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Collective behavior of ion Bernstein waves in a multi-ion-species plasma
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Collective behavior of ion Bernstein waves propagating perpendicular to an external magnetic field
is studied with attention to the effect of multiple-ion species. In a thermal-equilibrium,
multi-ion-species plasma, a great number of Bernstein waves are excited near the harmonics of
many different ion cyclotron frequencies. The autocorrelation function of the quasimode consisting
of these waves is initially damped and is not recovered to its initial value. This is predicted by the
theory and is confirmed by numerical calculations and by particle simulations. It is also
demonstrated by particle simulations that a perpendicular macroscopic disturbance is damped in a
multi-ion-species plasma. The electric-field energy associated with this disturbance is significantly
reduced and is transferred to the ions, indicating that the presence of multiple-ion species affects the
energy transport. €004 American Institute of Physic§DOI: 10.1063/1.1712977

I. INTRODUCTION guencies and their harmonics will thus exist in such plasmas.
The collective behavior of the ion Bernstein waves could
It was generally thought that waves propagating perpenthen be quite different from that in a single-ion-species
dicular to a magnetic field in a collisionless plasma are noplasma with one ionic charge state.
damped: It has been shown, however, that a perpendicular  |n this paper, we study the collective behavior of ion
magnetosonic pulse is damped in a multi-ion-specieBernstein waves with particular attention to the effect of

plasma.~ (Periodic waves are not damped even in thismultiple-ion species. Preliminary results were reported in
case) The damping is due to heavy-ion acceleration cause@Ref. 14.

by the transverse electric field in the wavelt was also In Sec. Il, we describe a linear theory of ion Bernstein
shown that perpendicular magnetosonic pulses in agaves in a multi-ion-species plasma. In Sec. Ill, we numeri-
electron-positron-ion plasma are damfeThe presence of cally obtain power spectra of the ion Bernstein waves in a
multiple particle species thus significantly affects the wavethermal-equilibrium plasma. We then calculate autocorrela-
propagatiod** and damping. tion functions of quasimodes consisting of these waves. In a
Perpendicular electrostatic waves were first discussedingle-ion-species plasma, the autocorrelation function ex-
with kinetic theory by Bernsteih,and it was proved there hibits periodic behavior with the ion cyclotron period. On the
that each Bernstein mode with frequeney=n|Q;| is un-  other hand, in a multi-ion-species plasma, the autocorrelation
damped in a collisionless plasma, whéleis the cyclotron  function does not return to its initial value, because Bernstein
frequency of ions or electrons ands an integer. It was then waves are excited near the harmonics of many different ion
shown with theory and simulatiotfs**that in the limit as the  cyclotron frequencies. This result indicates that in space
magnetic field approaches zero, the quasimode consisting gfasmas such as the solar corona, the autocorrelation func-
the electron Bernstein waves becomes a single dampeaghn will not be recovered.
mode; its damping rate is identical to the Landau damping |n Sec. IV, we study the collective behavior of the ion
rate of an electron plasma wave in an unmagnetized plasm@ernstein waves by means of a two-dimensional, electro-
This damping is caused by the phase mixing of the electrogtatic, particle code with full ion and electron dynamics. The
Bernstein waves with an infinite set of closely spaced reakjmylations demonstrate that the autocorrelation function in a
frequencies. When the magnetic field is finite, the quaSimOd?nermaI-equilibrium, multi-ion-species plasma is not recov-
shows periodic behavior with the electron cyclotron periodered. We then study the evolution of macroscopic distur-
27/|Qe|. The recurrence is due to the phase coherence egances that consist of the ion Bernstein waves. In a multi-
tablished with this time period. ion-species plasma, a macroscopic disturbance is also
For ion Bernstein waves witb=n();, the recurrence of jnitially damped and is not recovered to its initial value. The
the quasimode is also expected to occur in a single-iong|ectric-field energy associated with this disturbance is thus
species plasma. The recurrence time will be the ion cyclotroRjgnificantly reduced and is transferred to the ions. As a re-
period 2m/€); . However, space plasmas usually have manygt, the jon kinetic energy and the averaged ion temperature
ion species. Moreover, each ion species has many differefy 3 multi-ion-species plasma increase much more than those
ionic charge states. Numerous different ion cyclotron fre-in 3 single-ion-species plasma, respectively. This indicates
that the presence of multiple-ion species can enhance the
3E|ectronic mail: toida@plab.phys.nagoya-u.ac.jp energy dissipation.
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IIl. LINEAR THEORY (K24 K2 o) kpa mQp—nQ,|

o , > ®
A. Dispersion relation k%anga+ k%meb(pa/pb)

We briefly describe linear dispersion relations of ion When Eq.(5) is not satisfied, we cannot distinguish the

