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Effects of external magnetic field, ion temperature,and vortexlike electron distribution are
incorporatedn the study of nonlinearion-acoustiovavesin a hot magnetizecplasmathat consists
of a positively chargedhotion fluid andtrapped,aswell as,free electronslt is found that, owing

to thedeparturdrom the Boltzmannelectrondistributionto a vortexlike one,the dynamicsof small

but finite amplitudeion-acoustiovavesis governedby a nonlinearequationof K-dV (Korteweg-de
Vries) type. The latter admits a stationaryion-acousticsolitary wave solution, which haslarger
amplitude smallerwidth, andhigherpropagationselocity, thanthatinvolving isothermalelectrons.
The effectsof externalmagneticfield andion temperatureon the propertiesof theseion-acoustic
solitary structuresare alsodiscussed. © 1998 American Institute of Physics.
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It is well known from computer simulationd=3 and
experiment® that plasmaswhich are strongly excited by
meansof the injection of particle beams are often found to
evolve toward a coherenttrapped-particlestate, instead of
developinginto a turbulentone. The nonlinearbehaviorof
electrostaticwavesin a plasmawith this trapped particle
staté~8 hasreceivedconsiderablattentionandbeenstudied
by a numberof authorsin last few years®™ To the best
knowledgeof the author, most of thesestudie§™™ are re-
strictedto the unmagnetizeadtaseand cold plasmalimit. As
the effects of externalmagneticfield and ion temperature,
which have not been considered in these earlier
investigation$~ drasticallymodifiesthe propertiesof elec-
trostatic solitary structures?~% we, in the presentwork,
have studiedthe obliquely propagatingon-acousticsolitary
structuresn a hot magnetizelasmathat consistsof a posi-
tively charged hot ion fluid and electronshaving vortexlike
distribution.

We considera plasma,which consistsof a positively
chargedhotion fluid andelectronswith trappedparticles,in
the presencef anexternalstaticmagnetidield (Bollz, where
Z is a unit vector along the z direction. The nonlinearbe-
havior of ion-acousticwavesin this plasmasystemmay be
describedby the following setof fluid equations:
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wheren is theion numberdensitynormalizedto equilibrium
plasmadensityng; u is theion fluid velocity normalizedto
theion-acoustispeedC = (T,/m)Y?with T, beingtheelec-
tron temperaturéin energyunits), andm beingthe massof
positively chargedions; ¢ is the electrostatiovave potential
normalizedto T./e with e beingthe magnitudeof the elec-
tron charge.oc=T; /T with T; beingthe ion temperaturein
energyunits). Thetime andspacevariablesarein the units of
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the ion plasmaperiod w_ 1= (m/4mnye?)? and the Debye
length \p = (Te/4mnge?) 2, respectively.w.=(eBy/m)/w,,
is the ion cyclotronfrequencynormalizedto w, .

To modelan electrondistributionwith trappedpatrticles,
we employ a vortexlike electron distribution function of
SchameP:” which solvesthe electronVlasov equation.Thus
we have

1

fa= g @ 0 ol 2,
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wherethe subscriptf(t) representshe free (trapped elec-
tron contribution.It may be noted herethat the distribution
function, aspresentedbove,is continuousin velocity space
and satisfiesthe regularity requirementsfor an admissible
BGK solution® Here, the velocity v is normalizedto the
electronthermal velocity vy, and «, which is the ratio of
free-electrontemperaturd T4;) to trappedelectrontempera-
ture(T), is a parametedeterminingthe numberof trapped
electronslt hasbeenassumedhat the velocity of nonlinear
ion-acousticwavesis smallin comparisonwith the electron
thermalvelocity.

Integrating the electrondistribution functions over the
velocity spacewe readily obtainthe electronnumberdensity
Ne as

e
Ne=1(p)+ ﬁ erf(Vagp), a=0,
o
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where

W(V—agp),

a<0, (5)
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If we expandthis n, for the small amplitudelimit andkeep
the termsup to ¢2, it is found that n, is the samefor both
a=0 anda<0 andis finally given by

41—-0o
3\/—(90

In orderto derivea nonlineardynamicalequationfor the
ion-acousticwavesfrom (1)—(3) and (7), one mustfind an
appropriatecoordinateframe where the wave can be de-
scribedsmoothly.To find this frame, we needto know the
width A andnonlinearvelocity v of thewave,which canbe
takenfrom an equilibrium theory using vortexlike electron
distributions®” Thus we find Axe ¥* and (vo—1)x €?,
wheree is a smallnesparametemeasuringhe weaknes®of
the dispersion(amplitude of the perturbation. Theselead
immediatelyto the following stretchedcoordinates:

1
=1+¢— )5 %, (7)

E= e x+1yy+1,z—vgt),
=4, (8)

wherev, is normalizedto Cg; I, |,, andl, arethe direc-
tional cosinesof the wave vector k alongthe x, y, andz
axes,respectively,so that 1z +17+12=1. It shouldbe men-
tioned here that in the case of |sothermalelectroné6 the
quantitiesA andv, behaveasAx e~ 2 and(vo— 1) €, re-
spectively,andthe ordering(8) is no longerapplicable,and
we must return to the ordering of Washimi and Taniuty*
yielding the K-dV (Korteweg-deVries) equationof standard
form in a cold unmagnetizedpolasma.We can expandthe
perturbedquantitiesn, ¢, and uy, , (wheretermsof €4,

€32 --- aretakeninto accoun} abouttheir equilibrium val-
uesin powersof ¢, including termsof €2

n=1+enM+e2n@+...
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Next, substituting(7)—(9) into (1)—(3) one can obtain the
lowest order continuity equation,momentumequation,and
Poisson’s equation which in turn can be solved as nt*)
=1,uMve= ™M and vo=1,\/1+5/3s. We can write the
first orderx andy component®f the momentumequationas
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Theserespectivelyrepresenthey andx component®f the

sum of electric and diamagneticdrifts. Theseequationsare

also satisfiedby the secondorder continuity equation.
Again, using (7)—(9) in (2) and (3), and eliminating

uf(ly), we obtainthe nexthigherorderx andy component®f
the momentumequationand Poisson’sequationas
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The first two of theseequationsrespectivelydenotethe y

and x componentsof the ion polarizationdrift. Similarly,

following the sameprocedureonecanobtainthe nexthigher
ordercontinuity equationandz componenbf the momentum
equationas
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Now, using (10)—(13), one can eliminate n®, u?, and
¢, andcanobtain

3‘»0 A\/Td(P

whichis the K-dV (Korteweg-devries) type nonlinearequa-
tion with the coefficientsA andB given by
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The steadystatesolution of this K-dV type equationis ob-
tainedby transformingthe independentariables¢ and 7 to
n=¢&—ugT and 7=, whereu, is a constantvelocity nor-
malizedto Cg, andimposingthe appropriateboundarycon-
ditions, viz., ¢—0, d(p(l)/d n—0, dch(l)/d 772—>0 a n—
+ o, Thus one can expressthe steadystatesolution of this
K-dV type equationas

eV = sech(é—uy7)/ 5], (16)

wherethe amplitudee(}) andthewidth & (normalizedto \ p)
are given by <,o(1)—(15u0/8A)2 and 6= /16B/u,, respec-
tively. This solutionalsostandsfor n*). It shouldbe noted
here that the perturbationmethod,which is only valid for
small but finite amplitudelimit, is not valid for large propa-
gation angle 6, which makes the wave amplitude large
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enoughto break the condition 1>en®. As uy>0, there
existsolitary waveswith positivepotentialonly, i.e., solitary
structureswith enhancedlensityonly. It is seenthat as ug
increasesthe amplitudeincreaseavhile the width decreases
and,that as|a| increasesthe amplitudedecrease$or a<0
(avortexlike excavatedrappedelectrondistribution) andin-
creasedor o> 0. It is clearthatdueto the trappedelectrons,
we have found solitonlike structuresof larger amplitude,
smallerwidth, and higher propagationvelocity thanthatin-
volving isothermalelectrons-®

It is alsoobviousthataswe decreast, , i.e.,increaseahe
angle betweenmagneticfield (By) and propagationvector
(k), the amplitude of thesesolitonlike structuresincreases,
whereagheir width decreasefor w.>(1—1,) andincreases
for w.<(1—1,). It hasbeenfound herethat aswe increase
ion temperaturethe amplitudeincreasesywhereashe width
decreasefor w.>(1-1,) andincreasedor w.<(1—1,).

It is seenthat the magnitudeof the externalmagnetic
field hasno effect on the amplitude of the solitary waves.
However,it doeshavean effecton thewidth of thesesolitary
waves.It is shownthat aswe increasethe magnitudeof the
magneticfield, the width of thesesolitary wavesdecreases,
i.e., the externalmagneticfield makesthe solitary structures
more spiky.

It may be stressederethatthe resultsof this investiga-
tion shouldbe usefulin understandinghe nonlinearfeatures
of localizedelectrostatidisturbance# laboratoryandspace
plasmaswhere positively chargedions and free and trapped
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electronsare the plasmaspecies.To concludeit may be
addedthat the time evolution and stability analysisof these
solitary structuresarealsoproblemsof greatimportance put
beyondthe scopeof the presentwork.
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