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Introduction: Electron Bernstein Waves

The Electron Bernstein Waves (EBWs) are electrostatic waves that
propagate at right angles to the ambient magnetic field and interacts
strongly with electrons in the vicinity of electron cyclotron resonance or
its harmonics.

These are high-frequency waves with the ions at neutralizing
background. These waves damp for small deviations from
perpendicular propagation, therefore we should analyze the k) # 0 case.

EBWs have the wavelength of the order of electron Larmor radius so it
is difficult to detect such waves.
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4 Introduction: Electron Bernstein Waves

The dispersion relation for general Bernstein waves 1s

1+ Z exp Z L,(b)[1+ ¢sZ(&05)] =

n=-—0o

Where b = zlc:th and Z (&,,5) is plasma dispersion function.

The dispersion relation for electron Bernstein waves is

It can also be written a

o2 * 2202

J_ e
— b

K2 Z n{bJexp|- <w2 —nmz>
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Introduction: Quantization Effects in Plasmas

(d When we consider dynamic of a charged particle gas in the presence of
a strong magnetic field, its momenta in parallel and perpendicular

directions will be different, and consequently charged particles will
occupy quantized cyclotron orbits, this 1s what we call Landau

quantization effect.

 These discrete energy levels occupied by the charged particles are
known as Landau levels.

 Landau quantization is a function of applied magnetic field and some
changes that occur in the electronic properties of a material are caused

by this effect.

 The effects of Landau quantization can only be observed if the
separation between energy levels 1s greater than the average thermal

energy of electrons 7Q) = >> k,T.
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4 Mathematical Model

We start with the Vlasov-Poisson system

V.E; =4mqna
| i |
s = Qanz_:ocs—l—z'klvn +inQ.
|22 { (B 2P + BT 2 T42)) T 4 1)
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4 Landau-Kelly Distribution Function = N

= Cex L2
o P 2mT 2m.e¢,
Here C: 1
RrmT)2rm.g )
and
hQ) hQ)
£, = coth
2 2T
For O << 2T  we have gJ_:T. Coth[0.1]=10.0333
hQ
For jiQ) >> 2T wehave & = 2S- Coth[6]=1.00001

% D. C. Kelly, Dielectric Tensor for a Quantum Plasma, Phys. Rev. 134, A641 (1964).
Regional E-conference on Physics 18-21 January 2022. /




/ Dispersion Relation of Oblique Electron Bernstein Waves

Without the loss of generality, we can take electric field only in the x- and z-direction
we can derive the following general dispersion relation (sometimes also called Harris
dispersion relation) of electrostatic waves in plasmas:

O 2 iy - iy dp af nQ, f
Z Z gz o /pl "’( ), ) Pl w — kv —nfs [ Op) I+ vy OpL
0

S N=—0oC

Substituting Landau-Kelly Distribution in the above equation, and after
performing all integrations we obtain

i )
o0 w2 y I ] -
1 — pe m In _6 ex e € Z, _ e Z |
: e k2 € (U'r ) P [ v, :| [2T (gfne) hwgoe (gne)
n—-— J
where 12 42 2 i B
He = Jh—éme. Ve = Utg:‘ and U;Qe s 22"12 .
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” Approach-II: Dispersion Relation of Oblique EBWs

o

. =
i+v-i+q(l«:+‘x ) 9 o

Ot OX C ‘("')p_
VYV X E= —l@
c Ot
10E 4
VXxB= —(‘ + 7IJ.
¢ Ot C

w?’E — c¢*k*E + c’k(k - E) = —4rwiw],

Ji = (jlej*

[(;dz — (?2/\’2)(5,'1' -+ Czk,'kj -+ 47Ti;d(7,'jv]Ej = 0

R,‘j = (;dz — (1‘2/\'2)(5,'1' -+ Czl\’,'/\’j + 47?iw’(7,‘j.
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/" Approach-II: Dispersion Relation of Oblique EBWs

=14 ’”” o (1) exp [, [5032(5n3>—12’(£,13> (2—1)]

