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ABSTRACT

Nonlinear wave-particle interéction in unmagnetized and
magnetized hot plasmas are studied analytically. Intense
circularly polarized electromagnetic wave propagating along
field direction is considered. Homogeneous and inhomogeneous
plasmas are studied. Electrostatic vortex mode and various
t}pes of envelope solitons (cavitons) are found to exist in
the conéidered plasmas. Radiation emitted from a glow
discharge plasma is studied. It is fouﬁd that due to magnetic
field the radiation is red shifted. A special type of
electromagnet 1is designed, constructed and calibrated.
lFurthérmore, a mirror type maénetic bottle (mirror machine) is
constructed and the mapping of mégnetic field lines are done.
Problem of plasma confinement in mirror machine is also

studied.
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INTRODUCTION

Problems concarniﬁé the interaction of large amplitude
waves with magnetized and unmagnetized plasmas are presently
receiving increased interest as the results can be applicable
in laser fusion studies, high frequency wave heating of
laboratory plasmas and as well as in astrophysics.
Practically, studies of the wave-particle interaction in a

magnetized plasma are very important in laser-pellet

interaction, the r.f. plugging for plasma confinement., as also

some wave driven particle acclerator such as beat wave
particle acclerator etc. However, for large field intensities,
non- linear effects!® such as the relativistic electron mass
4 ana the ponderomotive force®’

variation can lead to a

downshift of the local electron plasma freguency.

SPENFLO and TSINTSADZE! have studied the dispersion
relation for a large amplitude circulariy polarized wave which
propagates along the external magnetic field Bo':'z\ in a cold
electron-ion plasma. In the ultra relativistic limit it was
demonstrated thaf a completely new type of wave, with

frequency proportional to amplitude can appear.




AKCHIEZER and POLOVINlpresented a general theory of non
linéar wave motion in electron plasma. Taking into account the

electron mass variation as well as sBecond order density

perturbation effects, they derived a set of non-linear

equations and also the corresponding dispersion relation of
the waves. It is shown that fhe intense electromagnetic wave
can drive electrons of relativestic velocities and produce a
strong nonlinear current in the longitudinal direction, thus
leading to coupling between the transverse and the parallel
momentum. Hence electromagnetic waves are coupled to the
Langmuir waves. Nonlinear propagation of intense
electromagnetic ‘radiation in magnetised plasma has been
studied by MOFP1Z et. al. and othersbs. DECOSTER5 reviewed the
recent progress in the study of wave mofion including

relativistic effects.

It is well known that a high freguency wave, which
propagates in plasma, can be responsible for a ponderomotive
force, which causes dengity modulations as well as soliton

formation or collapset

Non-linear behavior in plasma may be classified with the
intensity of the electromagnetic field, which determines the
process of interaction. There are two types of nonlinearities:

weak and strong. Weak nonlinearities are those, which may be
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described with the help of first term in the field amplitude
expansion. It is well known that the electron velocity in a
given electric field is V, = eEu/ma @,- As a character velocity
of plasma particle one may consider the tharmal speed of
electfon Vig = 4 KTa/ma' The conditions for weak nonlinqa;ity
and strong nonlinearity are v,/v;, << 1 and v;[v“ >> 1
respectively. The collective process in plasma may cause the
instabilities which increase potential for the electric field
in plasma. Linear approximation may describe only the initial
state of plasma instability. However, in the case of
exponential growth , of the perturbation, the linear
approximation become invalid. Only through the linear analysis
one may get the level of saturation in which plasmé attains a
gquasistatic state. The formation of instability in plasma may
cause the éhange of plasma parameters (density, temperature

etc.) which can lead the plasma in the turbulent state.

The relativistic nonlinearity and the ponderomotive .

nonlinearity are the two factors which influence greatly the
evoluation of an intense eiectromagnatic wave propagating in
plasma. The relativistic nonlinearity arises due to the
electron mass variation in the intense field and it has sdme
consequences!i-t ¢SINTSADZE! demonstrated that the electron
masg variation nonlinearity can parametrically excite both

high frequency and low frequency modeg in plasma. Later LIN
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and TSINTSADZE!! carried out éomputer simulations of the same
effect and found that the relativistic modulational
instability can complete with the oscillating two-stream
instability of NISHIKAWA!!, Suppose an electron plasma wave
arising from noise is superimposed on the pump wave and
produces a field pattern in the form of sine wave: it happens
due to relativistic mass variation effect, the electrons are
lighter in the trough region and heavier in crest region. As
a result the electrons in the troughs lead to plasma
oscillation faster than those in the crests. The results
include enhanced density bunching and produces the
relatsvistic instability. This is the physical picture of
relativistic modulational instability as described in ref.
{11]. Relativistic mass variation also cause wave breaking
phenomenon. The physical wmechanism responsible for the
relativistic wave breaking has heen given by DRAKE and LEE”.
In the underdense region in plasma where the local plasma
frequency i;hlarger than the radiation frequency, the plasma
responds very weakly to the driver because of the large
mismatch between driver and the normal mode frequencies.
However, as one moves down the density gradient, the frequency
mismatch become smaller and hence the driver has much larger
amplitude. Around the critical point (mp >e), the electron
mass increase Jlocally and it reduces the electron plasma

frequency to balance the initial mismatch. Accordingly a
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resonance between  and the new normal mode is established.
Consequently, the plasma wave reaches a much larger amplitude
on the overdense side of the critical layer than above it. A
sharp discontinuity in the wave structure results and causes

the wave to break.

MOFIZ et. al“'15 have investigated the space time
evolution of the relativistic modulatiocnal instability of
intense wave propagating in uniform plasma. The later is
described by the nonlinear Schrodinger equation and admits

“. Envolope solitons

periodic and as well as localized soliteons
arise when the relativistic nonlinearity is balanced by the
dispersion of the waves. Small amplitude as well as finite
amplitude one dimensional electromagnetic solitary waves have
been found”. The propagation of three-dimensional, localized
circularly polarized electromagnetic wave has been studied by
GERSTEN and p70ARY including relativistic mwass variation

nonlinearity. Soliton propagation occurs in both cases below

and above the plasma fregquency (@P}.

Besides the electron mass variation nonlinearity, thé
self interaction of lafge amplitude waves also leads to a time
averaged low frequency nonlinear force {ponderomative force}7.
The later aéts mainly on the electrons {ion motions are

neglected due to its heavy mass) expelling from regions of

5



neglected due to its heavy mass) expelling from regions of
high field intensity. The ambipolar field thus created pulls
away the ions. The local plasma density is., therefore, reduced

15

Lv ponderomotive force’. The combined effects of ponderomotive

force and the relativistic mass variation of the wave has been
investiqatedm'25

Using the gquasineutrality assumption TSINTSADZE and
TSKHAKAYA29 discussed small amplitude laser pulses, where as
SHUKLA and SPATSCHEKY demonstrated the existance of finite

amplitude rarefaction and compressional solitons with subsonic

and super sonic velocities in hot plasma.

Nonlinear processes caused by ultra relativistic effects
were studied by TSINTSADZE et. all®?! whose results show that
the relativistic electron motion can lead to the formation of
shock waves. If the RF pressure force exceeds the gas
pressure, the solitary wave 1is a compressional wave.
Observation of these effects in the laboratory requires a
laser power density of 100 - 10!" watt/sqg.cm. or more for laser
fusion, where the power density fequired in the microwave
range is several magnitude lower. In space, fields of these

type may be produced by intense redio .sources.

Heat transfer in fluids 1is known as convection. An
example of convection is the formation Benard convection

6



B in which steady-state vertical motion of a liquid

cells
occurs. Analogous effects can occur in a plasma confined by a

magnetic field.

The theory of convective transfer in a plasma dates back
to the discovery of drift waves and drift instabilities“. The
growth of drift waves is analogous to a convective instability
of an inhomogeneoué liguid,. It-was found that the drift
instability can be suppressed by the shear of the confining
magnetic fie]dw. Subsequent experiment 1in a large-shear
devices, however, revealed anomalously high thermal
conductivity of the plasma. In an effort to overcome the
difficulties which arose from this, a nonlinear theory was
derived with out the assumptions that the phases are random.
Within the framework of this theory it has been found that
there is spontaneous localization of drift waves. It turns out
that even if their amplitude is small these waves undergo
self-organization into a set of solitary vortices. Like
solitons, these vortices can exist in a manner independent of
each other with interactions only in collisions. Because of
their comperatively small dimensions, they are insensitive to
shear, so that they can cause collective mixing of plasma even

in large-shear devices.



The théory of nonlinear waQeB igs based on the model
equations in which the most important effects are described
explicitly, while gquantitative corrections of secondary
importance are ignored. The best knéwn model equation 1is the
korteweg-de Vries equations, which escaped notice for decades,
untill its usual properties are discmrered:n in 1§65.'It was
only in 1976, when the soliton solution were found®, that this
equation started to gain widespread acceptance in the theory

of synoptic vortices in meteorology”'

A new entity has found a place in research in nonlinear
plasma theory; LARICHEV and REZNIK solitary vortices, which
were originally studied in connection with the problem of

solitary Rossby waves in a rotating 1iquid“.

