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Modulational instability of beat waves in a transversely magnetized plasma: lon effects
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The effect of ion dynamics on the modulational instability of the electrostatic beat wave at the difference
frequency of two incident laser beams in a hot, collisionless, and transversely magnetized plasma has been
studied theoretically. The full Vlasov equation in terms of gyrokinetic variables is employed to obtain the
nonlinear response of ions and electrons. It is found that the growth rate of modulational instability is about
two orders higher when ion motions are included.

PACS numbgs): 52.35.Mw, 52.35.Nx, 52.75.Di

[. INTRODUCTION authors, there has been no study of beat wave instabilities
including the ion dynamics.
Recently there has been a great interest in the generation In the surfatron schemel8], a potential modification of

of large amplitude electron plasma waves at the beat frethe PBWA, an external transverse static magnetic field is
quency of two high power laser radiation in a plagiha4].  applied to phase lock the particles with the wave for prevent-
The most promising application of beat waves is in theing the accelerated particles from outrunning the plasma
plasma beat wave accelerat®BWA) [5-9]. Other applica- Wave, thereby eliminating the limitation on the maximum
tions of beat waves include plasma heating and current driven€rgy gain of the plasma particles. In the presence of an
[10,11, plasma diagnostids.2], etc. Recently, in the case of €xtérnal magnetic field, a plasma supports a variety of
particle acceleration, Modergt al. [13] experimentally ob- Plasma modes. The plasma wave in the PWBA attains a large
served the acceleration of electrons at the wave-breakin§MPlitude, and may couple parametrically to these modes,

limit of a nonlinear relativistic electron plasma wave excited eterioraing the uniform acceleration of particles to high

by strong forward Raman scattering induced by a higlh_energy. Therefore, a detailed investigation of all possible

intensity (>5x 101 W cm~2) short-pulse laser. However parametric instabilities of this high amplitude electron

h i f the elect I 4 th | lasma wave in the presence of an external transverse static
€ excitation of the €lectron plasma wave and the acceler nagnetic field is of great importance in the context of the

tion of electrons can be controlled more efficiently in thePBWA In this paper, we have studied, in particular, the four
well known plasma beat wave accelerator scheme. Amiranoffaye parametric instability, i.e., the modulational instability

et al.[14] obs_erved appreciable acceleration qf e_Iectrons ing&f 5 large amplitude longitudinal beat wave excited at the
recent experiment on the PBWA. Before achieving the pospeat frequency of two high power electromagnetic waves in
sible acceleration of pal’ticles to Ultrah|gh energy, the Iongi'a homogeneousl hot, and transverse|y magnetized p|asma in-
tudinal large amplitude electron plasma wave may coupleluding ion dynamics. We consider short-wavelength pertur-
parametrically with different plasma modes, and may suffer @ations which may be present in the laser-produced plasma
number of strong microinstabilities which may deterioratebecause of the temperature or density gradients caused by the
the acceleration process seriously. Amirareifl. [14] con-  presence of ion/electron plasma waves.
cluded from their experiment that, in particular, modulational The plan of the paper is as follows. In Sec. Il, we study
instability can seriously destroy the excited plasma wave anthe response of magnetized ions and electrons of the plasma
stop the acceleration mechanism. Therefore, the study of they employing the full Vlasov equation in terms of gyroki-
parametric instabilities of beat waves and their possible satusetic variables for the low-frequency mode. In the case of the
ration is of great importance in the PBWA. plasma beat wave accelerators, the conditiogl} 2o

