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ABs'1'RAC'l' 

Usually the conventional theories consider 

the lo\~ temperature plasma as a system containing mobile 

charged particles and neutral atoms or molecules. In 

this thesis the theory of some collective properties of 

"dipole plasma" that consists of charged particles and 

polar molecules with constant dipole moment as the neutral 

component is developed. 

In such a plasma the dipoles interact "'ith the 

charged particles and the self-consistent fields that arise 

in the non-equilibrium state of the plasma. '1'he inter­

actions ",ith the electrons and positive ions result in some 

correction terms in the thermodynamic functions of plasma; 

",hereas, the dipole interactions with the self-consistent 

flelds lead to some new physical effects such as the 

shifting of plasma frequencies, and appearance' of additional 

damping plasma waves and a new branch of eigen-vibration 

which we call the "dipole-acoustic "lave". 

'rhese phenomena in dipole plasma are investigated with the 

help of a collisionless kinetic equation derived for the 

rotational degrees of freedom of the dipoles. 

The dielectric t.ensor is calculated from a perturbation 

analysis on the distribution function of the dipole plasma. 
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CHAP'PER I 

IN'rnODUC']'ION 

1. The plasma State 

A plasma is a quasineutral gas of charged and 

neutral particles which exhibts collective behaviour (2). 

By collective behaviour ~/8 mean motions that depend not 

only on local conditions but on the state of the plasma in 

remote regions as ~Iell. 

Plasmas are composed of a very large number of 

particles, N ~ 10 23
, all moving and interacting together. 

We can not ever hope to follo~1 them all around their 

respective paths, even if Vie would obtain the exact equationE 

to be solved. A statistical treatment is needed, for we 

can not predict the exact behaviour of every particle in 

the plasma. 

The stat.istj~cal method enable us to predict what happens 

to a collective of particles, on the average, subject to 

certain conditions. 

'rhe statist.ical method uses a kinetic description 

based on the veloci.ty distribution function, f(t,v,t), for 

each type of particles and the proc1l!ct f(i-",v,t)d 3 r d 3 v 

represents the number of particles in the phase volume 

d 2r 3d v. 'rhe number of particles in the elemental phase 

volume, when summed up for all possible velocities give the 

total number of particles (density number) in the entire 



phase space. 

'1'hat is, 

+ n(r,t) :=: 

-' 2 .> 

->- -7- ':!. f f(r,v,t)d'v (1.1.1) 

In any event, it is important to know the form of the 

dist.ribution function, both from the vlevlpoint of 

determining the plasma temperature and also for developing 

theories on the nature of plasma behaviour under non-

equ ilibrium conditions. 
-)- ->-

For any physical quant.ity, g(rtv), we may 

determine its mean value to be 

-> .,. 
<g(r,v» = 1 

n 

->- --+ 3 f gf (r , v , t) d v 

\~here f is the distribution function. 

(1.1.2) 

'rhe velocity distribution function satisfies 

an equation known as the Boltzmann equation: 

af + vi af, + 
3t 3r i 

F. 
~ 

m 

3f 

;)vi 

df 
(- at) 

coll (1.1.3) 

'rhis equation is the law governing the variation of the 

distribution function with time. 

I'he first term in eq. (1.1.3) is the local variation of 

the distribution function. The term v i 3~r i. is the 

variation of the distribution function resulting from 

molecules streaming in and out of a given volume element. 

'l'his term relates to the description of diffusion. '1'he 



i:h.i.rd term is t.h,,, var::Lat.i.on of Uw (list:rihut.i.on function 

rcsult:l.nq from t.h(~ extt-:J:nal f()rcl'~'-f? I l~'i' i'tctJng on the 

particles. The velocity distribution funct.i.on will also 

vary as the result of collisions betvleen the molecules 

of the gas. This variation is included in the collision 

term on the right--hand side of eq. (1.1.3). 

A number of important plasma phenomena can be 

studied by treC\tinC] the plasma as a vlhole or any of its 

constituents as a fluid characterized by a certain number 

of macroscopic variables such as t:he mass density, the 

average veloCity, the kinetic pressure and the temperature. 

A set of moments of the Boltzmann equation appropriately 

truncC\ted and suit:ably completed by an assumption on the 

highest velocity moment: of the distribution function enables 

the determinC\tion of the equations governing these macro­

scopic variables. The electrons and ions form conducting 

fluids 'Ilith the result there are also macroscopic electro­

magnetic variables such as the charge density, the current 

density, the electric field, and the magnetic flux density. 

These electromagnetic variables are governed by Max~lell' s 

equations. l'he behaviour of the plasma can thus be analyzed 

lnterm .. s of. the hydrodynamical and l-la XVle 1 1 , s equations. 

1.2 Basic Properties of Plasma. 

A fundamental property of plasma is its tendency 

to preserve its macroscopic electrical. neutrality. ~'he 

plasma is said to be quasineutral; that is, neutral enough 
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thnt one can taltc the dC)l[~ity o( positi_ve charges t~o be 

, 
(electrons), but not so neutral that all the interesting 

electromagnetic forces vanish. 

When the electrical neutrality of plasma is 

disturbed, the electrons break into collective, h1gh-

frequency osi.cllations and the relatively heavy posi.tive 

ions remain i.mll'Obile and provide the necessal:Y neutral-

iz1ng background. On an average, over the time per10d 

of these high--frequency oscillations, the macroscop1c 

electr1cal neutral1ty is maintained. 

If an electric field due to a test charge 1s 

imposed on a plasma, U\e plasma paL·ticles redistribute 

themselves around the test &charge in such a manner as to 

shield its i.nfluence from a major porti.on of the plasma. 

If the dimensions L of a plasma system are much larger 

.than the Debye' s lentjth, 
T 

( --:-~.-) .~ , 
41Te Ln " 

then whenever local concentrations of cllartje m:ise or 

external potentials are introduced into the syst.em, these 

are screened out in a distance short compared with I, , 

leaving the bulk of the plasma free of large electrostatic 

potentials or fields. Thus, a criterion for an ionized 

gas to be a plasma is that it. be dense enough that r D is 

lTuch smaller t.\1an L. The picture of Debye shielding is 

valid only if there are enough particles in the oharcle cloud. 