A glow discharge plasma is a simple experimental device
to study plasma properties. It may also be a simpler device to
study wave-particle interaction as well as plasma radiation,

15-39

plasma behaviour in fusion system and space plasmas etc.

The properties of the radiations that are emitted by glow

i

discharge plasma have been studiedw' with imposed magnetic

field on plasma.

The plasma confinement with the help of a combination of

r.f. electric field and open ended magnetic trap under
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r.f. electric. field and open ended magnetic trap ,under
condition of ion-cyclotron resonance have been investigated

theoreticallv'and,experimentallv“4‘.

The aim of this dissertation is to studv the noniinear
behavior of wave—particle interactionS'in both .unmagnetized
and magnetized plasmas. Since intense‘eleCtromaqnétic.waves
" are related to fusion and space research, relativistic
nonlinear interactiohs is considered in this work. Furtharmore
for tapping of plasma particles vortex motion are considered
for electrostatic mode. Experimental fac111tles are bullt up
to study the effects of external magnetic field on blasma

radiations. The magnetic mirror machine is built up to trap

the plasma particle by r.f. plugging.

In Chapter-2: 'macroscopic behaviour of 'waverlplasma
interaction is treated using two fluid model (MHD theorv). The
dlsperqlon relation and the expression for the ponderomotlve
force is obtained. The complete set of qovernlnq equatlons
aacountlnq for relativistic and ponderomotive nonllnearltv
are obtained. There are four sections“in this chapter. 1In
section 2.1 we consider electron-ion unmaqnetlzed plasma Here
wave partlcle 1nteract10ns are studied in the two fluld model.
It is found that in the unmagnetized cold plasma, intense
envelope solitons are generated. It is also found that both

b= :



amplitude and the width of the soliton decrease with increase
of plasma densitv. In section‘2.2; plasma is considered as
inhomogeneous and dispersive media. The propagation of intense
'electromaqnetic radiation in such media vproduces in the
envelope soiitons a little change i.e. hump in tdil. In
section 2.3 ion motions are taken into:account. This study
shows that double humped solitons are formed in this case. In
section 2.4ka) relativistic nonlinear effect in wave plasma
interaction is studied using two fluid model. For a better
understanding of wave-plasma intraction, initially the
classical non relatiVvistic case is invesfiqated. It is found
that in the strongly magnetized high temperature plasma.
intense enVélope solitohs may be qenerated.‘The soliton width
'is not influenced by the magnetic field, but iF is.determined
by the phase shift and by the plasma deqsitvi Isolated super
thermal envelope solitons may exist in this case. The weak
relativistic case, nonlinearity modify the existing super
Fhermal solitons. In section 2.4(b) thé case of ultra
relativistic noﬁlinear interaction is considered. It islfound
that the two types of waves may exist in this situation. One
is the "high- frequency wave" and the other is the "low
frequency wave'". The nonlinear propagation of these waves as
well as fheir'modulational and filamentationalrinstabilities

are studied in this Chapter.

10
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In Chapter-3. vortex motion of plasma particle in a
homogeneous plasma are studied. In a strong magnetic field the
plasma pa%ticles are trapped. For the simplicity electrosatic
drift vor£ices in plasma are considered. Vortex motion is
related to the vector nonlinarity which arises due to drift
motion in the direction perpendicular to the wave propagation.

Perpendicular drift plasma motion produces vortices.

In experimental studies we détermine the wavelengths of .
plasma radiation and setup of a magnetic mirror machine for
confinement of plasma particles. We get the plasma scmrce‘5
from glow discharge plasma. The positive column of a glow
discharge plasma is the ideal source of blasma radiation. The
wavelengths of radiation emitted from positive column are
determined for two cases: (a) without applying external
magnetic field; (b) with the application of a moderately
strong magnetic field. A special type of electro-magnet is
designed, developed and calibrated, which gives us a field of
several kilo—gausé. The effect of external magnetic field on
plasma radiation is studied for two types of plasmas: nitrogen
plasma and hydrogen plasma. We also designed and developed a

magnetic mirror machine for plasma confinement. Analytical and

experimental values of the mirror ratios are obtained.

b 2



FORMATION OF SOLITONS

2.1 SOLITONS TN WAVE-PLASMA INTERACTION:
We consider the plasma in two fluid model. One is electron fluid

and the other is ion fluid. The relativistic fluid eguations are

given by
at n]- + V. (n} V]) = 0 ] (2.1)
and 9y By + (vj. V)B; = e; {E +{1/c}v; x B} -(1/n;)¥p; (2.2)

where eguation (1) and eguation (2) are the egquation of continuity

and the equation of motion respectively.

The electric field (E)} and the magnetic field (B) of the wave are

governed by the Maxwell's eguations,

YXE = -{1/cla B (2.3)
VX B = -{4x/c}d +(1/c)3, B (2.4)
V.E=- 41 p (2.5)
and V.B=0 (2.6)

- -

where, J = E n; q; vy is the current density, and p = E n; qj is the

charge density.

12



The subscript j indicates the species, namely j = i(ions) or j =
e(electrons); n, is the number density, \£ is the velocity of the
- fluid considered, qjis the charge of the species; Pi ig the

momentum of the fluid = Mo vi vy ¢ Mg} ig the rest mass of the

YV

particle which constitutes the fluid; Yj = (1 - _ﬂL__,)ﬁ; c i8 the

cl

velocity of 1light in space and the pressure of fluid p; = n;ﬁ for

isothermal case, where Tj temperature of the fluid.

The high frequency transverse oscillation of homogeneous plasma are
considered. Let a right handed circularly polarized (RHCP)
electromagnetic wave propagates along the z-direction, we can write

P:

ot iR = By (7E) = py(z,t)e kst (2.7)

and E_+ iBy = F (z,t) = E(z,t) elottl, (2.8)
where, we assume P.(z,t) and E(z,t) are the complex amplitude with
]

rlowly varving functiona.depends on the coordinate (z) and time(t).

The transverse oscillations are described by the following equation

{at + vil a:) Pi = ei [E +(1'/C)le B] 3 {2.9)
For slowly varying amplitudes of the transverse oscillation, we
have

Bi[l"(k/@) Vi,]

P#z,t): - E(z,t) (2.10)

il - kvy)



From Maxwell's equation [(i.e. from 2.3] we have

VIVXE-= -(1/C)Gt (¢ X 8)
Now we are neglecting the ion current due to its heavy mass (mi >>
n%) and also consider the phase velocity of the wave is much higher

than the longitudinal plasma motion (i.e. |¢/k| >> vh)

Then,
(ct ai - aﬂ)ﬁ = - 4nel n (-——:E—); (2.11)
1 t - ot " '
Moa Yo
where n, is the background density.
From (2.11) we obtain,
1.1 2 i opo p A I
(c’d’; - o'y + ) B = oo IBI® 8¢ B (2.12)
) @
- el
where, Ye = 1 - 1Bl 3 = 7 T
Mo C @
41[62!]9
and electron plasma frequency @%w =
Mog
Now, the dispersion relation is
o = klct + Q%WIYQ _ (2.13)

From which we get the transverse di-electric constant by the
following equation.

@ pep
€ = = 1‘— ——e (2.14)

@ e e

14
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An explicit form of the ponderomotive force is given by7

£ ' [(e-1)a,iB|? + k 9 tolle-1)13 1811 (2.15)
P = €4~ [ X . -
16x + ' o de ek '
which gives 7
! @ pao A ol ¥
fp = { —— (1 - 1B} }a, | B (2.16)
168 o 2

For slow plasma response, the eguation of continuity, Poission

equation and the equation. of motion are

Qy Mg + 93Ny Vg = 0 (2.17)

9, B = 4xe (n; - ng) (2.18)
fp T,

and atP“ = e By + - Jy Ny (2.19)
ng - N

In our case, let n, = n, + &n, and n; = n where &n, is the density

fluctuation,

From equation (2.17) .. (2.193), we can write

alt §n, + ny 9, Oy Vg = 0 ; which gives

1
&n o A - -

(@h - vt o) —— = P (1- — [B|]) 3]} (2.20)
n, lﬁxnogl‘mue 4 :
lra

where vﬂe = is the thermal velocity of electrons.