It is well known that the coupling of the Langmuir wave (where wy. and w., are, respectively, the electron plasma
to the ion motion can give rise either to modulational orfrequency and electron cyclotron frequehéy always satis-
decay instabilitied15]. On a slow time scale, ion motion fied. We may therefore consider the high-frequency response
[16] can play an important role in saturating the large ampli-of electrons to be unmagnetized. The frequency of the low-
tude beat wave. In the present study we retain the ion dyfrequency mode is usually less than frequency of the electron
namics as well as electron dynamics in the nonlinear replasma wave excited at the beat frequency of the two inci-
sponse, because the time scale of the ion mcmigﬁ (where  dent laser beams, i.e., the pump waves. The Larmor radii of
wp is the ion plasma frequengywhich is very short on the electrons and ions corresponding to this low-frequency mode
order of a few picoseconds at the plasma densiff-400t”  may be larger than or comparable to the wavelengths of these
cm™3, can be less or comparable to the duration of the lasewaves. Hence we employ the kinetic equation for the non-
pulses in the present day experimefitd,17. Therefore the linear response of electrons and ions in the plasma. In Sec.
role of ions may be important in these experiments. HowAll, the growth rate of the four wave decay process, i.e., the
ever, at higher pump strength and for short puldess than modulational instability, has been obtained. In this case the
an ion periogl, instabilities, particularly those which involve phase velocity of the low-frequency-driven mode is consid-
ion motion, can be avoidg®]. To the best knowledge of the ered to be equal to the group velocity of the beat wave. A
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numerical estimate of our results is given in Sec. IV. Finally,solve the full Vlasov equation for the nonlinear response of
a brief discussion is presented in Sec. V. electrons and ions in the plasmB9].

Il. NONLINEAR RESPONSE OF ELECTRONS AND IONS A. Response of ions

We consider the propagation of two colin(?ar high- e study the response of ions to the four-wave decay
amplitude upper-hybrid electromagnetic waves (k1) and  process in the presence of an external static magnetic field by
(w3,k3) in a transversely magnetize@{|z), hot, homoge- the nonlinear Viasov equation expressed in terms of the

neous, and collisionless plasma: guiding center coordinateg,, magnetic moment, and the
polar angled of perpendicular velocity and parallel momen-
E12=E1exd —i(w;t—k; X)], (1) tumpy:
where off . ofl  off éafiT off 0 ©
— 4+ Xy — Fu—+60—+p—=0,
gt 9axg Mou e Mlap
2 12 1/2
, 1,2 Wpe W12~ Wpe where
kl 2= 1- 12 12 _ — 2 )
W1 o Wy 27 Wpe™ Wee
Xg=X+ pising,
4me?nd) M2
wpez( me ) ) 2 Yg=Y— piCOY, (6)
Z,=2.
eB 9
w .
“ mec wg=eBs/mic, u=m1’/2w, the superscripl refers to

the total quantity, and the symbpldenotes quantities paral-
Here —e, m,, nY, andc are the electronic charge, mass, lel to the external magnetic field; the dot over a quantity
unperturbed equilibrium electron density, and velocity ofdenotes derivative with respect to time. Using equations of
light in a vacuum, respectively. On account of the nonlineamotion, we can easily deduce
interaction of the incident electromagnetic waves in the

plasma, a large-amplitude longitudinal electrostatic electron . e . oH
plasma wave §q,Kq;wo=w;— w3, ko=k;—k3) is gener- '“_a,_ciEi'vi_g_g’ (@)
ated at the difference frequency:
. o__9H_ € Tai T
Eo(wo,ko) = —ikoeo(wo,Ko) o= ET @it miv, (Exsind—Eycosd)|,  (8)
= _iiko(ﬁoexq_i(a)ot_kox)], (3)
) e
_ _ _ Xg=v+ ——E] X oy, 9
where ¢, is the electrostatic potential of the beat wave m; w;
(wg,kg) which satisfies the Bohm-Gross dispersion relation
for the magnetized plasma, where
2_ 2 2 2 2 2
wi=w’ + o+ 3k5vs, J2, 4 p
0 pe ce 0 th,e/ ( ) H =gt 2_,“(‘].+6¢T (10)
1

vine=(2Te/me)¥? is the thermal speed of electrons, and
T, is the temperature of the plasma electrons measured i the Hamiltonian, and
units of the Boltzmann constant.

