layvers with e¢/kTe:i 4 to 5 in the
double plasma machine. It was not necessary to provide

a separate plasma source on the high potential side, nor
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was it necessary to have specially designed sources with
surface magnetic fields,> The amplitude of the potential
drops across the double layefs, was observed to reduce
beyond‘a critical value of relative’bias potentials,

especially beyond values close to ionisation potentials.

6.1.3 Strong Double Layers (eli¢/kTe>> 10)

TIPS

By suitably modifying the bias configurations, it
was possible to generate strong double layers of.
amplitude é; 100 volts, corresponding to eél¢/kTef§ 50,
in the double plasma machine itself. This was in con-
trast to the earlier experiments in double plasma and
triple plasma machines, where the double layers were

rendered unstable beyond the ionisation potential.

Detailed investigation revealed that in the modi-
fied version (Chapter IV), we were able to increase the
current in the target system by increasing the relative
bias voltages, whereas in the other configuration
(Chapter 3) the current in the system decreased beyond
a critical relative bias voltage. We carried out a
circuit analysis which agrees quite well with the experi-
mentai observations. We have presented a detailed com-
parison of the different experiments especially on strong

double layers,
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6.1.4 Evolution of rarefaction waves

The experiments on rarefactive ion acoustic waves
vielded some interesting results contrary to the expecta-
tions of fluid theory. 1In a homogeneou s plasma,.the
rarefaction pulse, after propagating some distance,
broadened at the minimum, and then split into two minima,
preceded by a nonlinear steepening of the rising edge,
One of the troughs propagated at a supersonic speed, while

the other bropagated at a subsonic speed.

In order to verify the experimental observations,
we carried out some computer experiments, by solving the
time dependent KAV equation. First we solved the equation-
without the higher order nonlinearities and dispersion,
Next we solved the coupled set of equations including
the second order nonlinearities and dispersion. Though
the fissioning of the rarefaction into two minima, was
not exhibited, some of the results like the nonlinear
steepening and generation of ion acoustic wave train etc,

were exhibited,
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6.1.5 Evolution of an ion acoustic double layer

To study the time evolution of a double layer,‘we

applied a step potentigl;toﬁthewsoupcempiasma, This

modulated the electron beam density/velocity, which gave
rise to ion acoustic fluctuations, and at farther dis-
tances from G2, there was a preferential growth of ion
acoustic rarefactions., The compressive modes damped out
leaving an asymmetric potential double layer resembling

an ion hole double layer.

6.2 Scope of future work

The experimental results, of the present investi-
gation, provides the basis to pursue. further detailed
experimental, theoretical and numerical work, to acquire
& more complete and thorough understanding of some of +the
nonlinear processes in plasma physics. The research work
intended to be pursued in the immediate future are listed

below,

6.2.1 Instabi{ities associated with the formation of a

double layer

We observed in our experiments that at a critical
value of relative biag voltages, ion acoustic instability

was triggered before the onset of double layers, An




increase in frequency was observed with increasing rela-
tive bias. Correlation measurements are being planned,
to verify frequency shift observations, and ascertain

trapping of particles associated with this phenomena.

“6.2,2Measurement-of-ion—distribution—functions— e

It has been observed in our experiments on rare-
factive ion acoustic waves, that trapping of charged
particles, especially ions in the potential wells.lead to
different results, This would probably be reflected in
the modification of the ion distribution functions.
Monitoring these ion distribution functions in the pre-
sence of such structures have been planned. The study
of these distribution functions would also throw light

on the phenomena like ion phase space vortices etc.

6.2.3 Evolution of a double layer due to resonant effects

of an electron beam and a negative potential well

Our experimental results on rarefactive waves in a
homogeneous plasma showed that these waves do not damp,
as expected from fluid theory. In the presence of an
electron current, the rarefactive ion acoustic fluctua-
tions were observed to evolve into a double layer. Though
there exist theories, that a negative potential wave ought
to grow in the presence of an electron beam, not many

experiments have been carried out to verify this phenomena.
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We intend studying the effect of an electron beam
injected continuously, on a rarefactive wave launched

through a grid. 7Tt is our conjecture that this should

also lead to the formation of ion hole type of double

layers,

6.2.4 Transmission and Reflection of Waves across a

Though the properties of a transmitted and a
reflected wave have been studied across the sheath
potential of a grid immersed in a bplasma, no experimental
Observation has been carried out, on the propagatioh of
waves in the presence of free potential double layer.
This if investigated further, could also serve as a diag-
nostic for many of the Space plasma experiments, to

detect the presence of such potential structures.

Though one has to surmount many difficulties in
this experiment, due to the presence of instabilities
generated by the accelerated charged particles across the
double layers, the study of this phenomena would he
interesting from Tokamak plasma point of view also,
wherein wave propagation in +the bresence of density fluc-
tuations due to instabilities has been very little

understood,
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6.2.5 Computer Experiments

We intend carrying out further, the numerical

computation to verify some of the above mentioned pheno-
mena, especially the fissioning of the rarefaction wave
and the time evolution of the double layer from a rare-

factive wave in the presence of a current.
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