Mog

Let us introduce a new coordinate system as

g =z -v,t (2.21)



where vois a constant of velocity. With the help of equation

(2.21) and (2.20), we get

| 2 Ao o
én, me(i - 4 ‘E|)'E'

= (2.22)

Il 1
n, 16xm, n; o (v, - v-“)

Now from equation (2.3) we have

an

BN IR,y = O

(2.23)
Now using - e
E(z't) = lE' e'l HII
where 8 is the freguency shift and gy is the wave number shift,
we obtain
1 o [Bl-(ciel ¢ 2kycl - 2 T - 23 (chys 2 T
ct o | |~(cy" + xC o8 ) |E| 2i({c’yd, + @iy * ke a!)|E|

azm{a—umﬁa\i}{a—mz)1511} e

v [ B’ =0 (2.24)

16x my, n, QI(VQD - Vzte)

From the imaginary part of equation {2.24), we get

kcl

{ 1 +
@ k

V°=

-) (2.25)

Introducing some dimensionless variables in the real part of

equation (2.24), such as

e |E|
g = and n = Zpe0 €
mua Ca Cc
We obtain
aa o - ag + be® = 0, (2.26)
16
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- 2 _ .
where a = 7 ( ' + 2ky " (2.27(a))
@ peo
el (1 - a/4)
and b = 7 7 2.27(b)
4 (Vo - vta)
The solution of equation (2.26) is given by
o = g sech (ghn) (2.28)
2a b
where g = ( )* and p = (———)‘
b 2
The equation (2.28) represents the envelope soliton of the wave
whose amplitude is
, , 2a 8y} + 2ky - 200/ch) (vl - Vi)
afy = ¢ = = 7 (2.29)
b @ pag (1 - x/4) .

If v,y is sero, i.e, there is no phase shift uzo = 0. On the other

hand soliton is formed due to phase shift. Here

and 02-> 0; 1.e, v% > V%e

1
O, a 0

{n,
which means that only super thermal soliton may exist.

The width of the soliton is

1 CI_ 2 28
3§ = = {da = {{ 7 (x + ka - 7
gu © pao , c

)}

1
It is also noticable that 8 a ——

in,



i.e, both the ampiitude and the width of the soliton decreases with

increase in plasma density.

For particular case if b < 0, then the solution of equation (2.26)
is o = g’ cosech(g’n’y) (2.30)

Za bj

}and ur = J{ }

where g’ = J{
|b]

The equation (2.30) represent an isolated spiky solitons in a

plasma.

18
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2.2 EFFECT OF ITNHOMOGINITY IN
SOLITON DYNAMICS

The propagation of electromagnetic waves in an inhomogeneous medium
like plasma, which is non-linear in nature, soliton is formed with
some special characteristics. For example we consider electron-ion
plasma as in nature (burning stars) where density changes with
space. In this case we also consider plasma as two fluid model as

before. The continuity equation and the equation of motion are

-

at n]‘ + V. {V} nl) =0 {2.31)

(Gt + Vi. V) Pi = ei (E+ViXB) -(1/nj) W] (2.32)
where j is electrtons (e) or ions (i), n is the number density of
the spices, v is the velocity of the fluid, P is the momentum of
the fluid p is the pressure of the fluid, E is the electric field
and B is the magnetic field. Let us define the electric field and
the magnetic field by

E = 6 X K and E = ~(1/c)yy i._ 6%

where A is the vector potential and ¢'is the scalar potential.
Now the perpendicular motion of the fluid is
**9]'( ijx - 9 )A.l

pu,_- (2.33)
c(kvh - @ + Qc)

19



where Q, is called the cyclotron frequency which is

e: B
g, = ] 9 PoMy; is the rest mass of the spices and
mu]» -’j C
1
Yj = Povy - velocity of the spices &

i1-viseh)
¢ is the velocity of light.
The transverse motion is
e ’ Ti
(3 + Vi &) Pj; = @5 9, & - ';"'"' (Vi O0p AtV 9y Aj) - _":]_‘3:“1'

(2.34)
which gives
~ ~ eln' kv;, - @ o~
F R - R =g — L (—F YA (2.35)
] mn]' kv]-, -~ e t 0,
Let A = A{z,t) o luttikz
The dispersion relation is
2
4n e’ n; kv:.. - ¢
ol = kict + L 2 ) (2.36)
My ; kvh - @ t 9
and the transverse di-electric constant
Kl c? 41!:921'1]' @
€ = = 1 - ( ) {(2.37)
{ Mo el -
@ 0] @ @@

In our investigation, we consider non relativistic plasma, i.e,

y = 1. So g, = 4,; we neglect the ion motion due to its heavy mass.

20



© - @
We consider Vit << |—————f |. Then the electron density is
k

n, = n, (z) + &n, and ¢ - ;-

1

An explicit form of ponderomotive force is

fp = Ly (B (—2,) - B we +§x{$x——_§—ae" TILY!
16x . ap P 1 3
! k! i ey
4 (o (o (g - 1)} edel 3¢ |E| (2.38)
16x @

- -

In our case p = Ny, and B = 0, i.e, unmagnetized plasma. Therefore.

—— 3¢|B| (2.39)

eln -
fp = - —L__ (2 o -
-4m l - ! ~@g)
oe @ o™ ® @

Prom continuity equation (2.31), we obtain

ol 8ny + 9y My Bp vy = O : (2.40)

From eqn(2.32), we get
2 2

- fp Vie Vie
Ot Ve = - dr My(z} ~ Or 8pe
moano(z) num nu(z)
TB
where vﬂa = thermal velocity of electron along
n,(z)

B .. B, z , which gives

(aﬂ ~ Vie aﬂ)8n0= -

9 fP (2.41)



Now, let n = az + B

olr)
n,(max) - no(min)

where a = and 8 = n“ndn), where L is the
L

characteristic length of the system.

kv
@ o
Let vy = + e = 2 '
@ = @ (o0 - w¢}
62 a8 v ] 82 a y
aj = ; ap = -
4'"206 "‘2("20 - vita) 4“'ne2 "‘1("’&2 - vtsz)

Also introducting new coordinate system

1
E =2z - vt i.e, ‘925 = 81, and ‘311 = " azt

So, the purtarbatiion of the electron density from equation (2-41)

is 8n, = -(al + ay z) ’E’z + a, 'Eal‘
which gives

3 1
Me @ ot ST
{ al|A - (al + azz)|A| } (2.42)

n,(z) no(z)cl
as |B]" = zﬁw—ﬁn}ifa

From equation (2.35) we obtain

) A (2.43)



Let

F o

A = le e“i't ] il'

where !K} is the complex amplitude and 8, yx are the phase shift.

Bgqn. (2.43) is now

1 1 1
i kC2 - xC kxc xzc c 2
ot + g, t 3, + {8 - - + b
@ @ @ 2¢ - 2¢
ﬁzpw & -~ 2 —~ 2 ~ .
+ ({a; + ay 21|A)¢ - a|Al )}1]A} = O (2.44)

2n,(z) cl(og)
From the imaginary part of eqgn. (2.44) we obtain

kc2
v, = (1 +
@ k

) ' (2.45)

Prom the real part of egn. (2.44) we get

i 3 2
ok IRl - (g + 2Ky - ¥ — . ) {A|

ct ny(z) clie - we !}

1 3
@ o (a(+ ap z) ~
es 1 2 IA!3 = 0 . ' (2.46)

n,(z) ctle - @)

Now, for simplification introducing some dimensionless

quantities as




The equation (2.46) is

32‘ o - ao + ba’ = 0 | (2.47)
! o2 3 'Y
_ c _ 2,0 @ o a; |A
where a = 7 [z2+ 2ky - 7 L i 1 A ] ]
@peo C no(z) c (0 - @c)
cznﬁm 02
and b = 7 (81 + a; C “/“"980)
n(z) e’ (o-¢p)
Let b = bo + bl and a = a,, where
C Mo @ 3f ¢’ mly o’ a3
b, = 7 and bl =
n(z) e (¢-@.) ny(z) e epyle—wc)

Now eqn. (2.47) may take the form
a [ o' = a, o - b, ad - by n o! ]
b b!

C=>ord - a, ol 4 ; ot + ¢ = - f ad (

oly - (2.48)

where ¢/ is the constant of integration and is equal to zero under

certain boundary condition:

o~

i,e, at », A = 0, g =0, ¢ =0 ;

then eqn. (2.48) is

ot ay (2.49)




where o% > of (01 - inhomogenecus part)
i.e, Y = YH + Yl and YH >2 Y]

eqn (2.49) may be written as

i,e.
2 2 i by 1 2
o/t - a, of + (bolg) o' = ~ n Y + | " Yy dp {2.50)
For homogeneous plasma, we have
b
0'2H - 802H + 2 a‘u = 0 {(2.51)
2
whose solution is
oy = 9, sech (o, "‘I). {2.52)
where o, = J{2au/bn} and ¢ = J{Z/bo}
Y, = oby = ol seeh! (o, 1 y) (2.53)
| ] ] ] n .
From (2.50) and (2.53), one can obtain
b b b
0'2 - a, 02-+ 0 o‘ = - n ! 0% sechl Z + ! j o% sech‘ zdz2
2 2 2po,
(2.54)
where z = Gy W'
b,
=> ord - agpl 4 of = - p 4, sechtz + d; thz - d; th'z  (2.55)
2
by b . b. -
where di =-—-——l o%; d; = ] o% and d; = L o%
2 2p Gp
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Another form of eqn. (2.55) is