Now we consider that this longitudinal electron plasmae’= ¢o(@o.Ko) + ¢(@,K) + d1(w1,k1) + Po(wp, ko) (1)
wave will interact with a short-wavelength low-frequency
electrostatic density perturbation associated with a plasmis the total electrostatic potential in the system. Since
mode (,k), and generate two high-frequency sideband(u,6), (Xg,Y4), and (py,z) form the canonical set of vari-
modes (; ;= wF wg, Ki,=k¥Kg). The waves ¢ k), ables, Eq.(5) follows directly from the continuity equation
(w1,k4), and (@, ,k,) will grow at the expense of the energy of ion density in the six dimensional space of the resulting
from the pump wave ¢g,ko). For the hot magnetized variables[19].
plasma, the Larmor radii of electrons and ions may be larger In the presence of the electrostatic potentials of the pump
than any of the wavelengths of the waves involved, i.e.and the decay waves, the total distribution function of ions in
Kope, Kpe, Kipe, Kope, Kopi, Kpi, kipj, and kppi=1,  Ed.(5) may be decomposed as
wherepe,=v, lwc andp;=v, /w.. The symbolL denotes
guantities perpendicular to the external magnetic field. fiT=f8i+foi(wo,ko)—i-fi(w,k)+f1i(wl,k1)+f2i(w2,k2),
Hence the fluid model of plasma breaks down, and one must (12
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where the space and time variations are implied, and the exg —i(wt—k-x)]=exd —i(wt—k- Xg)]
equilibrium distribution functlon‘ i is taken to be Maxwell-

ian at the temperaturg; : XE exd —in(6—8)13,(K.p),
n

m, 3/2 rniv2 13
zm) o ) 3 (19
foi,» f1i, and f, are the high-frequency respongat the

pump and sideband frequendieandf; is the low-frequency whereJ,, is the Bessel function of orderand the summation
response. Using the identity overn runs from—o to +%, we can express

0_,0
foi=no

ET=—ikopoex —i(wot—koxg) 1D, exp(—in6)I0—ike exd —i(wt—k-xy)1>, exd —in(6— 813,
—ikypy exH —i(wit—Ky-Xg) 12 exd —in(6—6,)131

—ikyg, exd —i(wot— kz'Xg)]; exd —in(6— 52)]J§, (15

fl=13i+exd —i(wot—KoXg) 1, exp(—ind)fS+exd —i(wt—k-x5)]1> exd —in(8—8)]f,

+ex —i(wit—ky-xg) 1 exg —in(0— &) 1f5+exd —i(wot—ky-xg) 12, exd —in(6—8,)1f3. (16)

In Eq. (15, ¢'s are the amplitudes of the electrostatic potentials of the waves;J, (K, pi), ngJn(kopi),

Jﬁz\]n(khpi), andJﬁan(kZLpi), whereé, §,, and S, are the angles between tkeaxis andk, , k4, , andk,, , respec-
tively. Using Eqs.(15) and(16) into Eqgs.(7)—(9), we can write

= —iegoex —i(wot—koxg) 12 n exp—in6)I0—ied exd —i(wt—k-xg)12 n exg —in(6—6)1J,

—iegiexf —i(wit—Ky-Xg) 12 nexd —in(8—8;)]35—ied, exd —i(wat—ka-xg)12 n exg —in(6—8,)]32,

(17)
0= —wei— e¢0koexp{—|(wot koxg)]E exp(—in6)J% — ek, ex] —i(wt—k-xg)1>, exgd—in(8— )13,
mjv, miv, n
_ e¢p1kq, ¢2 21

— ex —i(wyt—Ky-Xg) 1> exd —in(6— 81135 — exq—l(wzt Ky- xg)]z exd —in(6— 8,13
ivL n

(18)

>'(g= - m:ZCi k, ¢ sind exr[—i(wt—k~xg)]; exd —in(0—6)]Jn+Kky, ¢1Sind; exd —i(w1t—Ki-Xg)]

X 2, exp —in(6— 81) 134+ Ky, $,5inS, exl —i(wat—ka-xg)1, exd —in(6—8,)132|, (19)
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: ie . . 0 . :
Vo= o Koo exp[—|(wot—k0xg)]§n: exp(—in6)J%+k, ¢ cosd exq—l(wt—k-xg)]zn‘, exd —in(6—8)]3,

+ky, 10085, exf —i(wit—ky-%g)1> exd —in(6—6,)]133

+Ka, 20085, exf —i(wat—ka-Xg) 12, exd —in(6—8,)132], (20)
= 21

where the prime on the Bessel functions denotes a derivative with respect to its argument. Now, since the maximum growing

modes propagate in the plane perpendicular to the external magnetid 8¢2d) we takek, >k . Using Eqs(15—(21) in the
Vlasov equation5), we obtain the following linear response of ions:

eq& Nwg;

0 0
Foi T wo— Nwg; fo' !
ed Nog f
ni— T w— anI 0P
e¢l Nwg;
1_ 310
fi= T w1~ Nwg Jnfoi (22)
e¢2 Nwg;
f2= J2E0.