Cl.earl,y, if ther0 ar(~ on:l_y ()ne or t~~o particles i.n tI1P 

she(~,t:.h Y89ion I Debyt~ ~~hi(;1c1in9 T,<!OU ld not be u 

statistically valid concept. 

'l'he number, No' of particles in a "Debye sphere" is: 

N 
4 ,3 (1.2.1) -- n .- orr 

'D 3 --D 

where n is the pI as llk'l density. 

Thus in ac1c1itj,on to r
D

« L, collective behaviour 

requires 

We have given tl'IO condi tions that an ionized 

gas must satisfy to he called a plasm3.. A third 

condition has to do with collisions. If UJ is t.he 

frequency of typical plasma oscillations and T is the 

rrean tirrl8 betlveen collisions wil:h neut.ral particles I we 

require (1)'[ > 1 for the gas to behave like a plasma 

rather than a neutral gas. 

From t:he fundamental length r
D 

and the basic 

speed, 
rp ~i 

V ~ ( .;;.) VIC construct a fundamental m 

frequency, 

(1.2.2) 

This is the so~called I.angrruir plasma frequency. 

The plasma frequency is such fundamental importance that 

the plasma density is ft'equen"cly descd.bed by the 

quantity rather than by n i 1:self . 

~le may also define the .i.on plasma frequency 
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III , (1.7.3) 
PJ· 

t.his frequency is liP.) ch JO\'lcr than IJ) pc since the ions 

have rruch greater' TIki. S S (m. ) 
1. 

Although plasma lTkly be regarded as a specJ.al forrn 

of gasc"ous mixture, there arc many Jmportant physical 

propertl.es in whJch it differs from an ordinary gas 

containing only neutral particles. These differences are 

especially evident in t.he behaviour of plasma In electric 

and magnetic fields. An electric field - even a very 

\'leak one - gives d.se to an electric current in the plasma. 

In a magnetl.c field, the plasma behaves as a dJ.amagnetl.c 

mat.erial. It also exhibts a very strong interaction with 

electron'Agnetic waves. 

The specH ic properties which are exhibited by 

plasma in its interaction with electric and magnetic 

fields serve as the basis for many scientific and 

technological applications of plasma. 

1.3 The Dipole Plasma 

'l'he dipole plaSTIn consists of electrons, positive 

10ns, and polar rrolecules with constant dipole rroment d as 

the neutral cOIlq:>onent. These dipoles rotate '11th angular 

frequency 

(1.3.1) 

where '1' is the temperature in ener9Y unites, and I is the 



lnoment. of iilel~l:.ia of t.he dipole rroleculc. 

1. t Ls (-~v iden t: t:ha. t: the di.pr)le molc:cu"u~s interact 

state and witll the charged particles of the plasma. The 

latter interaction lead to the contributcion of dipoles \:0 

the thel:'lnodynamic funct.:i.ons of the plasma. '1'he interaction 

with the self-consistent fields result in new physical 

effects such as, displacement or shif'cing of plasma frequency 1 

appearance of additional damping plasma waves, and new 

collective vibration l'lhich we may call the "Dipole-acoust:ic 

l'lave" - analog·ous t:o 'che ion-acoustic waves in the 

electron-ion plasma. 

These phenomena in dipole plasma \o1i11 be studied \o11th the 

help of: 

i) thermodynamic descrj.ption I l'ihich gives the t.hermo·· 

dynamic functions of, the dJpole plasHla; the heat of 

solution; and the equation of state of the dipole 

plasma in equilibrium state. 

il) kinetic description usin9 the set. of Boltzmann 

(~quations for the elect.rons, posi·tive ions t and 

for the rotutional degrees of freedom of the 

dipoles in the c011is1.on1ess case, with Maxwell's 

equations and the f ield SOUl'<~es perm1.t the study 

of some collective pr.opet'ties of the dipole plasma. 

iii) pert.urbation analysis on t:he distribuU.on fUllct:ion 

of dipole plaslna I the dielectric tensm:, addJ.ti.onfll 

damping coefflcient and the "Dlpole~acougtlc \·,ave" 

are obtained. 



As indica·ted at. the outset: I t.he main concern 

\'l111 he the study of collective properties of the dipole 

plasma. In the subsequent. chapters we will develop t:he 

theoretical method and us,~ it to 1nvestigate the above 

mentioned physical phenomena. 
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C HIIl?'I'EH II 

'l'BERMODYNMlIC DE[WIUP'l'ION UF 1)11'01,1': PLASMA 

2.1 The Electric Field of Dipole in plasma, 

'1'he method of calculation of t.hermodynamic 

funct:ions for non-·ideal gas(c$ of neutral particles is in-

vali.d for plasma - a gas characterized by 'I:he Coulomb 

interaction between particles, since due to the long-ranqe 

nature of the coulomb forces, the group integrals in the 

viral expansion are divergent. 

Physically, hOI-Ncr, l:he fields of individual dipoles are 

effectively screened by the statistical distribuU.on of 

other particles. 

Let us consider a field in the neighbourhood 

·c of a dipole with dipole momtmt cI in dipole planma. 1"or 

·the sake of simplicity we assume the dipole 1:0 be located 

at the ori.gin of coordinates. 

The potential of the electric field satisfies the 

Poisson',; equation 

(2.1.1) 

where 1jJ is the potenti.al of the electrostatic field, 

and p is the charge density given by, 

e[?n,- 11 ] •• div P 
1- e (2.1.2) 

where e is the electronic charge, z is the atomic 

number, 11. and n are Goncentratj.ons of positive ions 
1- e 

and electrons respectively, and div P describes the 



\,1 i. Ll1 t.hl~ po] a [.i. '2. d. t ion ( 

n "1 
C, 

-, 
< d > , n J 

'-
being the concentration 

cf dtpoles. 

substit:uting for p in 8q. (2.1.1) and using the 

relation 
-}- --',. 

-, 
< d > --

f d exp (<:l_~E:_) d\2 
__________ ______ S____ --

3'1' 
f exp 

(2.1.3) 

for the case where 
-l- -> 
d. E 1 bt . T « ., \'Ie. o. _aJ.n, 

:::: ~. ~ ... rr t::. 
C 

(zn. ~ n ) 
J_ e (2.1.4) 

-~ 1 + is the Langevin's expression 

for the dielectric constant. 