{In cH)' (021)' - a, 011 +b, ozu 021 = q dl -sech‘z + dz thz - d3 th3 z

or, (011)' +

(1n UH}'

{b ol - a ) ol = ———
o Y I o i (1noﬂ)'

1

+ d; thz - dy th'z }

The solution of egn. (2.56) is

oﬂ = *.(i + 02

1 1 [}
by} u g° b, by o7,

So, finally the total gsolution is

2

ozaﬂ

where

and

2

+ 021 = D‘D

v o= {2

sech! (ogg) + & (1+oly boulby by 4* of

3(@"@‘:)3 (Vio

- vita )

A-ndy Becb‘ %

}

/bt = 41

cl

0(01 0 + kvo e )

(.‘.2 @ (Qz ".@Qc + kVo Qc)

b0=

3 -
¢’ of Nopas Noain

4(om0g) (vl - i)

) (of - 0o, + KVye )

ngpin I wpeo (o

- 0c)-’v

{v

i

0

3
T Ve

)

(2.56)

(2.57)

(2.58)



2.3 EFFECTS OF ELECTROSTATIC
CHARGE SEPERATION 1IN SOLITONS

We use a two fluid MHD model to describe the electron, ion plasma.
The relevent two fluid equations together with the Maxwell's

equations are:

gy ny + V. (nyvy) =0 - {2.59)
(3¢ *+ vi- W) B; = ¢ [E +(1/c)vj X B} -(1/n)Vp; (2.60)
VXE=-(1/c)3 B | (2.61)
- 4x - 1 -
Cc c
v. B = 4xp (2.63)
v.B = 0 (2.64)

—

where n;, Vi, p; are the number density, the fluid velocity and the
pressure of the spicies 3 = i(ions) or e(electrons), respectively;

—

m;,, v: (1 =~ vzﬂc2)4 denotes relativestic momentum; My is the

)} e Vi

P: =
rest

mass of the species and ¢ is the speed of light. The wave field B

and B can be defined in terms of the vector potential (A) and

scalar potential (@) as

E

-{1/c)gy A - vé ‘ (2.65)

-

B=vXA (2.66)

i



We consider the wave propagation along the ambient magnetic field

A - A ’
i.e. B = Byz; and the vector potential A = (i A,, i' AT,O) and the
' n
number density n, = n i

+ Snjwher91% >> anand v = 1,3, and non

0
1

= 1.
(1 —ijlcz)i

relativestic case y =

For transverse motion and transverse velocity we get the following

eguations

- e; tkvj, - o ) -
Puf - Ay (2.67)
C( kVix - W + @c) )
- ei (ijz el ) ) -
~and Vil = - - Al (2.68)

ijC(k\'jz - g t @c)

Now, the equation for the transverse current is_(from 2.62 & 2.66)

4n

(1/chy oy Ay - b Ay = £ e nj vy (2.69)
c ]

-

where Jl = E efﬁvu_is the transverse current density.
From equation (2.68) and egqn. (2.69) we obtain

kV" - @ -—

i 1
) ﬁl - (2.70)

1

C

a,A_L—-azt A_t‘-'ijfwzpj(

kvil - e t g

Let %Lz A(z,t) edﬂﬁh, where A{z,t) showing the varying amplitude

of the field.



From which we get the dispersion relation

kViz - @

of = Klch + 5 b
h) ijx - o ¥ ¢

) (2.71)

From (2.71), we may write the transverse dielectric constant
which is defined as

kil W%j ( kvh - @

: ) (2.72)
@ 5 I kv - eteg

An explicit form of ponderomotive force is

£, =(1/16x) [v{ln’ﬁ(a" eidpt - |E|! wey +BX{9Xafey 1E1H)

+(1/16x) (k/e) o, (o} (g - DI} 5y |E[ (2.73)
In our case p = ng So ponderomotive force is

1 ¥ (kvi, - @) k
@iﬂa : {( 1 d )ag ‘EP} -
16x 3 ® kv i—ote, (kvj;-etec)

Wc

T iB(Y)
{(2.74)

Yhe continuity egn. {2.59) and the equation of motion {2.60) along

longitudinal direction are

at (no + 8nj) + & (no + Bni)vii = 0 _ (2.75)
and _
1 fp T]
oy Py = eyl A Ay - 9 9) + - 9y (ny + &ny)
c n, nj
(2.76)

29



fp T]'
Or, gy vj; = - h &+ - 3y{n; + Bni) (2.77)

ja Myi Ny

Prom equation (2.74), (2.75), (2.76) and (2.77) one can obtain

2 1 2 ei n, . 2 1 —_ e
(3% - Vi ') 8 = —— 34 & - 39 fp (2.78)
miu mjo
where, we consider Viz <<{pl/k)= Vo
Again, we introduce new coordinate system as
£ =2 - vy, 1., aﬂ = v%a% and aﬂ = a%
One can easily obtain the following expression
. . 1 i_ K
n; e ¢ 2% o ~weg thVge, }IE'Z
n, myy (vi=vii) 4@%1 (vh-vi) (o~0g)?
(2.79)
FProm (2.68) and (2.69), we may obtain
ct 9 1 A..L - at A.l = !E ( )(no + Sﬂj)A.L (2.80)
I Ry @w o
we have already consider El= P:"(z,t)e'i’t+ikl
So, equation (2.80) can be written as
10 Ty oo (ke - 1 @ b1
clo'; A+ 20 (ke'3,.+ 03) A = T of ) (2.81)
i o~ TNy
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Again let K'= ]K} 040“&’ (where 8 & y are the small phase shift)

and from equation (2.79)

we cbtain
czazi {A} + 2i (xcza,‘ + kelg, ¥ 0o ) |A}-
1 © o¢

1.1 1 _ ,
[c x ka c 2 g8 + E. @ pj ( ( ) ( 2 7 )
3 o-@¢! MjgtVig = Vi

JjA]+ (2.82)

&)wzpi ei(wz*woc +hv, o¢)

YL
3 4“%0 cz(vﬂj - v%)(g-@c) .

From the imaginary part of eqn. {(2.82), we get

1

ke
v, = ————— (1 + X
© k

} (2.83)

in real part of equation (2.82} introducing some dimensionless

variables as

elAl e z
0 = ———, $ = — and gy = e
Mg, © My, © c
and considering j = e as mﬂ >> m%, we get
azno~aua—aaia+3103=0 : (2.84)
C2 2 2@9
where 8, = =7 (x° + 2ky - ——)
@ pe . c
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02 @(02 - 99 + kvugc)

al =
a(vl, - vl ) (e-a;)
C2 @
and a; =
T (eme) (VR = Vi)

From poission equation, one can write

En &n;
& ! (2.85)

aﬂ ¢ = 4men; (
n, n,

With eqn. (2.79) and assume m; >> m,, we get

1 1, 1 \
ct & ct{e'-ee, + kv, )
£ o ol = 0 (2.86)

1
ol & - +
' V%e" v% 4‘@“@:“(V& - v%)

From which, we get

# ¢ 8" - b, & + by ol = 0 | (2.87)
cl cl(of - oo, + KV, o)
where b, = —1 T and by = 7 7 N
ViV 4(o-0g) (V' - V)
From egqn. (2.84) we can write
(2.88)

o’ |o" - a, 0 + a; ad - a; & o = 0 |
From (2.87) and (2.88) we can easily obtain the following equation:
2 (2.89)

o'l - b} gl = a, ol ~(al/2)o‘ - Ab, 8l 4 a, # o,

a
where ) =
2b,
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Let us define

o":ana——a103+azio=F(a,i),

" = by - bﬁ = G{o,#),

and o’ ! - A8 = a, ol -(31/2)c‘ - Ab, 3+ a; & ol = H{a,?).

Let & = #(c). We get the following relation:
He - y F FE A6 ¢l + Fe -G=20 (2.90)
Again # =L C o =C o+ Cal+Cale i,
n
+ higher order terms (2.91)

where n is integer and C, ig a constant.