T wsr— Nwyg;
Using Eq.(22) in Eqg. (5), we obtain the nonlinear part of the distribution function for the low-frequency maedk)(as

FNL_ exp(—ind)

ni

(Y1t ), (23

o— Nwg;

where

af!
‘”1:2[%%(“")”“'(” DEANE P “qﬁl(n—wexml&l)a.f eiolexrm ~1)8,13° (nul)'

2m; 2m -hi
ed,| _ I 1y iekoky, ¢ SiNS; iekoky, @1 sind;
-2 )3} ;"M eI (=) 8130y exp (il )30y
1Y7Cl (Rad¢]
(24
ekodp o’ eky, ¢, 5 e¢*| 0 f(2 +1)i
¢2—Z [2mi (n+Dexdi(n+1)8,137 2, 1y~ 2mivL( —n)explil 82)IF 13 i+ —5—exdi(n+1)8,13, in
el IR i iekoka, g sing, iekok,, ¢,sins,
— o Mg exp{|(n+l)52]J fo it T omag 2 expil 3,) 37 f0 il (25

where the asterisk denotes the complex conjugate of the quantity involved. We obtain the linear and nonlinear ion density
perturbations associated with low-frequency modek( from the relation

n(w,k)=2m, f f fidav, du, dyy. (26)
n 0 J-»
Thus the linear and nonlinear ion density perturbations.gak) are obtained as
2
L_ Xlk
i = 4me 27

and
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nge’exp( —i 8)

N = T (0w (Po®1Xit @5 #2Yi), (28)
where
Zwrz)i w w—Nw
Y ige | M knvth,i; Z( Kjvin, ) r(brexpt= b)} 29
ikoky, sind;expi 87) ikoky, Siné. Xp(i 81)
xi=[ e lo(ba)exp(—bo) = = = o(byexpl—by) - m{l Lo boy) Xyt —bgi)}
m;j e 2
Wo){l o(bgj)exp(— bll)}} (30)
and
ikgks,, SINd, exp(2i &,) ikgko, sind, exp(i 8)
Yi:[ Tz woiwciq 2 12(bg)exp(—by) — : 2Lw2_2wdﬂ 2 lo(bgi)exp(—bg;)
m; w2exp(i 6 m, w2exp(2i 8,)
zmw—zu,j){l lo(Doi)expt —boy)} + o — {1 a(b)expl — b))

m; w2 exp(2i 5,) Liib ] a1
—{1+ i —bgi)}.

T (@ (Lt 1(bo)exe—bo)} (3D
Upp = (2T /m)l’z, lg, 11, and |, are the zero, first, and second order modified Bessel functions of the first kind;
boi= Ovth,/2w0|>l for the usual plasma parameters in the beat wave accelerabqrs:klvtm/ZwCPl and
b= 2vth 2w%>1, for the short-wavelength perturbation. In deriving E28) we have retained only the dominating terms
having (@ — w) in the denominator.

B. Response of electrons

For the low-frequency response of magnetized electrons we use the Vlasov equation in terms of the guiding center
coordinates. Following the same procedure as in the case of the magnetized ions, we find the linear and nonlinear density
perturbations of electrons as

k2
L_Xe
e~ a0 (32
and
nde?exp(i )
NL _ 0 %
ne _ZmeTe(w_wc(:)(¢0¢lxe+ ¢O (bZYe)i (33)
where
200,2)9 14 ® 2Z(w—n ) (boexi(— b)} a0
= ex
Xe kzvtzh,e k\lvth,e n |(” the n e
xoo| Mo X0 b Mo gy b
e 2Te(w1 9 { 0( Oe)exr( Oe)} m{ O( 1e)eXIO( 19)}
ikgkq, Sinéd ikgky, sind;exp(—ié
L LI e —byg) — SR, ey, (39)
W™ Wee W1 Wee
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B mewce exp(—2i 85) mewce expl—
Vo= | T (wo—w (L 22X~ bt~ e) {1 1 o(Doe) €XP( — boe)}
mewce eXF( —2i 62) ik0k2i Sin52 eX[Z( —2i 52)
To(wo— weo) {1+11(bge)exp(—bge)} + o Oo I 1(bge)exp(—bge)
ikoko, exp(—ié
4 K O] e b | (36
Wy~ Wee