According to the Boltzmann distribution, the 

dmlS1 ties of particles in plasma are given by 

l'litere 'I' is the temperature in energy units. By the 

CjLasineutrality condttion the concentration Vlhen the 

potenttal (8~) is zero, is the same for the electrons 

arId positive ions, that j.s 



« 11 <0 

,::.: n n 
" 

'['hu s , 

(2.1.5) 

we shall limi 1: ourselves to the consideration of weakly 

ionized plasma in which the Emerqy of Ule Coulomb 

interaction is small compared to the mean kinetic energy, 

that. is, el)!/'l'« 1. 

Then'fore, ~le can expand the exponenU.als in ego (2.1.5) 

into a series i.n powers of el)!/T and limit ourselves to 

the first tvIO terms of the el<I'ansion. 

Eg. (2.1.6) has solution of the form 4 

-:>- ~}-

,,)(;,0) .. d.r (1 + .E.) cxI' (_.!:) 
r '3 r o 

(2.1.6) 

(2.1.7) 

whicn satisfies the necessary boundary conditions, 

that is 
~J •• as r + 0 and !/; ~~- 0 as r ->- CD • 

In eq. (2.1. 7) , 
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which is t.hE] 11 D(~hyo It: Lpnqt_h II i.n d.i.po 1 c pl;v3m.:) ~ 

In tho c~ loct.r-on·--- :Lon pJa~{(nd c;;; 1, 

E xpandin 9 the exponent:ial in sq. (2. 1. 7) 

int.o a power series in r I WE~ gfd: 

->- -.r 

l}J = d.r { .. 1. 
~ r3~ 2 

,.. 2 1 (-_--_) + c~ 
r 3 

D 

(.r __ )3 _ ••• } 
r D 

from which the electric field 

-> 
E _. 

"* c1 -- --- + 
3r 3 

D 

-> -» ->-
(d.1') r 

~-. -_._---..,...---_. 

2r3r~ 

2.2 Energy of Dipole in Plasma. 

(2.1.8) 

'l'he energy of a d.i.polo of constant molecular 
-> 

dipole moment d as a function of i-ts orientation and 
-> 

position in the field E 1s given by) ( 8 

-)- ._) 

IV ,; •. d.E 

Us in g eq. ( 2 . 1. 8) , 

+ 

(2.2.1) 

the energy of the dipole is obtained when e + d' , lr. 

ThEm, 
_ d 2 

31.'3 
~ D (2.2.2) 

It is interesting to compare this e}"'Pression with the 

energy of a test. charge q in plasma, namely 
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to pot.ential eneL'gy of the pl<l>3lna, t.l,ey.eby incl"eas:i.ng its 

energy as compan}d with tehe p1a[<]\1a without dipole component 

(electron - ion plasma) . 

2. 3 ~:hey.modynamic Function" of Dipol(" Plasma. 

Compared I-li th l:he expression for th(~ in'lernal 

energy of an ideal gas, the formula for the internal energy 

of dipole plasma contains additional terms associated with 

the existence of Coulomb intceractions betl'leen the charged 

particles and the potential energy of the dipole component. 

Therefore, the internal energy of dipole plasma is 

given by 

E ~ E" I 1 + EC 1 I. + Ed' 1 H ea. ou .. omo lpO e (2.3.1) 

where 

(2.3.2) 

Ne , N
i

, and Nd being the number of electrons, posittve 

ions, and dipole molecules in dipole plasma. 

'1'he Coulomb interac'cion of the chm:g('d particles 

in plasma is (5 

F "Coul. 

\-,here V is the volume occup.i.ed by plasma. 

(2.3.3) 



l'he dipole potential energy, 

E ~ 1 
dip. 2 

« 1 

v 

~3! 
j.n gas, one can expand (; 2 

since d 2 nd 

T 

eq. (2.3 • 3) using the Langevin expression for the 

dielectric constant and gets 

E 
Coul. 

(N + 
e 

Using the expression for :CD we get, 

E = dip. 

Thus, the correction for t:he internal energy of 

dipole plasma becomes 

We now turn to the description of the 

in 

(2.3.4) 

(2.3.5) 

(2.3.6) 

thermodynamic properties of plasma ~lith the aid of the 

thermodynamic function in variables'!' and V, namely, 

free energy. 



Let us use for this purpose the Gibbs -

Helmoholtz equation and the relation following from 

it: 

F ~ - T f E/'l,2 d'l' + 'l'f (V) (2.3.7) 

I-There f (V) is an arbitrary function of volume. 

Expression (2.3.1) including the lnternal energy of 

an ideal gas can not be extrapolated to cover the 

region 'l' -> 0 and the Nernst theorem can not. be used 

to determine f(V). 

Integration of eq. (2.3.7) leads to the expression 

F '" - C T :tn'1' - l!' + l' f (V) v corr. (2.3.8) 

The function f (V) can be defined \1i th the aid of passing 

the limit as V +<» at '1' '" Const.ant., since for very 

rarefied plasma the expression -C TlnT + '1' f (V) must v 

coincide \'lith that of the free energy of an ideal gas. 

Consequently from eq. (2.3.8) \'Ie obt:ain 

F '" ~ '.3 (._7f_,\ (N + 
'" "ideal - 3 e vT' e 

as the free energy of dipole plasma. 

Using the thermodynamic relation 

we get the equation of state 

p '" p -ideal 

3F (._-) 
WT 

(2.3.9) 

(2.3.10) 
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Formula (2.3. JO) ShOWB t'.hat tho eltpol(, component. gives 

poslttve cont.rlbuLton to the pressure in dipole plasma 

~Ihtch can be explained by the predominance of repulsive 

forces bebleen the dipole molecules. 

The entropy, 

e 3 

S -- S ideal - 3'1' 

and differentiating this yields the heat 

capacity 

Cv = (Cideal)v + a
3 

2T 

(2.3.11) 

'.01TNd d2 

--~-~) 

VT 

(2.3.12) 

2.4 The Heat of So~ution of Dipole Plasma. 

we nOl1 consider the dipole plasma as a solution 

11ith a single solute and find expressions for its Gibb's 

free enex'gy and the heat function whose change determines 

the heat liberated or absorbed depending on the type of 

molecules used as solvent. 

In eq. (2.3.9) the correction term in the 

free energy gss0Giated 11ith the Coulomb interaction 

bebleen the charged particles and the energy of dipole 

molecules is small. Hence, one can simply use the 

equation of state for an ideal gas to get the Gibb's free 

energy from (2.3.9). 