§=C1+2C20+30302,

§'=2C2+6C30,

(&)

C31 + 6(:21 C] g + (9021 03 + 601022)02 +- (8032 + 36(:1 02 C;) 03

¢ (27, ¢l + 36 Ly ¢y) of + 54 ¢ ¢y &b+ 27¢) ot

Putting these values in (2.91) and equating the coefficients of

a, az, 03 oetc., we gat the values of constants Cy, Cy» Cy as

a, - b, 322 C‘l - azblczl - 2b21
Ci= 12 i }: C, = 2 K

aay - a;b, 2a by + 3azb,CY - 63032('1+4aob1”2b9b1
and 5 5. 2 3 ool |
& = 72 1C 1(.3—4azb°(21(. p-aya;C 1+12a0a2clc 2'232blc1cz+231"1‘3102‘4311’101(32 :

2 i
1880b1 + azhocl - 9auazcl - Zbﬂbl

5
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Case (1):

For v% > vﬂe; Cﬂ > 0 and small phase shift (x,e is small)

So, §=Clo+C202+C30
s - Co. (2.92)

Putting the value of & in (2.84) and after simplification

we get:
arl = a ol + a ol + aq 0 (2.93)
1 1 3 % el
281 Cl 3101 - Bi
where ay = a, ; a; = , a3 =
' 3 2

The solution of eqn. (2.93) is

31‘2 BZ.I Sechz(z' n)

o = oy = , (2.94)
8y, - By, tanhl(z'q)
1
where g’ = + J{aﬁ P B = ' f-a; = (a% - 4aiaﬁ§].
. 2!13
- - 1 3
Then & = 'l,i = C1 ﬂilz + Cz a 1'2 + C] (o] i,z L A
Bl Bz Sechz (x' n)
Case-1 ap =
8, - 8; tanh!(x’q)
i.e. #; = C ¢, aly + C; ad -
.8. i = { Cli + 2 01 + 3 a { L

Bz Bl SGC]’]2 (z'n)

Case-11 0 = 3
Bl - Bl tanh (x'n)
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Z .4 RELATIVISTIC EFFECTS ON
SOLITONS

We are considering relativistic electron ion plasma immersed in
ambient magnetic field. Ions are immobile and neutralize the
average charge density. Electrons undergo non-linear interaction
with the wave and hence modulate the latter. We shall investigate
the nonlinear evolution of circularly polarized waves propagating

along the magnetic field. In this case the governing equations are

L

gy ny + V. (nivi) =0 ; . (2.95)

-
2 *

(3, + v;- W) By = e (B +(1/c)v; X B} -(1/n)) ¥ pj, (2.96)

]

E and B related by the Maxwell's equations and the other terms are

discussed earlier. In present case the basic assumptions are:

it
—
'-l
=
(W
fes]
==
A o

B = Bo%, J = e(electrons), R

+ &8

v

i, 9, and n; = n

0 ne

Electron motion is related to the electric field by the following

egquation:

e(l—kve:/ﬁ') -

T
"
e}

- (2.97)
i (Q""‘ kv“ - QC)

Since phase velocity (vpz o/k} >> Vs i,e. electron velocity along

field B, we can neglect Vars thus
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-

ek

P, = , . (2.98)
(@ - Qc)
@
where ., - cyclotran frequency ( = |
Ya
Here -~ g~ ~
Yo = {{1 + 16!E| = 1 +(1e/2)|E| . (2.99)
where
2, = o /myl et gl

From Maxwell's equation (¢ X E}s -(1/c}3B., one can obtain the
following relation:

-

Y E -t g E = dmenyv, - (2.100)

From which we can write

i 2 .
(0% - clal, - 2B 9)E = - ——E— 5 (|B]! B). (2.101)
1lg 21@
Let us suppose
F=F (2,t) = |Ejefttin, (2.102)

The dispersion relation of the wave become

2
B
of = Klel + ol (1- -——-i!——l—). (2.103)
- 2

From which the transverse di-electric constant is
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1 2 2 1%

kf c © : 2, |B

¢ = —5— =1 - —— (1 - LI (2.104)
@ @ 2

" Putting this value in eguation (2.101) one can find the value of
ponderomotive force

1 o Ay 1) ~
fp = - 2 (1 - ———) 9, |E{. (2.105)
16x @ 2

From continuity eguation and the equation of motion we can write

azt ng + ny 9, Oy Vg T o, (2.106)
and
Vel "-’2 1 fp 1
At Ve = & (Bl + —— [-eg, + - Hin, + 80T ).
29e Myo Ye n, n,
(2.107)

From {(2.106) and (2.107) we get

n A ~ ~ en A ~
ok 8n, + —— 3, { vy (1- 2= [Bjhg, [} - ——— a(1- =—[E|DE
2 2 ' my, 2
1 1
+ 9, fp - ——— &, 8n, T, = 0. (2.108)
mEG m&ﬂ

2.4(a) POR WRAK RELATIVISTIC CASE

We consider

AB b1 -]
1 > |E( Py = > vy
2 k
$ = 0, and B, = 0
37



With these assumptions and introducing new coordinates as

t =2 - VJ:'as earlier, we get
1 .
¢ . — (1 - —— 1E1H B} (2.109)
n, 16x my, ny @'(vi-v te) 4

Again from Maxwell's equation {y X B = -(1/c)g B8] and applying

the relation E = E.(z,t) = ]E}edﬁﬁh, one can get the following

relation:

an

1 T o
[elal, - 2i(ody + kelgy) + ol ——(1- - * [RiH1E=0. (2.110)
n, .

Prom (2.109) and (2.110) we get

ﬁ'!pg‘

[ciazz - 2i(eg; + kczat)‘+ 17
' 16mmyn e (v - Vv

——ET? - (47303, ]
n)

Ag

(21911 = 0. (2.111)

Again E = || elfttil, equation (2.111) is

P23 (gclo, - oaq - ketay) + clat - ylet - 200 + 2 kyc?

¢ ' 1
@ pe o~ z -~ ‘ . Ar -~ 6 ~ _
+ T 1 {|E| r(3/4)he|E! + {Bi Y1iBY = 0.
165m,, nw (vi-v ta) 8
(2.112)
From imaginary part we get the velocity of the frame
kci X
V, 5 (1 - ). (2.113)
@® k
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From the real part of equation (2.112), we get

6‘ g - aoc + bald - do’ + q ol = 0, {2.114)
where _ e|§] Opg
g = rn = E’
mw @C C
! 2.1 2
a = 7 (ZC + 28 - kxc) = Cy {say),
(I)pa
i |
@ m C
b = e % - = - Cz(Bay},

2 ;
iéxn ezno( Vo ~Vig )

: q = 3.’70 maeo 02]‘.‘8 Qz C‘ = ¢l
= 7 3 = Cy(say),
641;.3‘110(\10-\:te )

}'25 mim @2” 04 cb

and 9 1286t (vi-vl,) = - Gisay).
From equation (2.114) we can write
orl=c ot + eyt s gyatscad (2.115)
The solution of equation (2.115) is
4C
ol = ! : (2.116)

eM-(4c,¢;-cly)eft - 2¢;
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2.4(b} ¥FOR ULTRA RELATIVESTIC
CASE

Assumptions are as befora, in this case 3a|E|1 >» 1.

g n lelE|
S0, y = J{1A|R1¢) = 42,0B| =

mm wC

Electrons motion is

—

—~ e E
Py =

ilg + 9.)
From Maxwell's equation (¢ X E = -(1/c) atB], one can get

. 1 ~
~ ~ lg m, C E
LR -l B = - L 3 ; (2.117)

lel ¥

~ Lol

Now applying boundary conditions that at «» , |E} = 'Eol' we get the

dispersion relation

1
& m Cc
of = kil 4 S0 e

le| | By}

So, € = ————— = 1 -

4 0



The magnitude'of the ponderomotive force is

1 1l m, c ~ ~ n
fp = - T w (a3, {E]D)+(k/o)a BT, (2.118)

16x -~
olei B

From the equation of continuity and that of motion one can obtain

the following relation

én, | &}’
= n , (2.119)

n, ~ 1

| Bql

@299 mao c2 (1"’kV0/@)
where p = . (2.120)
m @C
16x et n, (vl - vl ——)

N

Again from Maxwell's equation, the form of the wave equation is

| ~
~ 1@ m,.C E
(3% - R = - ”‘ l"" 3 ————, (2.121)
e o~
| Bl

where 'I; = |E[ a'im'ilt.

Finally one can get the following relation

[cz(‘;;zz + 248 - czx2 - 2'ln:xcl +

+ Zi(xc3+ 0dy + kch |B| +



“"2% Mg @€ sze maocz(l"kvo/ﬁ") 1313

] = 0. (2.122)
B ~
te) | Ey} 161 ol (vl - vite)_'f‘gf_f_c_ %, i
CIREA

From imaginary part of equation (2.122) we get

k02 y A

and from the real part of equation (2.122), introducing

o] |} |
o ( = : ) and pi= it LI t) as before,
I'I'IW @< c

we get the following relation:

2a ‘
32 o ~ao + (—-—2—— ) o b ol = o, {2.123)
\ 20! +1
C2 7 2@3
where a = 7 (z + 2Zkyg —'cz ) and

@pg

cl(1 - kvy/e)

b, =
{
4(v% - vﬂe/a)a%

2

Let us consider v

>> vj“/o i.e. bl is positive,

Bquation (2.123) may be written as
y orl —(a/2)al + o + 1/(20) +(by/5) o’ = ¢, (2.124)

4 2



where C; is constant. Applying boundary condition

that at W~ % 0 -0

So, -(aj2)ad, + o, + 1/(20,) +(b/5)d’, = ¢;.