In the case of the plasma beat wave accelerators, the conditow, substituting Eqs(27), (28), (32), (33), (42), (43), and
tion w >w . is always satisfied and we may consider the(44) in the Poisson’s equation, we obtain the following non-
high- frequency response of electrons to be unmagnetizedinear coupled equations:

Taking the high-frequency response of electrons to be un-

magnetized, the solution of the linearized Vlasov equation ep=— 4”e(n nMt) (45)
for the response ate(y,ky) may be written as '
e¢o KoV Ko~V 4me

L_ _ 0 _ NL

fO Te wo + wo fOl (37) El¢l_ ki nle, (46)
where wy>Kky-v is assumed. For the high-frequency re- Ame
sponse at®;,k;) and (w,,k,) we express, andf, as €xp=— kz noe, 47

fi=fr+ o,

where the linear dielectric functions €,, ande, are given
fo=f5+ 5", (38 by

where the linear and nonlinear parts of the distribution func€=1+ xet xi
tionsfy, f5, fi'*, andfy" in the limit wy 5>k o v turn out

202 w w—Nw
to be =1+ = 14— > z( Kor ) n(be)exp —b )}
€p12Ky oV K1V Ve [Fthe n IFthe
fl=— —=—"—| 1+ —"—|f9, (39) >
T Te ezl ez L P z( ) (by)expl - b)}
e K-V kz“thl Kjvin, 5 Kjvni )"
NL_ _ v . L% _ 1. L%
f T 1+ o1 )(ko V. f-¢5 —k-V,f5* ), (48
(40) 2
e KooV kzvpe e Z(wli_unwce)
NL_ 2° . L ) L 1Vth.e 1)|Yth,e n 1||Vth,e
f5 T 1+ 0 )(ko V., frpotk-V, f50).
(41) ><|n<ble>exp(—b1e>}, (49)
Integratingf}'- and f5" in velocity space, we obtain the fol-
lowing expressions for the nonlinear density fluctuations at 2

pe

the high-frequency sideband&{,k;) and (w,,k,) for mo-

w wr— Nw
2 2 Z( 2 Ce)
tion of electrons:

Ko Vih,en Ko Vthe

k2 th,e

X1 n(boe)exp(—bge) |- (50

N © * L L
nie =5 [(ko k) dgng—(k-kp)gng*], (42
Mew;

o We have taken the response of electrons and ions for the
NL__ = L Lk low-frequency moded,k), while only the electron response
n Ko-Ko) pons+(k-ko)png*], (43 aq y y p
ze Zmewg[( oK) done + (K-kz) oo “3 has been taken into account for the high-frequency modes,
where the ions form only the charge neutralizing back-
wheren}; is the linear density perturbanon at the low fre- ground. Eliminatings, ¢,, and ¢, from Eqgs.(45)—(47) we
quency given by Eq(32), andng is the linear density fluc- obtain the following expression for the nonlinear dispersion

tuation associated with the pump wave: relation for the low-frequency electrostatic mode,K):
ek(2,¢0n8
ng=———7—. (44) =422 ®D

Mewg € €
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where

o do
4meTek2k§w§( 0= Wg)

2
w

M1 Xekzko‘k1+kg_p£ek'k1)
w

0

MeTe(w— w¢o)

X -
mTi(w— wg)

Xe expi 6) —

X; exp(—i 5)} (52)

and

oo
4meTek2k§w§( 0= wg)

2
w

M2 Xekzko‘kz_k%_pzek'kz)
0]

0

MeTe(w— wee)

>< -
mTi(w— wg)

Y. explid) —

Y, exq—iﬁ)}. (53)
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—€

N e Tow (55)
Similarly
. d€qr
€1=i(y+ YLl)&_wl, (56)
. dé€xr
e=i(y+ 7"2)&02 , (57)

wherey, 1 andy, , are the linear damping rates of the decay
waves q,kq) and (w,,k,).

Thus the growth rate of the four-wave parametric insta-
bility is obtained from

This is the general dispersion relation of any Iow—frequenc;ﬂ vyt ) (v )

electrostatic moded,k) in the presence of an electrostatic

pump wave and the sidebands in a transversely magnetized

plasma. From Egg52) and(53), we notice that the effect of
ion motion enters into the coupling coefficients and w,
through the terms containing andY;. Forw~ w, the ion

contribution may dominate over that due to motion of elec

trons.