~PhUB , 

1, 
2e1 'lfp. ·2 
~~- (-.---.. ~-) (N + 
3'1' N +N. -rNd e e J. 

~Ihere P is the pressure. (2.4.1) 

First I'le investigate the case I'lhen dipole molecules are 

used as solvent in the solution. 'l'hat i.s, Nd» Ne , Ni 

and the thermodynamic potential has the form 

G " G _ 2e
3 

ideal 3T 

(2.4.2) 

The heat function (enthalpy) of the solution 

is then given by 

H - 4e s 

3T 

(2.4.3) 

FrOm eq. (2.4.3) one can find the so-called heat. of 

solution, that is released if a very large quantlty of 

solvent is added (so that the concentration tends to zero). 
:' 

The heat released in this process is given by the change 

in the heat function. 

Thus, from (2.4.3), t:heheatof solution, 

3T (2.4.4) Q '" 
4e 3 

The condition for the appHcability of the formule obtai nee 



"' 18 -

above is t:haL Lhe concenL:caU,on b(~ sufficlenLly small. 

Now we can consider the opposite case in which 

Ne , Ni »Nd , that is I plasma as a solvent:. 

'rhen the Gibb IS potential of the solution becomes 

2e 3 (21:'. __ )% 
3T N -1- N. e 1 

(2.4.5) 

wher.e Gideal is the potential of Jdeal gas, and that of 

the pur.e sol vent (Nd .,. 0) , 

The heat function in this case is 

and that of the pure solvent, 

4e·1 

Hsol v. '" H ideal - 3'r 
( 2!..l? ____ ) '? 
N + N. e 1 

(N + z2 N .)h 
e 1 

~'he change in Lhe heat function gtves the heat 

of solution, 

Q '" ~\_.!f..l?_)% 
3'r N -1-N. e 1 

Nd 
(-----) 

N + N. e 1 

(2.4.6) 

(2.4.7) 

(2.4.8) 

(2.4.9) 



>- 1.9 .-

which is absorbed duri.ng the pl:oce,;s. 

'I'he result obtained in l:.his section, for the 

case » N , N. f jus\::l.:(h~s t:he positive contd.bution e ,1 

of dipole component: to the ene).-gy of. dipole plasma. 
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CHl\P'J'lm n: J 

TIm IUNG'rIC DESCRIPTION OF DIPor,E PLASNl\ 

(A Linear-Approximation) 

3.1 Vlasov's Equation. 

Let US consider' the fully ionized plasma that 

consists of elect.rons of charge ('-e) and positive ions of 

charge (ze), I'fhere z is the atomic number. 'l'l1e kinetic 

description is based on the velocity distribution 
-> ... 

function f (1', v, t) for each species and j. t represent.s 

the numher of particles in the phase volume d 3 r d 3v. 

If the number of particles contained in the elemental phase , 

vol Wlle is summed up for all possj.ble velocities, the result 

is the total number of part.:lcles in the entJre phase space. 

Therefore, it follows that 

-» ->- -)-
n(r,t) = f f(r,v,t)d'v (3.1.1) 

'rhe densit.ies of positive .i.ons and electrons are 

giv(~n by 
+ + -> 

ni(r,t) ~ffi(r,v,t)d3v (3.1.2) 

-7 -;.- -+ 
ne(r,t) = f f e (r,v,t)d3 v 

I~here f. and f are distribution functions of ions and 
l. e 

electrons respectively. 

'fhe fundamental. equation that the distribution 

functi.on has to satisfy is the Boltzmann equation. Thus, 

for the two component plasma the Boltzmann equations 



C1.re; 

and 

->-
+ V. Vf e 

.,. 
+ V. Vf. + 

). 

.<0 21 ... 

·-r 1 .> .,. e - (E + V x B) 
m C 

e ·, 1+·' 
(E + -C V x B) M . 

31' e 
.--:'}.~-~. 

av 
.. I + I ei ee 

= I.. + I).. e 
1.). 

(3.1.3) 

where f and f. are the distrlbution e ). 

functions of electrons and ions respectively; 
'0)- --+ + ~)-

E(r,t} and B(r,t) are self-consistent electric and 

magnettc fields; m and M ar.e mass of electron and ions; 

I , I. i , and I. are electron-electron, lon-lon, and ee). ).e 

electron-lon collision terms respectlvely. 

The self-consJ.stent flelds are described 

+ 
VxH •. 411 -r 

C J 

where the field sources 

and 
·r .,. 
j(r,t)··E 

Ci. 

e 
Ci. 

.,. 
dB 
at: 

f f 

.,. 
f V 

Ci. 

C( 

$ 
dv 

j 

II 
f dv 

Ci. 

are the charge and current c1ensit.les. 

the type of charge) . 

.,. 
V.E ... 4rrp 

., 
V.B = 0 

(3.1.4) 

(3.1.5) 

(Ci. stands for 
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nec(tectec1 1.f one con»j.ders physical processes for which 

the frequency tu» v (the collision frequency) and 

the Boltzmann equations assume the form 

()f -> -> 1 " -)- 1Jf e + V. 'If e (E -I V B) 
-e 

0 3t C x 'ar -e TO 

and (3.1.6) 

af. .;. -)- 1 .. , -)- afi 0 ~ e -+ V. Vf
i + (E -I 

C 
V x B) ':W-

()t M {JV 

for the. electrons and ions respectively. 

Eqs. (3 .1 .4·) , (3.1.5) and (3.1.6) represent. 

the set of equations called Vlasov's equations ~,hich 

simul taneously determine the distl:ibution functions f e 
_>~1-. ++ 

and fi and the se1f~consistent. fields E(1':,t) and B(r,t). 

3.2 KineU.c Equation for the Rotational Degrees of 

!<'reedom of the Dipole. 

NOl" we develop t.he kinetic equation in the 

collisionless case for the rotational degrees of freedom 

of the d1.poles (which are the neutral component of dipole 

plasma) in the self-consistent fields, which is analogous 

to Va1asov's equation in the electron-ion plasma. 