From eq. (2.124)
ol [4 or? = ¢; +(a/2)0! - o ~ & o - (b/5) %]
or, (9, o9}t + V(a} =0 ,

4b

where V(o) = o'I - 2&0‘ + 403 - 4¢ 02 + Zo.
5

Putting cy from (2.125), equation (2.127} is

(1-kv /e)c? ob(a® - o)) )
V(o) = e - (2a-4)ai(d?
SV% d%

20
- ——— (g - au).

9y

=X, i.e. 0 = o, + X

Let us suppose o - 0o o

0
8o, egn. (2.128) will be
vix) = A + AP+ A+ axt e axd « axh 4 A,

where

A, = SbO% - 4ao% + 403 - 2
A, =  15bo’ - 10ac’, + 8o, - 2/9,
A, =  35ba} - Bag, + 4
A‘ = 35b00 - 2a
A, =  21b
7b
Aﬁ = —
o
2b
A = —_
1 ol

(2.125)

(2.126)

(2.127)

(2.128)

(2.129)



cH1-kv, /o)
Here b = and bro

5V%

Prom (2.126) (aq°2)2= V(o) |

2090
J{{v(a)]
neglecting the higher order terms, we can write
v{a) = AX® + A X + A, X!
here A, = 0. The solution of equation (2.130) is
el - Aﬂ e - A
X = (2.131)

232

In this case py = J(A1/200).
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CHAPTER—3

VORTICES IN PLASMAS

PLECTROSTATIC VORTEX MODE:
CLASSICAIL. CASE:

Vortex motion is a non-linear phenomenon in plasma. It is related
'to the vector nonlinearity énd‘this nonlinarity arises due to
plasma drift motion in the direction perpendicular to the wave
propagation. For simplicity we consider the electrostatic drift

motion.

Let us consider a cold electron-ion plasma in presence of an

external magnetic field B = E%Q. The dynamics of low fregquency
electrostatic motion in such a plasma is governed by the fluid

equation
(9 + V- vyIny = 0; o (3.1)

v =(c/B){zxqy ¢ - L/(og)ildy +(c/B)(z x o)} v o)i (3.2)

-

A Vir * Vi Wy = —ley/my) 9; ¢ | (3.3)
7 & = 4ne(n, - n); (3.4)

where ¢ is the electrostatic potentials, n; and v; are the number
density and the velocity of particle species j(=e and i for the

electron and the ions respectively), i.e, e; = F e.
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From the continuity equation, we get

- —

ot (na - “i) + Y- (“a Vel ~ M Vi].) + Y. (n, vy - vi:) = 0

(3.58) [«
From eguation (3;3) we have _ if:
A 2 mi + IIIe . 1lI
ot u +(C/B°)(ZXV1 ¢-V_L) u= e () 9, ¢ (3.6)
M Wy
whare u = e(vex - Vh) (3.7)

Now, we consider a moving frame of cylindrical coordinate

X =r - r,

E = ré + az - vt,
where a and v are constants; i.e. the frame is moving with a speed

v in a spiral manner with a radius r; about the .external field

direction. One can easily show that equation (3.6) is satisfied by

ot ai
us=- ————_(1/my + 1/m;) &. (3.8)

v

Now the equation (3.5) can be re-written as

atviw. + w9 .n{g +(c/By)) (z2x94) . G}V¢ + 4xnggu = 0, - (3.9)
lhw:c2
where no= Y (mi+ ma)

o

In the given cylindrical coordinate system the equation (3.9) is
re-written as

cpn

3 (W + D)@ = - 9.{(z x 9, &). 9} 9, (3.10)
¢ rd ¢ Bov(l'“‘“u) 1 L ¢ Lt e
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It can be shown that
VJ_”,+ D = CX (3.11)
is the solution of equation (3.10},
where C, is related with D by the following relation:
CC: Y nﬁ

D = . (3.12)
Buv(lﬂmo)

Now, we are interested to find a liocalized vortex solution, that
means at r - o; ¢ = 0, this condition implies C; = 0. Therefore the
outer solution
v e +tDy=0, (3.13)
which gives the following solution:

%r,8) = ¢ J; (D% r) cos @ , (3.14)

where ql ig first order Bessel function.
For r < r,; we have the internal solution of the equation

o+ Dp=Clx. (3.15)

in this case, the solution is

si(r,8) = [&! J, (riD}) + G, r 4pi] cos (3.16)

where Ez =

These solutions (3.14 and 3.16) are obtained by using the standard
method developed by Lerichev and Reznik 1976. The constants of the.
solutions i.e. a, v and r, can be obtained from the continuity of
&, Vo and Vﬂ & of the outer and the inner solution at ¥ = 1.
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CHAPTER 4

4.1 PLASMA SPECTROSCOPY:

Tie aim of the experiment:

(a) To study the ‘glow rdischarqe plasma .radiation by a
spectrometer: without and.with apblvinq moderately strong

external magnetic field.

(b) Design, development and calibraticn of an electro-magnet

to study magrietic field effects on plasma column.

{c) Design, development of a magnetic mirror for plasma

confinement and determination of its mirror ratio.

GENERAL INTRODUCTION:
Electrical discharge in gases

The essential parts of a qas discharqe experiment .is
shown in fig. I. A Déir of eiectrodes, at a seperation d, are
enclosed in a vacuumlveésel which has been evacuted and filled
with the workinag gas at a'fixed pressure P. The electrode
seperation d, the pressure P, the applied voltage V and the
working gas héve significant effects on the appearance and on
the properties of‘ the plasma Droddced. A typical VI—V

characteristics of the electrical gas discharge is shown in

4
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fig.I1I. As V; (the potential diff. between the two electrode)
increases Id (current through the discharge tube) does not
increase; it is of the order of 1012 Amp. Practically the tube
is an insulator of high impedance. However, the situation
.changes when break down voltage V; is reached. The
conductivity of the discharge tube switches suddenly from that

‘of an insulator to become a conductor.

It can be seen that after break down, the current
increases from 10712 Amp. to 104 Amp. while the tube voltage'
stays approximately constant at VB (BCY. Beyond C, as the
current is further increased, the voltage across the discharge
tube begins to drop and finally, a point is reached (D), where
the voltage remains constant again on further increase of the
current. This is the glow discharge region (DE), which is the
region of interest in our experiment.. Further increase of
current leads to abnormal glow region (EF)} and eventually to

the arc region (beyond G).

Some characteristics of the glow discharge:

The glow of a gas dischardge is usually broken-up into
several regions of which the more important ones are shown in
fig. Iii(a). The relative length of these regions depends on
the tube pressure (P}, the applied voltage (V” as well as the

seperation between the electrodes (d). Usually it is the
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positive column that will vary in length when these parameters
are varied. Thé regiocns that we are interestéd in are the two
large bright regions, namely the negative glow and the
positive column. These are the regions where the plasmas of
the glow discharge are situated. The‘001ours of these bright
regions are characteristics of the gas used to fill the
discharge tube. The characteristic colours fof the gases that

are used in our glow discharge experiment are shown in table

below:
Gas Colour of the Colour of the

' negative alow positive column
pir{Nitrogen) Blue ‘ : Red
Hydrogen (H} Pale-Blue : Pink.

Another importaﬁt characteristic of the glow discharge is
the variation of poténtial accross the tube from cathode to
anode. In most glow discharge experiment, the cathode is fixed
at ground potentials. The potential across the fube is found

to be as shown in fig. III{c).

In positive c¢olumn, the potehtial is found to fall
aradually from'the anode and becomes constant in the negative
glow reaion. This constant potential is called the plasma

Dotential'Vw
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thsical'appearance of the glow discharge. If a glow
discharge is‘maintained‘between two electrodes-'in a long glass
tube, several bright and dark reqions'willlbe observed as
shown in fiqﬂ.III(a); It is seen that the negative glow req%on
is the brightest region. the positive column constitutes a
uniform large bright reqion and the othef'reéions are usually
difficult to observe experimehtallv. The distribution of

luminous intensitv are shown in fiaq. III(b).

The positive column is the ideal source of steady plasma

radiation and has bright and uniform luminous intensity. We

have studied the spectrum of plasma radiations from the

Pl

positive column.

4 .2 EXPERIMENTAL STUDIES OF

PLASMA RADIATION

INTRODUCTION:
Plasma Radiation:

In plasma the radiation is produced laféelv as a result
of various tvpes of collisions betweén the plasma particles.
These are:.(a) Bremsstrahlung, {b) Recombination radiation,
(c) Radiation emitted by excited atoms and ions and (d)

Cyclotron emission from plasma.



(a) Breamsstrahlung:

It is the energy lost in the form of electromagnetic
radiation bv a chafqed'particle, moving with a ver? high
velocity, is accelerated or decelerated. When.a free electron
moving with a-very high velocity (v = ¢) basses through the
clectric field cf an 1ion or an atom, its path will be beﬁt a
little, which is due'to deceleration of the electron under the
influence of ‘the electric field. This qivés. rise to the
emission of radiatibn and represents energy’ 1055 for the
electron. The emitted radiation, which has continuqus
frequencies between zZero and W,/h, where W, is the initial K.E.

of the electron and h is Plank's constant.

b)  Recombination radiation:

The phenomenon of recombination inveolves the capture of
ffee electrons by ioﬁs. The energy which is iiberated in this
processes is equal tp the sum of kinetic eﬁérqv of the free
electron and its binainq enerqgy.

