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In the present paper, we have developed a theoretical model of cylindrical magnetized plasma column consisting of
electrons, K* ions & heavy positive Ba* ion species. A gyrating ion beam of potassium having radius ~1.5 cm and energy
10eV is launched through one end of the cylinder parallel to the static magnetic field and the electrostatic ion cyclotron
wave is assumed to propagate nearly perpendicular to the magnetic field. The presence of heavy positive Ba™ ions in the
collisionless magnetized plasma decreases the critical drift for the excitation of EIC waves and hence the injected beam
drives the electrostatic ion cyclotron (EIC) waves to instability through Cerenkov interaction. Therefore, the plasma is
observed to contains two excited EIC wave modes; a (light positive) K* ion mode and a (heavy positive) Ba*ion mode. The
frequencies and growth rates for both the positive unstable modes are worked out using fluid theory for the typical existing
experimental parameters which are found to increase with the increase in ion beam energy and beam density. It is also
observed that the unstable wave frequency and growth rate for both the modes increases with the increase in relative ion
concentration of KTand heavy Ba' positive ions respectively. Magnetic field is also one of the important factors which
influence the plasma instabilities appreciably. As the magnetic field increases, the frequency of both the ion modes increases

linearly.
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1 Introduction

Recently, there has been growing much interest in
studying electrostatic ion-cyclotron (EIC) waves' ™ in
a wide variety of situations, ranging from laboratory
experiments'” to space plasma®>. D’ Angelo and
Motley' firstly reported the EIC oscillations in the
laboratory plasma. In this paper, the electrostatic ion-
cyclotron oscillations were driven by applying a
positive potential to a small electrode immersed in a
single-ended Q-machine with a uniform magnetic
field. These observed oscillations were identified as
the current-driven EIC instabilities predicted
theoretically later on by Drummond and Rosenbluth’.
D’ Angelo and Merlino® have also observed EIC wave
modes in a plasma consisting of positive ions,
negative ions and electrons. Sheehan’ has studied EIC
waves in a plasma containing negative iodine ions.
Song et al.’ have analyzed EIC waves in a plasma
with negative ions in a Q- machine. Here, the authors
have observed that the frequency of two EIC wave
modes increases with the relative density of negative
1ons, while the critical electron drift velocities for the
excitation of both the modes decreases with
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increasing . Suszcynsky ef al.* have analysed the EIC
waves in a two-ion component plasma in a single-
ended Q-Machine containing different concentrations
of Cs*tand K*ions. In this case, the authors have
observed that the result is of interest in the context of
EIC wave excitation in the jonosphere. Rynn'
discussed his and Lang’s work in K*/Ba*plasma. He
studied the ion heating by the electrostatic ion
cyclotron waves. Sugai et al.'’ experimentally
observed that the minority ion concentration of
positive ions only a few percent give rise to a new cut
off and resonance frequency near the minority-ion
cyclotron frequency. Sarid et al.'* analyzed cyclotron
modes in an unmagnetized Mg ion plasma. Angelo™
has observed low-frequency electrostatic ion-acoustic
and ion-cyclotron waves in a magnetized dusty
plasma. The author has investigated the influence of
negatively charged dust grains on plasma and found
that the mode frequencies increase with increasing
relative density. Suszcynsky er al®' have reported
current-driven EIC waves in the presence of a
transverse dc electric field in a magnetized plasma.
Michelson et al.** have studied ion-cyclotron waves in
a quiescent plasma into which a low energy beam of
sodium ion was injected. In this case, the authors have
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observed that the instability appeared when the beam
velocity becomes more than 12 times the thermal
velocity. Ion beam driven ion-cyclotron instability in
neutral beam injection schemes for fusion plasma
heating is analysed by Stix* and in space plasma
physics is analysed by Montogomery et al.”®. Hendel
et al” have observed ion beam driven electrostatic
ion-cyclotron instability. Wolf et al.* observed that
the ion-cyclotron waves are considerably influenced
by the presence of high-amplitude high-frequency
waves. Merlino ef al.*' have explained the theoretical
and experimental results on the study of low-
frequency electrostatic waves in plasma containing
negatively charged dust grains. Moreover, some
interesting theoretical observations® " are also shown
by many authors for laser beam-plasma interactions in
magnetized two-ion and multi-ion species plasma.
However, in the present study, we report the
excitation of electrostatic ion-cyclotron wave
instability by a gyrating ion beam in a magnetized
collisionless uniform plasma containing electrons,
K*ions and heavy Bations species. The numerical
analysis of electrostatic ion-cyclotron wave instability
is worked out using fluid theory. The response of
beam and two positive unstable EIC modes are
obtained and explained. We derived the expression
for the frequencies and growth rates for the two EIC
mode instabilities in the presence of light K Tpositive
and heavy Ba'positive ions using first-order
perturbation method. The discussion on results is
provided in the last Section.