The dipole molecules have angulal: frequency 

I !" 
(-)'=( 

r 
'1' ) ':2 

;nr?' 
o . (3.2.1) 

I·,here 'r is the temperature, I the moment: of inertia, and 



of the dipole is 

v T 

- 23 " 

'r )~ , ( 
m (3.2.2) 

1'hus, the average linear distance covered by the 

dipole is obtained from the above t_I'lO equations 

r 
(3.2.3) 

that means in the high-frequency region, that is 

(U »W'r one can neglect_ the translational motion of 

the di.pole since r« ro t In the low-frequency region, 

that is, (JJ« (U'l' one can consider the mean dipole 

moment, 
-> 

< d > 
d2. _) 

E 
(3.2.4) 

and hence, the potential enerqy of the di.pole 

(3.2.5) 

Eg. (3.2.5) leads to a non-linear approximation. 

'1'herefore, from egs. (3.2.3) and (3.2.5) it is legl-timate 

to neglect the translational degrees of freedom of the 

dipole. 

It is also possible to show that the vibrational degrees 

of freedom of dipoles can be neglected based on the 

following arguments. 



Assume the dipole molecules as point spheres 
,> 

w1th di.pole moment d, 

1'he classical Hamiltonian for such a dipole is 

9i.ven by 

1 
21 

where the fi):st term in (3.2.9) represents the 

(3.2.9) 

rotational kineti.c ener9y,and the second is the 

potential energy of the dipole. 

'I'he angular momenta Po and p~) are related to the 

moment of inertia t 

(3.2.10) 

and 

'* + 
d.E = d (sinGcos~E + sinBsin~'E + cosBE ) 

> 'x "y z 

'rhen the kinet.ic equation in collision1ess case 

becomes: 

d" af 3f' af' af . (jf , ,- -- + -~·G + ----~) + --- Po -I- Plji -- 0 (3.2.11) 
dt (Jt ()O atjJ oPe dp'!J 

where the dis tribution function of dipoles 

f = f (0, tjJ, Pe' PtjJ; t) 

UGing Hamil-ton I s equations, the kinetic equation takes 
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that is, 

.~ -)-

E (1:,1:) 
1 'r 

f E(w) exp (-iwt) dw 
2Tf 

and 

(3.3.3) 

the kinetic equation becomes: 

'" 1: 

Clfo dE afo af 
-i~J dE sine + (i'line GOSe 

__ 0) -- 1-P8 + T ap~1 
- e z () Pe 

(isinG -/- cosO 

(3.3.4) 
Eq. (3.3.4) shows that the non-equilibrium 

part of the dist.ribut . .ion funct.l.on can be writ:ten 

as the sum of three parts: 

f 
1 

.i~1 = f + f e + f l{m = 0) l(m ~ 1) lim --

which are obtained by solving eq. (3.3.4) 

by the mei:hod of vari at.ion of parameters fol' 

m = 0, m = J, and m = -1 

(3.3.5) 



f: 
l\l~-l 

dE z 
2'f1 

4'1' 

fo 

(3.3.6) 

(3.3.7) 

[( ' - HJ ( ) i~ Po T PIli e Po ~PtjJ e 
-.--.. ~< -,- ---~~ .---~~.~. -~-~-~ 

o + 2>1+,'[") P ~- P - H,) ·0 y 0 tjJ 

(3.3.8) 

'1'ogether with eq. (3.2.14) the above three 

parts of the perturbation g1ve the ,non-equilibrium 

distr1bution funct10n of the dipole plasma. 

'rhe two Bol1:zmann equations (3.1..3) for the 

elect:ron and ion components, the kinetic equation for 

-t.he dipoles (3.2.11), MaxI'le11's equations w1th the 

field sources for the description of the self-consistent 

fields, and the two relations 

.dE. ~ j and 
3t 

-> 
divP - -. p (3.3.9) 

~Ihere p is the polarization vector) ai:e the complete 

set of equati.ons for the kinetic descript:ion of dlpole 

plasma. 



3 ~ 4 cont:ci but_ion of th(-~ Dipolt~ COflqX)IlC!ld:.. Lo lJH:~ 

Diclectd.c '1' c,nsor of the Dipole P lamna. 

The dielectric tensor contains essentially 

all t.he info:r:mat.:Lon about tlw electromagnetic 

properties of plasma, it is determined from the 

calculation of t:he polarization vector p. which is 
1 

linearly J:(c1ated to the electric field Ej' That :Ls, 

where is called the polarizability. 

The electric displacement, 

o:c 

where €. , 
J.J 

D. 
1. 

E. + 4,[1'. 
1. .1. 

[) - C T:"t ... , , , i - C'ij' J 

~ 0 ., + 41fC1.
l
· J' ),] 

(3.4.1) 

(3.4.2) 

is called the dielectric tensor. 'rhus, kno~lledge of 

CI'ij from (3.4.1) enables us to calculate the die lect1'ic 

tensor using (3.4.2) 

The z··component: of: the pola:d.zatlon vector 

<p > ~ z (3.4.3) 

subst,ltut,ion for f1(Ttl'=O) from (3.3.6) and performing t,he 

In'ce9l:at.iollB ove:c (), ijJ, and PIji yield 
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d' lldEz [' (u v> 

<p > ~ ---,-,~~,~--- 1 + ._--~-_.- ~. ! 'z 3'1' I 12rr C!\I' 
L 

~- ''0 

(3,4.4) 

\'lhere w'I' is t1w rota tional frequency of dipole I and 

E is the eleclcric fi.eld coml~onent. z 

The change of variable 

gives 

(3.4.5) 

where 
x ~ xPl::!'~1.9cz F' (xl -

In .~ 0) z ~~ x (3.4.6) 

and 

comparing eq. (3.4.5) wi.t,h eq. (3.4.1) I we get the 

polari zability 

d
2 

Il [' J __ ",_,.9c. 1 + F (xl 
3T 

(3.4.7) 

Simi.larly, introducing the relations 

< p "~ <!) > +1< P > '+ ' tx ~ -y 

tor the polarization vect.or components and 

< d > .. - <d > + 1 <d > "+ x .L Y for the components of the 
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dipole mOlt12nt f one Cdll dild Uyy ' 

<p, > "" I d+ f'(m 00 ~:l) dO c1'I' ,;in8 dPO dpljJ 
T (3.4.8) 

subnti tut.ing the expre~lSions forlhe non-·equilibrium 

distribution functions and using t.he variable changes 

and 

z 
p 
/2/rr 

and 

eq. (3.4.8) becomes 

or letting y = 

d 2 n d [l+F(Y)] 