(c} Radiation emitted by excited atoms and ions:

The -origin of the atomic radiation islwall known. The
spectrum of 'this radiation consists of :discrete lines
corresponding to various transitions from tﬁe excited energy’
states of atoms- and ions, which depends on the electron
temperature (te)' At low t, itlwill remain a neutral atom or

will lose one of its most weakly bound electron.
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(d) Cyclotron emission from plasma:

A new source of radiation comes intolplav'when plasma is
placed in a magnetic field. The electron now execute circular
motion in the plane perpendicular to the maqﬁetic field, énd
since the motion is accelerated (towards the qﬁidinq center)
it should, in accoraance with the laws of electro-dynamics,
dive rise to the emission of radiation. For.sinqle electron
the intensity of thisg fadiation is Droportionai-to the square
of the magnetic field and is also a,fﬁnction of the velocity
of electron executing the larmor rofation. Radiation of this
kind is usuall? known as cvclotron radiation having frequency
@, ¥ eB/mc and 1is of major importance in accelerator

technology.

Measurement of radiation wave length:

Radiation emitged from glow discharge experiment was
measured by thg usuai manner with a spectrometer and a plane
diffraction grating. A spectrometer was leveled optically
{Schuster's méthod) with a prism and a monochromatic source.
The sources was then replaced by the positive column of a glow
discharge and fhe prism was replaced by é plane diffraction
grating (15,000 lines per inch). The wave lengths of the
observed spectral lines were measured bv using the relation

Siné

LR

nN



where ) is. the wave length of the spectral line, n is the
order of the spectrum, N is the grating constant and 8 is the

diffradtion angle.

Effects of magnetic field on plasma radiation:

The origin of plasma radiation was discussed earlier. In
bur ekperimental stﬁdies, wellneasured the different wave
lengths of the'radiafion that were emitted bvlfhe excited ions
and atoms. If eXternél magnetic field acting on electrons and
ions in the plasma Droduce the so called cvclotron rotatlon
Due to this rotatlons the charged Dartlcles emit cyclotron
radiation. On the other hand, magnetic field effects also the
quantum mechanical phenomenon of excitation of atoms. These
two effects change the nature of radiation of the excited
atoms in the presencé of tﬁe magnetic field as compared £o the
case where thé magnetic field is absent. Thus this radiation
differs from that of unmaanetized atoms. In our experiment we
measured the radiatign from the magnetized plasma as tabulated

in tahle 2 and table 3.

Design, Development and Calibration of a Horse-shoe Magnet:
To apply an external magnetic field perpendicular to the
positive column, we -~ designed and developed a special

electromagnet {horse - shoe type)
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A bar of soft-iron (25cm x 5 cm X 5 cm) was woundéd wilh
18 gauge enamelled éopper wire of 2700 turns. Two bars of
soft-iron (12cm x 5cm x 5cm) were connected at the two ends of
Lhe winded bar by -the screws of the same material for
conducting the;maqngtic flux lines. Finally, another two bars
(8cm x 5 cﬁ % 5cm) of the same material were connected to the
free ends of the bafs (12cm x 5 cm x 5 cm) as shown in the
fig.11. Thefe is a field éap of 9 cm. in between the two free
ends of the bars (8em x 5 cm x 5 cm} which form the magnetic
poles. By var?inq the magnitude of the direct current through
thé coil the maagnetic field can be -chanqed from 0 to 2
kiloGauss. The'I—B characteristics are shown ih Fig. 8. The
magnet was fabricated in the BUET Central Workshop. The cali-

bration chart of the electromagnet is shown in the Table-1.

4.3 EXPERIMENTAL SET-UP:
The experimental set-up for glow-discharge experiment

consists of the following components:

1. The Vacuum Vessel

The wvacuum vessel used in this experiment 1is a
cvlindrical glass bulb (T-glass chamber) wifh three parts
attached to it, which are shown in fig. 12. Length of the tube
is L=19.1 cm and its diameter &.2 cm. The tube consists of

three parts:
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i) One for mounting the anode
ii) One for mounting the cathode

iii) One for connection to the vacuum pump and gauge.

2. The Vacuum System:

The cvlindricallbuib vessel 1is pumped by rotary pump
which is capable of pumping to a pressure of 30 miilibar.
However, the minimum:pressure that .can be achieved in the
system is mainly limited by the vacuum sealing capability of
the svystem itself. The pump is operated at the-voltage of V,

= 110 volts and current of Irm = 5.6 amp.

3. The electrodes:

Two circular bfass electrodes with circular perspex
holders are used in this svstem. The electrodes are fixed at
a distance of 8 cm apart. The diameter and the thickness of

the electrodes are 3 cm and 0.15 cm respectively.

4. The D.C. Power Supply:

For aglow discharge experiment éne d.c. bower supply is
needed. The power supply used to operate the discha;qe tubé
can supply a maximum voltaqe-of 1200 volts and maximum current
of 1 ampere and it is sweping voltage in the order of 400 V,

600 V, 800 Vv, 1000 V and 1200 V respectivelv.
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5. The current-limiting resistance R;:

This is a variable resistance comprising of a chain of 22
K@ resistors connected in series. By setting R, to large
value, it is possible to limit the current to the range of 10

amp. after break down has occurred.

6. Meters:

To study the 1-V characteristic of the discharge, an
ammeter is used covering the range of 10'6 amp to 0.999 amp.
along with a voltmeter to measure the voltage. Both are
connected after the break down has occurred. Under such
condition, the reading cwlrthe ammet.er (Ia) should remain
unchanged when the voltmeter is connected (the earth wire

only).

One of the most important sources of information about
the properties of the plasma is the spectral composition of
the radiation emitted by plasma. Such study may be carried out
with various spectrographs, that ié normal prism instruments
with glass or gquartz optics, which are suitable for the
analysis of the visible and near ultraviolet radiation or
vacuum spectrographs with diffraction gratings, which are
suitable for short wave. Radiation enters the slits of the
spectrograph through a window in the vessel containing the

plasma. The intensity of the spectral lines emitted by plasma
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depends on thé concentration of electrons and ions and on the
elecfrdn te&perature. With increasing electron temperature,
the spectrum changes. New lines, correspondihg to a hiqﬁer
degree of .xcitatiop of the atoms, appear. Spectroscopic -
determination of plasma concentration is very difficult
because it involve the accurate measurement of the absolute
intensities of spectral lines. The temperature of the atoms is
related to the width of the spectral lines emitted by them. In
plasma, the atoms and ions move at random mean velocities
proportional to JT. Therefore different particles emit
slightlvy different wavelengths, with the result that these
spectral lines may be used to determine the temperature of the
particles which are_Aresponsible for the emission of the

radiation.

Measurement of wavelengths of magnetized plasma:

The posifive column of a glow discharge experiment was
magnetized with the horse shoe magnet. In our experiment we
studied two types of plasma: nitrogen and hydrogen plasma. The
wave lengths of the different spectral lines were determined
bv spectrometer: first without any magnetic field and then in
the presence of a maqnetic field. The results are listed in

Table 2 and Table 3.
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4.4 DESIGN AND ﬁEVﬁLOPMENT OF A MAGNETIC MIRROR FOR PLASMA

CONFINEMENT :

A convenient me£hod of confining plasma is the use of a
magnetic fieid. A uniform magnetic field restricts the
perpendicular motion of the charqedlparticles..There are two
confinement configurations for plasma viz.:

(i) Closed line - Stellarator, Toroidal Theta.pinch and

Tokamak. |

(ii) Opeh line - Magnetic mirror, Z-pinch, Plasma

focus, Screw pinch and Theta pinch.

Confinement of plasma particles (high density) is a
difficult prdblem; However, ' for 1low density, plasma
confinement is possible in small scale by mirror confihement.
The mirror confinement of plasma is based on the fact that the
magnetic moment and the tétal energy of the charged particle
in a'maqnetic‘field is constant along the orbit, provided the

field does not change much in one gvropericd.

The magnetic mirrors are linear devices with axial
magnetic fields to keep the particles away from the walls. The
magnetic mirrors at the ends reduce the numbéer of particle
escaping at each end. We designed and develored two coaxial
magnetic mirrors shown in fiqufe below:.which was fabricated

in plasma lah., INST, AERE, Saver, Dhaka.
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The charged particles may be reflected by the magnetic
mirrors and travel back and forth in the space between them
and thus get trapped. This trapping region has been named as

magnet.ic bottle.

The effectiveness of the co~axial magnetic mirror system
in trapping charged particles can be measured by the mirror
ratio B, / B, where B, is the intensity of the maénetic field
at the point of reflection and ﬁo ig the same at the center of

" the magnetic bottle.