IIl. EXPRESSION FOR GROWTH RATE

1
del dw

oY+ vi1)
0”62/5(1)2

ma(y+vi2)
(961/0"(1)1

, (58

wherey is the growth rate in presence of the damping of the
waves. Now the linear dielectric function of the low-

frequency moded,k) propagating along the direction can
be simplified with the approximationsw~w, and
wo,w1,w>Kg 1 2V, andd= 6;= 6,=0 (when all waves are
considered to be propagating along thdirection, Eq. (48)

To obtain the growth rate of the decay process we writddecomes

(14,14
w=w,+ivy,
. e
e=|'y%+lei

e
=i+ W5 (54

where the subscript represents a real quantity ang, the

1 2(1)?,e ngi 1 1) 1 (59
e=1+ -

kzvtzh'e kzvtzh’i 0= \[(27b))
and

A e E—
do 7 Kvpi(0—0g)?

Using Egs.(49), (50), (52), (53), and (60) we obtain the
normalized growth ratey=+,) of the modulational insta-

linear damping rate of the low-frequency mode may be obdbility in the absence of the linear damping of all the decay

tained from the relation

Yo

K2(w

waves (y =y 1= y.2=0) as

2

1_wc92 MeTe(@— wee)

(O]

2 133 .3 2 2
|00/ Vi | “ K Vi, Ut i (0 — @) wo[

2 2 2 2
8k0wcewpiwci( 0= Wee)

Wpe
) Xek+ko— || A—
W

w7 mTi(o— wg)

K (wp— weo)? 02 M.T (0 wy0) 112
2 |xekkoz )| O T o P (61
where
62k2¢*¢
2 0%0 Po
T mwg (62)
0 M wq
A= e (Bge) eXP — bge) |+ 5[ 1~ 1 g(be)Xp — Do) 63)
_2Te(w1_wc9 o{Moe FX Oe 2Te(wo—ch 0\M1e FX le/ s
2 2
— mMjwg; —1a(bn: —bg)]+ &[14 (by)exp(—by)] (64)
B_ 2Ti(wl_(l)ci)[1 IO( OI)eXF( Qi 2Ti(w0_wci) 0 1i 1i )
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Mew2, Mew2,
C=- m[l— [2(boe)exp(—bye) | — m[l— I1(bge)exp(—bge) |
me ge
T ﬁ[l—%(b%)exﬂ—bod], (65
miwgi m; wg;

[1—11(bgi)exp(—bg)].
(66)

miw(Z:i
[1=To(boi)expl —boi) ] = ="

D= T wg— wgy L+ 2Pz X b2 }F oy v

Wy~ Wce)

Since we are considering all the waves propagating in the IV. NUMERICAL RESULTS
x direction, 6= 8, = 8,=0 andk,=k;,=k,,=0. Hence there AND GRAPHICAL REPRESENTATIONS

is no linear damping of the waves. Consequently, the thresh- To have some numerical appreciation of the results of our
old of the modulational instability of the electrostatic beattheory we have made calculations for the growth rate of
wave is zero. Thus the undamped growth rate given by Eqnoqylational instability for the following typical plasma

(61) is due only to the nonlinear beating of the pump and theparameters:wiz 1.963<10% rad secl, w)=1.778<104

sidebands. It may be anticipated that the motion of ions 19ad sec ! (corresponding to a CQlase) n8:1017 cm—3

the undamped growth rate of the modulational instabilityT =1 keV, By=20-200 KG,|vy/ vy o| = 1.0, 0/ wy=1.001
. . ‘g . e y Ps ’ ,e ] Cl . ’
[Eqg. (61)] may contribute significantly and even dominate and T./T;=100. We have chosen the above slet of param-

over the contribution of electron motion fer~ wg;. eters for our calculations, because of their relevance to
plasma beat wave experimental studies. The results of calcu-
lations are presented in the form of graphs in Figs. 1-4.
Figure 1 shows the variation of the normalized growth
rate yo/w for the modulational instability with electron