I) + I) 
G 'I' 

E 
+ 

Eq. (3.4.11) yields the po1arizabilities 

('( xx [ 1+ F(Y)] 

(3.4.9) 

(3.4.1.O) 

(3.4.11) 

(3.4.12) 

'rhe expresstonn for the polartzabilitien given above 

reduce to the Langevin's formula, 

d 2 nd 
.~-~~-~-

3'1' 

in t.110 limi t ltI·} O. 



rn ELEC'l'HIC 'l'ENf,OH AND C:OT,LE:C'I'IVE PIlOPERTIES 

OF COLLISIONLESS DIPOLE PLASMA 

4.1 Longi tudinal Naves «'j » kV'I' f <;)1,) e " 

The fr.equencies of interm;t: are sufficlently 

high wH:h the result: that the relatlvely heavy posit.ive 

ions are assumed to be tnunobile but they provide the 

necessary posU~i vc neutraJ 1z1ng backgrol\l~d for the mobile 

electrons. 

In the linear-approxtmation theory the dielectrlc tensor 

of colU.sIonless dipole plasma can be r.epn'sen"ced as the 

sum that contalns the contribut:Lons from the electrons, 

pos:Ltive :Lons, and dtpole molecules, (some properties of 

dipole medj.a and dipole plasma hav.? been t.reated in ( 1 

and ( 6 ». That. :LsI 

f (k ('J) ~ c .. (k (,jl + C «(tj) -ij' lJ' 'plasma "-ij Dipole (4.1.1) 

where k" ts the wave number, and the dtelectric tensor in 

general is given by 

(4.1.2) 

£2 and £t betng the longit.uc1inal and transversal 

dielectric functions (:3 ). 



'rhe dispert.i.on equuU.on IllilY bce cl,')tennined from the 

relation 

G9,(w,kl E(k,wl - 0 and has a 

nontrivial solution if 

(4.1.3) 

Th(~ longi·tuclinal dielectJ::i.c function of 

an electron"'lon plasma is given by, ( 7 ), 

10:9, (w,k) 1 + 
1 [l + ~' (~/; :~~:>] .0_ 

(k :r;' I 2 
D(-1 

+ 
1. 

1 -} F' (-;~~.~,~~ ] (4.1.4) ~Z~ __ ~~~~~_ 

(k r ) 2 -Di 

where k is the wave vector, rue and rD' are Debye's 
1. 

len9th for the elect:t'ons and ions, Vrre and V'l'i are 

thermal velocities of the electrom; and ions respectively, 

and the function 

F (x) ~ 

(u where x ~ ~-~~---~. 

/2 k VT(( 

of each component. 

! • ~~LJ.::.z_~) d ~ 
z - x (4.1.5) 

, V'I' being the thermal velocity .. (( 

(*" ) see appendix for the evaluation of this integral. 



(I) » k V rl, it itl legit-mate -to iqnoJ:T' the e 

motion of the FOGi 1:.i ve ionG and expanding (4, L 5) in 

pO\vers of x, 

F (x) + 1, + ilTr x exp(-x 2
) 

(x » 1) 

cPhi.s permits to write th,,, limi.ting expre8sion 

for the dielectric function 

where Q e 

+ j ( 21.. )~ 
2 

-. L~:r":~'::§J " 
me 

{ 1 + 

exp {-

is the Langmuir frequency. 

(4.1.6) 

(4.1·7) 

'l'he system is isotropic; Vie may al.-bi trarly 

choose the z·-ax.i.s in the direction of the wave vector 

and making use of the polarizabi.lity (1'1'.21 (3.4,7) the 

d).pole contribution to t.he longj, tudinal dielectric 

function is obtained as 

41Td2 n 
--~ 

3T 
( 1 + P (y» (4.1.8) 
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UJ 
F (y) .. f and y '" 

,17. 

(4.1.9) 

Expansion of (4.1.9), keepJ.ng only the leading term, in 

powers of y gives t.he result 

where 

... 1. (Tf-0 
2 

4rrd 2 n d 

31 

exp (-

(4.1.10) 

Thus, the longitudinal dielectric function of the 

col1isionless dipole plasma becomes 

rI~ [-.1 + 
(lJ 2 

k 
,(If)' + ~ ~.-

2. 

(Il 3 
T 

(4.1.11) 

Now, using the condi t.ion given by eq. (4.1.3) 

~Ie can get t.he longit.udlnal waves of dipole plasma in t:he 

high ·-frequency limi t • 
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In the limH, Itt » ',. \I , 
I\ . • 1)' • . e 

relat.ion 

[ 1 ncl 
Tn J 0, 1. + e 

(,l .. --~ .. 
e 6 11e mc] 

(4.1.12) 

where ne , me and nd , ll1d are concentrati.on and mass 

of electron and dJpole respectively. 

Eq. (4.1.12) represents undamped hig11'-

fl-equency oscillat.ion in dipole plasma for the case 

(,l 

It is also independent: of the propagation coefficient, k, 

thus it follo~/S that the oscillations are stat:Lonary in 

charactel:. The part.iele velocity and the electric field 

associated'with the plasma oscillations are in the same 

direction; there is also no magnet.ic field 'IIi th this 

oscillation. Therefore, th~se oscillations are longitudinal, 

electrostatic and stationary. 

We' now seek a solution in the form of a 

complex frequency 

(4.1.13) 

where wo' is the real part: and y, the imaginary part 

of t.he frequency, and 

Introducing Q «g is a first-order e 

small quantity, we comput.et.he first order correct.ion t:o 1.11. 
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e In j 
m~ .. 

(4.1.14) 

'l'he fi:cst two terms represent the well--known result: in 

the electron·-ion pla.sma f whereon the thi.rd term gives 

the shifting in plasma frequency duet.o the interaction 

of the dipole component with the charged particles and 

t.he self-consistent fields. 