2
S N=—0o0

o

by € s, 1: 3
here P = ;‘iﬁ Taking €] — Igo (l‘e'- h;}r'o > ]')

e ’ , he)e
=1+ Z Uy wpz Ze (ZT) exp [ Ur] |:§OeZ (gne) o %Z (gne) ( T o 1)]

n——~oo

where o o o
— k 1 Vthe UV, = Vthe and U2 — h&
Fe s »7F v%e Qe 2me ”
o= -3 S Lertie g (Me) T Hel e ) [, e, (B2
Tz w2 UQG 2 & n UT ’U'r ns Os ns QT =
S n=——00 Uy
— €.x

e""F'.'ﬁ.' Chen, Introduction to Plasma Physics and Controlled Fusion, 37 Ed., p#258 (2016).
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/" Approach-II: Dispersion Relation of Oblique EBWs

pul
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F. F. Chen, Introduction to Plasma Physics and Controlled Fusion, 3™ Ed., p#258 (2016).
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f Approach-I1: Dispersion Relation of Oblique EBWs \
€22 = 1—2 Z e In ()u“s) €Xp [—/“Ls] gOsgnsZ, (fns) {1 o il (—2 + 1) } g
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7 w &
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f Approach-II: Dispersion Relation of Oblique EBWsﬂ \
=, n)
. ps / s
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/ Analysis of Dispersion Relation of Oblique EBWs

Perpendicular Propagation: Set k” = ().

oo 2 202
w,. 1 2n~(2
1= = In(ﬂn)exp[—un]( : )
nz::l 02 pge v e 2 — n2Q)?2
1o _ Kk3n
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= X exp[—
r 0zb" P w? —n202
2.2
Here ) = klvth
202
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7~ Analysis of Dispersion Relation of Oblique EBWs

Oblique Propagation: k” + 0.

Taking into account the imaginary parts in the expansion of plasma dispersion function

for large argument we have

00 2
D, (w)=1- E sz; mel,, (&) exp [—&]

1 1 3 2n 1 1
[QT (eie ' 25;) * e (5_ i 2&?,,6)}

D; (LLJ) :ﬁ Z wk—%emefl (&) exp |V_&:| exp [_gie] |:l§ne + %606]

v, U, T

n=——~oco

wr_nQe_
k]| Vthe
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7~ Analysis of Dispersion Relation of Oblique EBWs

Normalized result for the real part of dispersion relation can be written as

k? He Ke krpte 3k Zx Ke vpn’?
k—z — CXp|—— Io — < 5 + 2 r + In —— .,—+
e e y

29
w

E W wo ; w> i Al
krpt, (Q—S + 712) n2vpkypt, (3% — 712) 3k2 2 (0—3 +nt+ 671'2#)
()2 2 S 3 + a2 4 > ¥
(-m)  2(s-) 2(F-7)
ki Vine ki Vine 2 2T 2 hQe
where u, = —*%,k, = —, v, = vh, =—and v5, = :
He az T T 2 T T g the — 1. Q¢ = 2m,

The last two terms appear here have been added to refine the results,
however, these can be neglected.
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1.=0.01, 8 = 8.
k, = 0.09

...... k, = 0.05
k, = 0.01

/ Analysis of Dispersion Relation of Oblique EBWs
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4 Damping of Oblique EBWs A

Damping () of oblique EBW can be found employing the following standard
relation
_ —D;(w)
T = "D ()
ow,

Using D;. and D; from the last slide we have

where k, =
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4 Damping of Oblique EBWs

Separating n , the normalized growth rate becomes

g VT —tl + i I, (':—j) [t2 + ts]-\

n=1

1’;4 + f: In (ﬁ_i) t5
n—1

e
Qe
\_
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Damping of Oblique EBWs
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Damping of Oblique EBWs

nu, (Qg —l—n2) 2k, 11, (g‘g - San—:)
ts = - 32 2 )\
(&) (5 —n)
12n°v,. k-, (ﬂ) (g—é + n2)
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Damping of Oblique EBWs h
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Plot of normalized growth rate for a fixed value of v=0.01 and with the

variation of normalized k (=0.0001 for solid, =0.001 for dashed and =0.01
for dotted.)
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Conclusions

| Propagation range of real frequencies can be enhanced by incorporating the
obliqueness and large parallel wavenumbers have more strong influence on the

wave propagation.

' Quantum signatures in the real part of oblique Bernstein waves exist and may be

observed for the magnetic fields where 7€2, >> k,T" holds.

' Quantum signatures can take part in the damping of oblique Bernstein waves

and are important for observation point of view.

 With the small deviation from the perpendicular propagation, we have strong

electron Cyclotron damping of the wave.

O For large ratio of normalized wavenumber, we observed that damping exists but

it is limited to the small range of wavenumbers only.
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