2 Dispersion relation of EIC wave instability

Consider a cylindrical magnetized uniform
collisionless plasma column of radiusb;which
contains electrons, light positive K* ions and heavy
positiveBa¥ionspecies having densities as n% =
nOPn0lt = qln%and nOH+ = afnd respectively,
immersed in a static magnetic field i.e.,B | Z. Here,
let us consider,a“and

af’(=1—a') be the fractional concentration of
K*ions and Ba%tions respectively andn® is the
electron plasma density. The charge, mass and
temperature of the three species (electrons, K *ions
and heavy Bations) are given as(—e,mé¢,T¢®),
(e,mE, TY) and (e,m",TH) respectively, where
Te~TE~TH A gyrating ion beam with velocity
V=0 +v,0Z), mass mP? density n° and
radius 1,9 = 1.5 cm propagates through one end of
the plasma cylinder of radius b; along the magnetic

field By Il Z.The beam plasma system prior to the
perturbation is quasi-neutral, such that—n% + n0:+ +
n°H+* + n%is approximately zero. There is no electric
field present in the equilibrium and plasma is partially
uniform.

The equilibrium is perturbed by an electrostatic
perturbation to the potential

¢1 = p(r)e @07k (D)

The equations of motion and equations of
continuity as given below

me [ + (5. V)%, = —eE —(#, x B) — T | ...(2)
m* [aa_ﬁ: + (#,. V)9, = eE +§(1_7)L X By) = T* nV:L]:r] - 0)
mh (284 (5,.9)5y = eF + 5By x By) - T 2]
[ +v.(new)]- 0 .. (5)
[+ v. (k5] = 0 ... (6)
|25+ v.#5,)] = 0 . (7)

On linearization Eq. (2), we obtain the perturbed
density of electrons given as
Oe ¢ op ¢
nie = 1och _ 10 .. (8)

The linearization of Eq. (3) gives the perturbed
velocities

zZL1+ — kzepq TLkzn1L+

v mlo ~ mlwnOL+ - O
and
pLlit —
e |iwE -Bux@e| T evinttt4v, ntitxa,) (10)
ml (w2-w?,) mlaynoL+ (w2-w?,) o
where superscript 1 represents the perturbed

quantities and w; (= eB;/mlc)represents cyclotron
frequencies for K* ions. v#1*and viii*are the axial
and perpendicular components of the perturbed
velocities.

The response of K* ions is given by

(-2)-

cfvinilt  enOt[ vig, k2

@l Tl (@) w2 - (1)
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where ¢, (= T¢/m!)/?is the thermal velocity of
K™ ions.

Using Egs. (9) and (10) in the continuity equation
[cf. Eq. (6)], we obtain the perturbed density for
K*ions as

0p L,.2 2 2
it = _nPatec [—W’; _ —"Z"’l] .(12)

Similarly, the perturbed density for heavy positive
Bations is given as

n1H+=_%[M—%] ... (13)

where ¢, (= T¢/m™)1/2 is the thermal velocity for
heavy positive ions andwy,(= eB;/mfc)is the
cyclotron frequency for heavy positive ions.