'rhe imaginary part of the frequency is obtained 

after substituting the assumed solution (4.1.13) in'co 

eq. (4.1.11) and equate it to zero. That is 

y = 
1 

(21.)'> 
8 

+ 

exp(­
(kr ) 3 

De 

1 

4rrd2 n d 3 
.. _---.•.. _) 

31' 
exp (_ . 

and describes the damping (where (0 .i.s as <jiven 

by eq. ( I) • 1 . 14 ) 

(4.1.15) 

The first term in eg. (4.1 ;15) is the well-known Landau 

damping coefficieni: in e1ectron··10n plasma, vlhereas the 

second is the contribution of the dipoles. In the 

frequency limit oJ» kV'l'e and UJ ~ UJ'r ' 



(4,1.16) 

that means, the damping essentially due to the 

interaction of the dipole component, 

The appearance of t~he negatj_ve 1mag.tnaX'y part 

imp11es that the plasma oscillaU_on can no1: live forever. 

'1'hi s damping phenomena can be explained interms of the 

resonant coupling between the waves and those particles 

whlch are moving- vli __ th approximately the same velocl'ctes 

as the phase velocity, 

If the amplitude of the wave is small but fintte, 

particles moving slightly faster than the wave \<1111 

decrease theU: average veloci t.y to Vp through the ,:esonanCE' 

interaction, transferring -their extra kinetic energy to the 

wave; particles moving slightly slower than the v/ave will 

be accelerated and absorb energy from the waVE'. Therefore, 

if the distX'ibuUon function decreases with illcX'easJng 

veloci ty r as -is the case wi th the Max\·/Clliall, damping takes 

place, since there will be more slow pari:lcles to absorb 

energy than fast partJc1eB 'co transfer energy to the wave. 
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In l:his fre(Il18ncy dorna.in we may usc the smo).1 

argwnent expanBions of F (x) and F' (y) (see appendix 

.in egs. (4.1.4) and (4.1.8) and neqlect the small 

imaginax'Y parts of the dle lectric funci:ions for the 

electrons and cUpoles. The contributi.on of ions in this 

frequency limit can totally be ignored; thus the 

dielectric function of: the dipole plasma becomes 

1 ., + 
41Tn d~ 

d 

3T 

Usin9 the dispersion relation, t:9, (/J),k) ~ 0, \<Ie find 

(i~~:'n} (4.2.2) 
me (; 

where c is the Langevin's dielectric const:ant. 

Eq. (4.2.2) shows that 1:he high-·frequency plasma 

oscillat.ion is modified. In the frequency domain under 

cliscmss.ion the dipoles are playj.ng t.he role of a medium 

for plasma wi t.h dielectric constant c. It. is also 

evident that., due to the presence of dipole component: the 

self-consistent field decreases by a factor c. 

In concludi1l9 this section we shall consider 

the ion-acoustiu waves in dipole plasma. 



In t:he f:eequency flomatn, kVtl1 .. < (1\ < kVr-l J t.he dispersion 
.' J. J.e 

rela1-.ion l~akef~ the fo:rrrt 

n?- 1 1. 
-j 0 c ~ ~~-~ ---.-~-~-- ~-

{t} ~ (kr ) 
De 

or-

1 
E + 

In the long-Nave length limit, 1..e., krDe « 3. 

n.krD 1. e 

'1' 
~ k (-~)'> 

mi 

(4.2.3) 

(4.2.4) 

This shows that tile dipoles have no contribution in thls 

frequency domain. 

4.3 'rile Dipole-Acoustic Wave 

Debye screening and plasma oscillati.on are basic 

features associatf.,cl '.'lith a single··syst:em. The p):esence of 

the ions and dipoles, hO~lever, makes it possible to look 

for an additional f:cequency domain,. in which the :lmaginary 

part of the dielectric function may take on smaLL values. 

This possibility is offered especially because of the large 

mass ratios, mi/rfle and mel/me (~ihere Hie I mi and md are mass 

of electron I ion and dipole). \'1e may thur3 investigate an 

intermediate"frequency domain such that 

kV'f' < (JJT < (JJ < kVm 
J. Ie (4.3.1) 
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f]'he lonqi Ludinal di(~'!l(';:ct_:c.ic fUI"ICt.:LOll fo:(' ti-)(:! 

[1 J 
S9,«(lI,k) 1 1 uJ 

. - + ~.~~.--- . + Ii (--_ .. ) 
(kl:

De
) 2 12kV'l' .. e 

+ 1 [1 + F ('/2;;T~')J r. __ ~~" ...... __ 

(kr
Di

)2 

41Tn d~ 

~. ] -I- d 
+ p (-~~-) -~--. .,=-.--~ 

3T l2 w 
'1' 

(4.3.2) 

vlhere F (x) in general is given by eq .. (4.1.5) . 

In the frequency c1nmain of (4.3.1) we may use 

the small argument expansion for the electrons and the 

large argument. expansion for the ions and dipoles for the 

function F(x) j.n eq. (4.3.2) (see appendix ); \'Ie have 

1 + 1 (4.3.3) 

(k r )? 
De 

The properties of the collt~ctj.ve mode may be investigated 

through the dipen;d.on rela tion (4. 1 .3); wi "ttl the atd of 

( 4 • 3 • 3), 'lIe ha ve 

1 -I- 1 

(kr
De

) 2 

In the long-\'/ave1ength U.m.i.t such that krDe < < 1, I'le <Jet 
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r- Jil' 
~" 

'1'e 1 nd , 
k ( 1 -1-

J. 
ltJ ~-

l~ fIl· :3 n fI1d (4.3.4) 
1~ 

If one cons1ders light dipoles with high density in 

plasma (4. J • 4) reduces to 

'p nd ) 

k e )'2 uj - ----
3n md (4.3.5) 

where n 1s the electron~.ion plasma densi t.y. 

Eq. (4.3.4) expressed .inte.rms of the moment of inertia 
.,. 

(I) and the dipole moment (d) g1 ves the collective 

mode which we may call the "Dipole-Acoustic \<lave", 

i.e., 

(4.3.6) 

'l'he dipole'-acoustic "lave iB essentially the co1lect.ive 

mode associatl1d wi til the cUpoles. 

'fhese \'laves exist only in the dipole plasma due to the 

intel'action of 'che dipole component with the se1£·-

consistent fieldB, 

Belol'l I"e shall prove that danlping of theBe waves is 

compa:eatively small. 