100 T plasma temperaturé.. From Fig. 1, we note that modula-
\
100 T
B
-1
10 7
3
0w
-2
10 A 7
0 4
0 500 1000
Te (eV)
: 1o '
o ) _ 1 100 200
FIG. 1. Variation ofyg/w with T, for the following parameters: T /1.
lvg/vinel=1.0, Te=1 keV, T/T;=100, By=20 kG, /T

wo=1.85x10" rad sec !, w/w4=1.001, andnJ=10" cm 3,

CurveA corresponds to the normalized growth rate for the electron FIG. 2. Variation ofy,/w with T,/T; for the following param-
motion only. CurveB corresponds to the normalized growth rate of eters:|vy /vy, o| =1.0, Te=1 keV, andBs= 20 kG. The other param-
the instability when both electron and ion motions are included. eters and specifications are the same as in Fig. 1.
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FIG. 3. Variation of y,/w with the external magnetic fielBg (O/U) .
for the following parameters|vy/vy, ¢/ =1.0, T./T;=100, and o
Te.=1 keV. The other parameters and specifications are the same as
in Fig. 1. FIG. 4. Variation ofyy/w with w/w; for the following param-

eters:| vy /vy ol =1.0, To/T;=100, Te=1 keV, andB;=200 kG.
) ) N The other parameters and specifications are the same as in Fig. 1.
tional instability decreases at low temperature but becomes

more or less independent ®f, for a givenT./T;.

Figure 2 shows the variation of the normalized growth . . :
rate yo/w for the modulational instability of the beat wave romagnetic waves in a transversely magnetized plasma. The

with To/T,. It is noticed that the modulational instability {ransverse static external magnetic field is applied with a
decreases rapidly witfi,/T; only when electron motion is V€W to phase lock the accelerated particles with the wave;
considered; but with ion motion included, the modulationalthat is, preventing these particles from outrunning the plasma
instability takes a steady value. beat wave, thereby allowing the particles to gain maximum

Figure 3 shows the variation of the normalized growthenergy. The nonlinear response of electrons and ions has
rate y,/w of the modulational instability of the beat wave been obtained by solving the full Vlasov equation expressed
with external magnetic fiel@. It follows that the normal- in terms of gyrokinetic variables. It is seen from the expres-
ized growth rate of the modulational instability decreasession for the growth rate of the modulational instabilfif.
slowly with increasingBs. However, the growth rate is Eg.(61)] that the growth rate vanishes wher w because
about two orders higher when ion motion is included. at the ion cyclotron resonance of the low-frequency mode

Figure 4 shows the variation of the growth raig/  with  (w,k) the wave is totally damped to the ions. For unmagne-
ol/wg. We notice that the growth rate increases withtized plasmag16], the growth rate of the modulational in-
ol ;. When ion motion is included, the growth rate of the stability is quite high(on the order of~ ;). But, due to the
instability takes a higher steady value. For unmagnetize@pplication of the external static magnetic field in the present
plasmaq16], the growth rate of the modulational instability jhyestigation, the growth rate of the modulational instability
is quite high(in the order of~w ). But, due to the appli- requces substantially, on the order ofwi<wy. The ion
cation of the external static magnetic field in the present,onjinearity is seen to dominate over the electron nonlinear-
investigation, the.grovvth rate of the modulational instability ity for the low-frequency perturbation fas~ w,. From the
reduces substantially, on the order-ofu i< wp;. numerical calculations, we observe that the growth rate of
the modulational instability is about two orders higher when
ion motion is included. We note that the modulational insta-

In this paper, we have studied the modulational instabilitybility decreases at low temperature but becomes more or less
of an electrostatic electron plasma wave excited by two elecindependent of . for a givenT./T; . It is also noted that the

V. DISCUSSION
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modulational instability decreases rapidly wilh/T; only  pressing modulational instability which otherwise may de-

when electron motion is considered; however, with ion mo-stroy the acceleration mechanigg14].

tion included, the modulational instability takes a steady It may be mentioned further that the effect of ion dynam-

value. We also note that the growth rate of the modulationaics on other parametric instabilities, such as decay, oscillat-
instability decreases slowly with increasimyy. Therefore, ing two-steam instabilities, etc. of the longitudinal beat wave
the application of an external magnetic field in the plasmamay become important and significant. Work along this line

beat wave acceleration scheme is also important for sugs in progress.
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