Following Sharma and Tripathi’ the perturbed
density of spiraling ion beam can be written as

L Noed- roo)(+K2 ) 4

(@=lw)2mP 2mrhg

Using Eqgs. (8), (12), (13) and (14) in the Poisson’s
equationV2¢, = 4me [nt¢ — nllt — ntH+ — ] (15)

0p o2
4nn’Pe 2

and using the Valuesa)ge = , Wy =

me
4w al n®Pe? 5,  amallnPe?
mL » Wpn = mH
we obtain a second-order differential equation in
¢+, which can be rewritten for the axially symmetric

casc as

and @ = w — kv,

lZ
2 Noe? 8(r=rpo) (55 +2 )1

0%2¢, 164)
1 + Q ¢1 - N(w_leb)Z mb Tho

ar2 r ar

.. (16)

L, 2
atwy

H,6 2
where, N = (1 - ¢ CpH ) and

2— w2 wl-w?
WEmWpy W@y

%=

Therefore, Eq. (16) can be rewritten as

2N0e2 8(r— Tbo)( +kz)

N (w— lwcb) mb Tho

Vig, +Q%p, = .. (17)
In the absence of a beam, Eq. (17) becomes

92 10 12
24220y (ph—5) b =0 ... (18)

ar2 r ar

Here, Eq. (18) is
solutiongp; = AJ;(p7). At T=Dby, ¢p;=0 = p,, =
(n=1,2,3,4,5......... )

i.e., X,are the zeros of the Bessel function/y(x). In the

presence of beam, the wave function ¢, can be expressed in
a series of orthogonal sets of the wave function

a Bessel equation giving a
Xn
by

1 ZZmAmIO(me) ... (19)

Now, using Dirac Delta property and solving equations
(17) and (19), we obtain

2
‘“?)b<TT+k§ >]12 (PmTbo)
bo

N (w_lwcb)2112+1(pmb1)

Q*—pim=— -+ (20)

After putting all the values, the above Eq. (20) can be
rewritten as

2 L 2 H
(k24 pem + wpratk? | wipallks +
(k2 +p2) - B L
2 (12 .2)\2
L, 2 H, 2 wpp| =tk )] (PmTpo)
a prpm a (upHpan - _ pb(rlzm z JJLEm (21)
(‘)L+ (‘)IZ*I+ (‘(D’—lwcb)zjlz+1(pmb1)

After simplifying Eq. (21) and multiplying both sides by

Kk2+p2 . kZ+p3 wp
() 4150 assuminga ! = EEEPM) | _be
Pm Pm VieDPm
Eq. (21) can be written as
whalk? _ alwl, _ wigafk? _ aflw?y
alw?p?,  al(w?-w?,) alw?p? al(w?-wh,)

2 (12 2) ;2
wpb<rT+kZ> Ji (®mTbo)
— bo ... (22)

al przn (m_lwcb)2112+1(pmb1)

In the presence of only KTions, Eq. (22) can be
rewritten as

(ulz,LaLkg aLwIZ)L _ pb( v} +kz>/z (PmTpo)

.. (23)

al(l’zp%n al(wz_w£+) al pm (- lwcb)2]l+1(pmb1)

Multiplying both sides by w?(w? — w?,) and after
rearranging the terms, we obtain

2 2 2
4 2 5 wipal alwl; kZ alwl kZwi,
w* —w? | wi, += = - =
a a” Pm 44 pm
12
‘*’zzwb(rTW%) w?(@?-wiy) JE@mTbo)
b T .. (24)
a”Pm (w_lwcb) ]l+1(pmb1)
h (kz+pm) (‘)IZJE _ k_z w%}e . (Uzzae
where Cl 2 2 2 2 2.2 2.2
Pm VtePm Pm  ViePm  ViePm