The damping assocj~ated with the dipole-acoustic 

wave is obtained by following the procedure of section (4.1) 

Eq. (4.3.2), keeping the exponential teem for tJw electrons, 
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and 1..131nq tht-:. dispersion Y(~lation becomes 

1. + i. - 0 

(4.3.7) 

We seek a solution of this equat.ion in tlw form of 

a complex frequency 

(4.3.8) 

where Wo ,represents the real part given by (4.3.6)< 

Introducing one more assumption 

I y I u)" 1'« 1. (4.3.9) 

eq. (4.3.7) may bce solved for the small imag.inary part of 

t,he f)~equency as 

or for the case I 

1 
+ -

3 

« 

k V'l'e 

gxpr~ssing y lnterms of /J)o' from eq. (4.3.6) t 

g.i vesthe clamping rate 

\'Ihich proves the aBsumpt,ion (4.3.9). 

(4.3.10) 

(4.3.1.1' 



4.4 Trallsverse \~aves 

'l'he die 18ct.r1.C tensor c (k ,lU) for an iso'c(01'ic 

medium cont.ains only one clement of direcU.onal 
+ 

dependence thl:ough that of the wave vector k 1 ·the tensor 

- -> character of E: (k ,ul) must be determined from a general 

conside1.'at:i.on so as to reflect this dependence. 

'I'he dielectl~ic tensor can be exp:cessed by eq. (4. L 2) 

where the function St(k,w) is calculated as 

(4.4.1) 

and '1'1.' means the sununation over the diagonal elements . 

. _, 
Using the c,xpressions for Co (k,w) and Tr c(k,w) 

h 

for the t:hree plasma components, the l:ransverse dielectric 

funcLion 

F' ( __ -1.'L.__ ) + 
12kV'.Pe 

4~ n
d

d 2 

+ '-'--'~-~-' 
3T 

where the function F(x) in general is as given by 

eq . ( 3 • 4 • 6) • 

(4.4.2) 



'llile propagation mode VIC a:r:e i.nterestcd in 

should noi: have apprec;i.able damping. We thus look for 

frequency domain in which tlw imaginary part of F (x) 

is milall; t:'.'IO such domains exi.st: 

(4.4.3) 

(4.4.4) 

In the frequency domain (4.4.3) only electrons and dipoles 

give the main contJ:ibut1on, thus we may use the large 

argument expansion for F(x); hence 

1 -

411d 2 n 

~ 2 OJ 41rd 2. n c1 ::~;1~ I-
d i In w exp (-- w2 

- -~--~~~<- I- --------_. --. -) 
3'1' 3T ? (1) 4w 2 

~ T 'f 

(4.4.5) 

Cl(~arly, Re tet < 1; it follmlS from the disperU.on 

relation 

(4.4.6) 

that i(!l/ki > c, the Ilght veloc1ty in vacuum. 

This result 1s consistent with the original assumption 

(4.4.3) • 



The j.m~l~Ji.nnry [)art i.n the 0xpressioll 

shouJ d then be sct equal to Z;8:('0 1 fo)~ it phyr~i.cal1y 

repreHents t1w effects of J:<"sonant: coupling between wave 

and partlcles; no particles may exist with velocities 

greater than c (valid for nonrelativistic situation). 

Then, 

H! <~ ':~~~:~c! 
tll 2 3'£ 

and from (4.4.6) \'Ie get 

uJ 2 ~ 
k 2C 2 +122 

e 
~.~~-~-

4nd2nd 
1-- (---) 

3(1' 
(4.4.7) 

Since is a small quantity this equation 
3T 

essentially describes the propagation of an electro--

magnetic wave in the plasma as in the case of the 

electron-ion plasma (3); J.e., 

(1)7. _ k 2 c~ + Q2 
e (4.4.8) 

We may similarly examine the dielectric function 

and the dispersion relation starting from (4.4.4). It will 

then be found that the J:"esul ts of the solution so obtained 

are t,he same as that given by (4.4.B) 

The above hlo results ShO~l that the con-tribution of dipoles 

t,o t_he transverf3(~ dielectric function is comparatively 

small. 
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CHAP'I'EP If 

CONCI,USION[; . 

In this vlork some collective pr:operU,es of 

co11is10n1(=ss dipole plasmas '-media that consist of 

electrons, positive ions and polar molecules have been 

studied. Such media occur in na·ture and could be 

produced under laboratory conditions, as for example, 

with the help of electrical breakdown in a polar gas. 

Some important results have been obtained due 

to interactions of dipole \'Ii th plasma. From the thermo-

dynami,c description, egs. (2.2.2) and (2.3.10) show that 

the dipole component: qive positive contributions to the 

energy and pressure respectively, that means, the 

internal energy and pressure of the dipole plasma is 

inCH!ased as compared l'Iith that of the electron-ion plasma. 

ln the col11sionless approximation, in the 

frequency domain w < (lJT' the high-frequency electron 

oscillation is suppressed, for the dipoles act as a 

dtelectric medium with 

3',r 

The collis1onless approximation, that is, the case where 

the characteristic frequency (jJ must: be larger than the 

colliston frequency \I 1s valid if the following relation 

holds. In the high-frequency limit 



.- 51 .-

A l)T'ENDJX 

EVALUAI'ION AND ~)gHJ};S EXPANSIONS 

OF 'l'HE )i'UNC'J'ION F (X) 

In Chapte:c III we have introduced a 

funct.ion 

j<' (x) ... 
'" exp (.- Z2) r -.. ------.-.~ z 

-00 z .... x (A,l) 

If x lies on the contour of integration, a limiting 

process must be u.sed, since the integral ,·lill "blo\-I up" 

as it crosses the singu.larity. 

,'Ie will definet:he Cauchy Principal Value of the 

integral to be 

(A.2) 

The symbol P appears in front: of t.he integral to note 

that it is a prhlcipal value int:egral. The contour 

requil.<ed for this integral is shovll1 in the figure belo\'1 

in an expanded view. 

o is the radius of the path around the point x . 

. Y1 .j is the original closed contour integral except for 

t:he small smnicircular part. of radius 0 at. the singularity 



'J) 

x 
h 

c,' 
;' ~~liJ2J~:,,~J c1z 

__ > (<) Z c_~ X 
p ~. ~("~EL'x?Jp l·exp(.-u2'~2ux)d~ 

/li ~ <;lJ II 

(fJ 

X p f exp(-'u') (.~ 2x)du ~ 
~~ '" 

,I'Jl " t::o U 

Int.egrat.inCj, we <jet 

F'(X) , '-2x 2 + ... + iiif X x < < 1. (A. 5) 

/ 
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