Pwo coils (solenoids) are constructed for this purpose,
which are 15cm in lengths and 10cm. in internal diameters. The
coils are placed 30 cm. apart. Experimental results are listed

in Table 4.



EBL 3 <

Jon-cyclotron resonant /Electron cyclotron resonant in plugging
of plasma:

The end loss of a cusp plasma is reasonably suppressed by
plugging radio frequency electric field. The frequency of the
aéplied field .is choéen to be an eigen frequency of the ion-
cvclotron/electron-cyclotron wave. The field is applied
perpendicular to the - static magnetic field. Such
radiofrequency plugging is due to the quasipotential ¢. which

is written as d, B

ll’_tlm 2—-Q2

for the case of a single particle, where g and m are the

charge and mass respectively of the spices "s'", and Ef is the

radiofrequency electric field strength, 4 1is the anqular
frequency Qf the appliéd radiofrequency field‘énd Q. is the
local cyclotron frequency of particle.

The relative ion/electron‘losé flux (ag) 1is defined as
the ratio of the ion/electron radiofrequeﬁcv pIUQQinq relative
Lo that without radiofrequency plugging, can be written as

| a, = exp( -~ ¢/Ty)
where T.(eV) is-the idn/elecfron temperature. (1l-a.) is called
the radicfregquency prlugging effectiQeness.

The experimental setup for rf. plugging to determine the

plugging co-efficient a. is developed for the first time in

s
our 1aboratofv. Further experiments with the present setup

will be possible in near future.
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RESULTS AND DISCUSSION:

Analvtically, wé studied the wave-particle interaction in
unmagnetized and magnetized hot plasmas. Circularlv polarized
intense electromagnetic wave propagation along field directién
is considered in both homogeneous and inhomogeneous plasmas.
We also considered the éase of electrostatic drift. In our
experimental studies; we investigated the effécts of magnetic
field on plasma radiation. For this purposé we designed,
developed and -callibrated a horse-shoe magnet. We also
constructed and developed a magnetic mirror machine and

measured its mirror ratio experimentally.

In section 2.1, we consider electron-ion homogeneous

plasma. Circulaflv pclarized intense electromagnetic wave
propagates along ambient field direction. Under some boundary
conditions enQelope soliton of the wavé is formed: figure 1
{equation 2.28). If the thermal velocity of electrons (Vi) is
higher than the frame velocity (V,), we get isolated spiky

solitons figqure-2 (Equation 2.30).

In section 2.2, we consider electron-ion inhomogeneous plasma,
where density of plasma increased with space (length). Soliton
is also formed but there is a little hump in its tail figure-3

(Equation 2.58). This hump is due to the inhomogenity.
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In section 2.3; ion motions are takeﬁ into account, whereas in
the other sections we neglect ion motion due to its heavy mass
as compared to that of an electron. Two types of solitons are
formed for the two forms of equation (2.94) as shown in

figure-4 ((ase-1) and figure-5 (Case-I1).

In section 2.4(a); for weak relativistic case soliton is

formed as shown in figure 6 (equation 2.116).

in section 2.4(b) for ultra relativestic case the wave takes

a different form as shown in figure-7(Equation 2.13).

In section 3: We study a non linear phenomenon of plasma
called vortex motion. Here we consider the case of
electrostatic drift. Using two fluid MHD eguations for
electron~ion plasma and also using some standard method we
find new kind of nonlinearity that exist in elactron;ion
plasma which is a vortex. Tt is caused by the perpendicular
drift motion of plasma particles. These vortices are very much

important to study transport phenomenon in plasmas.

In chapter-4; We investigated experimentally the effect of
magnetic field on plasma radiation. We obtained the spectral
lines of plasma radiation from two types plasmas: nitrogen and

hydrogen plasma respectively. The wavelengths of plasma
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radiation is measﬁred by spectrometry. The effects of magnetic
field on these radiation is investigated éxperimentallv. It is
found that due to magnetic field the radiation is red
shifted. We have désiqned, constructed and callibrated a
horse-shoe eiectro—méqnet, which éan give a field of the order
of two kilo-gauss. With this maqnet; we can aDDlv.suitable_
field on a plasma c¢olumn. Secondly, we designed and
constructed a nmqnetic mirror mahine (magnetic bottle) to
studv the r.ff confinement of plasma. We have determined the
mifror ratio.experimentallv. The results obtained are shown in
Fig. 9 and Table-4. This opened up a new possibility for
further experiments to be done in the futuré and will have
wider application in fusion energy research and in plasma

astrophysics. .
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Fig-1:

Fig-2:

Fig-3:

Fig-4:

Fig-5:

Fig~6:

Fig-T7:

¥ig-8:

Pig-G:

Fig-10:
FPig-11:
Pig-12:

Fig-13:

FIGUORE CAPTION

Pum?wave envolope soliton for sup thermal case (VztB
< Ve) in electron-ion plasma with the parameters
g=1 and y = 10 {(Egn 2.28).

IFolated spiky soliton for sub thermal case (Vzte >
Vi) in electron-ion plasma with the parameter g=1
and p = 10 (Bgn 2.30).

Pump wave envelope soliton in electron-ion
inhomogenecus plasma with the parameters o, = 1,
w=10, b, = 0.01 and b; = 0.001 (Equation 2.58).

Pumpwave envolve soliton for electro-static change
seperation (egqn 2.94 case-1) with the parameters
Bl=0'9' Bz=0.8 and x'=10.

Cusp solitons for electro-static charge seperation
{Bgqn 2.94 - Case-I1) with the parameters BI=O.9,

.Bi=0.8 and x"'=10.

Pump wave. envolope sgpiky soliton in a weak-
relativestic plasma with the parameters C;=1, C; =

-4.85; €;=10 and p=10 (Bquation 2.116}.

Shape of the pump wave amplitude 1in wultra
relativestic plasma with the parameters A=10, A;=1
and p=19 (Equation 2.131).

Callibration curve of the horse shoe magnet (Table-
1)}: magnetic field strength (B} vs. current (I).

Graphs of mirror field (Table-4) distance between
the coils d=30 cm field through the axis (a) for
curren IFO.S amp and {b} for current 12=0'9 amp.
Schematic diagram of experimental setup.
Photaograph of the electro-magnet.

Photograph of the setup for radiation measurement.

Photograph of mirror machine.
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TABLE 1

I (A)

0.0 0.5 1.0 1.5 2.0 2.5 3.0
B (KG) 0.000 0.294 0.57;1 0.824 1,059 1,224 1.328
3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0
1“.403 1.462 1.513 1.551 1.582 1.609 1.630 1.654 1.674 1.692
TABLE 2

Gas used in discharge tube: Nitrogen (air))

Grating Diffrec- Order of

Magnetized Unmagnetized
line tion Spectral (B = 1.224KG) (B=0)}
N/cm order Line
n ' Blin deq. 1in A 9 in d_e,q. Lin AL
1. ' 13.1011 3837.97 12.8678 3770.78
2 13.4178 3929.06 13.3678 3914.69
s 141679 4144.34 14.1846 4149.12
4 14,3994 4210.63 | 14.3679 4201.62
5 14.2180 4358.90 14.8512 4339.77
5306 O o] | 15,2013 4439.75 15.1680 4430.25
7 ‘i5.4680 4515.,75 15.5180 4529,99
_8 “15.7513 4596.39 15.6847 4577.44
9 : 16.1181 4700.62 16.0186 4672.87
10 | 16.4181 4785,72 16.3681 4771.55
11 | 17.5178 5096.55 17.3466 5048.28




TABLE 3

Gas used in discharge tube: Hydrogen (air))

Grating Diffrec- Order of Magnetized Unmagnetized

, line tion Spectral (B = 1.224KG) (B=0)
- N/cm order Line : ' - -
n 8 in deg. Lin A 8 in deq. 1 in A

- 128678 377079 12.6678 371344
7] 13.4511 3938.69 12.8760 3773.15
3 | 14.1512 4139.55 13.0345 3818.79
4 14.3679 4201.62 13.2178 3871.55
5 14.8347 433511 13.1678 3943.16
6 15.2013 4439,75 13.6267 3989.08
7' 15.6180 4558.46 13.9679 - 4086.01
é 16.0198 4672.70 14.5346 4249.32

10 - 16.7220 4871.80 14,8347 4335.11

11 17.2515  5021.45 15.3347  4477.78




TABLE 4
E xperimental results for mirror field: Distance between

two coils are 30cm, measured from the left. Number of terms per meter

2400.

d(cm) I,(A) 8,(a) I,(A) B,(G)
0 0.5 6.07 0.9 12.62
5 0.5 2.54 0.9 4.9

10 0.5 0.97 0.9 1.96

16 n.5 0.70 0.9 - 1.39

20 0.5 0.938 . 0.9 1.98

25 0.5 2.63 0.9 4.82

30 0.5 6.21 0.9 12.46

RESULTE®

1(A) Mirror ratio(8_/8,)
0.5 8.97
0.9 9.08
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