Equation (24) can be rewritten as



674 INDIAN J PURE APPL PHYS, VOL. 59, OCTOBER 2021

(@? =) (W? = D) (@ — ly,,)* =

12
wyzzb(TT*'k%) w?(@?=wi) JE PmTbo)
bo

.. (25

al it Pmb1) (25)

where,c? = w?, + k*alRcj ... (26)
2 L2 2

andc? = 2Ly M Rch .. (27

2 2qLRc2
witk“a“Reg

R= I:[n—z and ¢ = ;—Z

Here,w ~ c¢;corresponds to K*ion mode andw =
k,vop + ly,,cotresponding to the beam mode. But,
we are looking for solutions, when w = k,vg, + L, -
In this case the two factors on the left-hand side of
Eq. (25) are simultaneously zero in the absence of
beam. In the presence of beam, we can expand
wasw ~ ¢; + 61 = k,vop + 1, + 61, where 6y is
the small frequency mismatch due to finite right-hand
side of Eq. (25). Then Eq. (25) gives the growth rate
of unstable K* ion mode as

F = Im 61 =
2 1/3
(c?-w?)) w§b<T+k§> 112 (PmTpo)ct
a ho iE (28)
2 Wl (02=¢3) Ji11 (Pmb1) 2

The real frequency of unstable mode in term of
beam energy is given by

2
2_ 2 2 (L 2) 52 2
(ci-wiy) wpp| Zz=+kz | Ji PmTpo)CL
a "bo

“’;271_ (@2=c) ]t (Pmb1)

2evb)1/2 1
mb

wr = ky ( ... (29)

where eV}, is the beam energy. However, in the

absence of K%ions and presence of heavy Bations

Eq. (22) can be rewrittenas
2

wZyatk} atw?y “’f;b(rl?o"'k%) JE@mTbo)

alwiph  al(@-why) | @ P @—log,) 2 E (Pmbi)

... (30)

Multiplying both sides by w?(w? —w?,) and
after rearranging the terms, we get

2 2 2 2
+ wiy + ol k%) aHolykf o,

2 2
at alph alpi

w* —a)z(a),zpr

2 (12 2 2
wpb(rT-"k%) w(w?-w§y) JEmrpo)
bo

... (31
at phy (@=lwg) 2 fq (Pmb1) (1
Equation (31) can be rewritten as
(0? —d})(? = d) (@ — L,,)* =
wéb(fTZHc%) w?(w?~why) J{ Pmrpo)
= .. (32)

al pZjf(pmb1)

2,H.2
k“a'’cf

where, d? = w?, + ... (33)
2 alkwh, cf
df = o .. (34)

Here,w = dycorresponds to the Bation mode
and w ~ k,vop + [, corresponding to the beam
mode. Eq. (32) gives the growth rate of the unstable
mode as

2 1/3

d2-w?,) w? (—+k2>]2 PmT, ck
dl(l H+) pbr%O Z | Ji (emTpo)ciy V3

[=Img, = ... (35)

2 w3y (02=d3)JE, 1 (Pmb1) 2

The real frequency of unstable mode in terms of beam
energy is given by

12

(d%-why) 0} (—+k§>12(pmrbo)cé
1/2 C1a pb T%o l

mb

o= (22)

2|2 iy (@2=d3)Jf;, (Pmb1)

3 Results

In the numerical calculations, we have used the
following typical plasma parameters of the existing
experimental paper of Rynn'® for EIC waves: electron
plasma density n%¢=n% = 101° cm”, temperature of
electron, K*and heavy positive Ba‘tions as,
Te~TE~TH =0.2¢V, R (mf'/m!) = 3.5 , radius of
plasma column b;=2 cm, beam radius of potassium
beam 1y = 1.5 cm, beam energy E, = 10eV, guiding
magnetic field Bs ~ 3x 10° gauss and mode number
n = 1, i.e., the first zero of the Bessel function. EIC
waves are the longitudinal oscillations of electrons or
ions which propagates nearly perpendicular to the
magnetic field. We have studied the EIC waves driven
to instability by gyrating ion beam. However, the
frequency of any ion beam driven EIC instability is
lower than any electron beams driven instability. But
temperature of plasma influences its growth rates, as
hotter is the plasma, more will be the growth rate.
Here, due to an increase in the relative concentration
of positive ions, the ion-cyclotron wave exhibits two
ion modes, a light K* mode and a heavy Ba® mode.
Using Egs. (28) and (35), we have plotted Figs. 1 & 2
where it can be observed that the growth rate T
(in sec’) of both the unstable electrostatic ion-
cyclotron modes increases with their respective
relative ion concentrations. In Fig.3, using Egs. (29)
& (36), we have plotted real unstable wave frequency
w, versus beam energy (eV,) for K and heavy Ba"
ions and observed that the increase in beam energy
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increases the unstable wave frequency and our
theoretical plot of unstable wave frequency w, with
beam energy in the presence of positive ions is
qualitatively similar to Fig. 2 (b) of the experimental
paper of Hendel et al."”

In Fig. 4, the normalized parallel phase velocity
w,/k,V; [cf. Eq. (36)] as a function of beam velocity
Vu/V; is plotted and we found that the parallel phase
velocity varies linearly with the beam velocity. In
Fig. 5, the frequency of K* ion mode and Ba™ ion
mode as a function of magnetic field B, for different
value of relative ion concentrations of these ions is
also plotted. Our theoretical plots are in line with the
experimental observation of Suszcynsky et al®
[cf. Fig. 4]. In Fig. 6, the dispersion relation w,. /w4

3 x10% .
25|
e
\(* \ot\‘“od
2 3
a
|
S8
<
|
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05

% o1 02 03 04 05 06 07 08 09 1
a L
Fig. 1 — Growth rate I (in sec™") of the unstable K*ion mode as

a function of relative concentration a”.
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Fig. 2 — Growth rate I (in sec™) of the unstable ion mode as a
function of relative concentration a!.

for heavy positive Bat ion as a function of
concentration d = n®**k,/wy, is plotted. Here, we
have observed that the frequency increases with
increasing concentration d, and for any fixed value of
d, the frequency increases with the increase in
concentration of Ba' ions. The theoretical
observations of our study show that the growth rate
of the unstable modes in the presence of K+ ions and
heavy positive Ba® ions increase with the beam
density and scales as the one-third power of the
beam density [cf. Equations (28) and (35)]. The
real part of frequency varies as one-half power of
beam energy.
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Fig. 3 — Unstable real wave frequency of Kt and Ba* ion mode
as a function of beam energy E, (eV).
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Fig. 4 — Normalized parallel phase velocity of K*and Bations
as a function of beam velocity Vy/V;.
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Fig. 5 — Unstable frequency f (Hz) plots of K* and Ba'tion
modes as a function of magnetic field for different values of their
relative concentrations.
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Fig. 6 — Dispersion relation w,/wy, of a EIC heavy Ba*ion
mode as a function of d = n®%*k,/wy, for n4*=2x10" cm™ &
af =08, a” = 0.5 keeping all the other parameters same as
taken in Fig 1 or 2.

4 Discussion

Hence, a gyrating ion beam propagating through
the collisionless magnetized plasma gives energy to
the electrostatic ion cyclotron wave through Cerenkov
interaction and excite it into two unstable ion modes;
light positive K *and heavy positive Ba*t. The growth
rate of both the unstable modes in the presence of
heavy positive ions increases with the beam density
and scales as the one-third power of the beam density.
Also, the parallel phase velocity varies linearly with

the beam velocity. The unstable frequencies of both
the modes are drastically influenced by the magnetic
field also, the frequencies increase with the increase
in magnetic field. However, this increase in the
frequency is more rapid for the light positive ions as
compared to the heavy positive ions.

The theoretical understanding of EIC waves in
plasma/dusty plasma is very important in order to
understand the theoretical aspects of the phenomenon
occurring in the universe. On the other side, positive
ion plasmas are found in the earth’s ionosphere,
magnetosphere and solar winds. Even the interstellar
nebulae contain a mixture of several positive ion
species, e.g., HY,0%,Het, 05 & NO*etc., while the
concentration of these ions increases with height. Our
theoretical model is predicting the excitation of
electrostatic ion-cyclotron wave modes by the
resonant ion beams and the dependence of growth rate
of EIC wave instabilities on the relative
concentrations of these positive ions. Our work may
find various applications in understanding the space
plasma, astronomy, astrophysical plasma as well as
terrestrial plasma.
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