Bernstein waves propagating perpendicular to a uniformhih harmonica-ion wave and thenth harmonicb-ion wave.
magnetic f|e|d in a multi—ion—species plasma in thermal equi'Their frequencies are given by

librium with a temperaturel. The dielectric function for 2
perpendicular electrostatic waves is givertty [Kbal"n( 1) + MG (1))
k+kpel 1~ ol )]

Wan= 0pm=NA 4+ a-

k3, “ oT(uy) o
e(k,w)=1+2 ra 1- 2 o |’ 1)
I n'=— @M B. Fluctuation spectra of electrostatic fields
where the subscript refers to electronse) or ion species The fluctuation spectra of electrostatic fields in a spa-

(a,b,c, ..), Q; is the cyclotron frequency, ankb,; is the tially homogeneous, thermal equilibrium plasma are given
Debye wave number. Alsol'n () =1,/ (uj)exp—u;), by*®

wherel,, is the modified Bessel function of th€th order, |Ek,w|2 mkgT Ime

and u; is defined a§uj=k2pj2; k is the perpendicular wave 87 o Je(ko) (10
number andp; is the gyroradius. We consider low-frequency
waves witho<|Q)¢| and retain only th@’ =0 term for elec-
trons in Eq.(1). Using the relation=,I',=1, we then write

For ion Bernstein waves propagating perpendicular to the
magnetic field, Eq(10) is reduced to

Eq.(1) as |Ev.ol®
& PE _ 3 S Plwn) 80— 0in) ay
kzDe I n
ek o) =1+ - [1-To(pe)] with P(wiy)
Ko o T () (@n)=—73 ’ 12
-2 T — (2 wa—s(k,w)|w=win
i k n=—w w—nN Q| w
where w;, is the frequency of theath harmonic Bernstein
where the subscrigt denotes ion species. wave for ion species.

From e=0, we obtain dispersion relations of Bernstein With the aid of Eqs(2) and(3), we set Eq(12) into the
waves for ion speciesd” (in the following, we write these form

particles asa ions), i B kg TK2K3. T (i) s
®an=(N+A4)Q,, ®) ) T 1 To(a ]} 9
with For u;>1, Eq.(13) is written as
3 2
nk%arn(:“a) P(wi,) o ﬂex _n_ (14
Aan= > 12 : (4) " \/H 2ui)’
K+ kpel 1—T'o(ue)] !

] ) ] where Eq.(6) is used. Equatiori14) indicates thatP(w;,)
Here, we retained tha’=n term of a ions in EQ.(2), as-  for ions with largeq; can be great.

suming that effects of the other ions are neglected. This as-  \yhen thenth harmonica-ion wave and themth har-

sumption is valid when monic b-ion wave have the same frequency, E§), the
nk3 T a)|MQy—nQ,| spectrum for this frequencyzis given by 2
Rans ! ®) ke TR[KB Al o( ) + KBl m( 1) ]
an k%al“n(,ua)nﬂa+kszrm(Mb)me Plway(= wpr)]= Dal n(Ma Dbl m

| {K?+ kL 1~ To(me)1}?

where we suppose thai(}, is the closest tav,, among all (15)

the integer multiples of the other ion cyclotron frequencies. . _
For u;>1, T, is approximated as C. Autocorrelation functions

For a given wave numbeék, there are many Bernstein

2 L : . :
()= exp(—n/2u;) 6 ~waves with different frequencies. We consider a quasimode
e V27| ' consisting of these waves and calculate its autocorrelation

functionC, (7). Although each Bernstein wave is undamped,
As k—, 'y goes to zero, and the frequenay,, ap- ¢, (7) is initially damped owing to the phase mixing of many
proache:n(1,. The frequencies of short-wavelength wavesgenstein waves. In a single-ion-species plasma with one ion

with o>1 can be thus approximated as cyclotron frequency),, howeverC,(7) returns to its initial
war=nQ, . (7 value at times B/ ,. On the other hand, in a multi-ion-
species plasma, the recurrence is incomplete, even if the
The condition, Eq(5), is then written as abundances of heavy ions are small.
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The autocorrelation functio€,(7) of the quasimode is
defined by

Cu(7) =(Ex(DEx(t+ 7)), (16)

Toida, Suzuki, and Ohsawa

Next, we consider its long-time behavior. For a single-
ion-species plasma with one cyclotron frequeriey, the
autocorrelation function shows periodic behavior with the
time period 27/Q,, Cy(7)=Cy(7+2n=/,), because

where( ), represents a time average. This function is relatedvan=n{15. On the other hand, the recurrence is incomplete

to the fluctuation spectrutfe, |2 through the Fourier trans-
formation inw as

Ck(T):f_ |Ek,w|2exp(—im) dw. (17
Substituting Eq(11) into Eq. (17), we obtair}®
exp —iw;
Cn=87%ksTS K= iainT) (18
winﬁs(k,w) -
Using Eqgs.(3), (13), and(11), we write Cy(7) as
Ck(r) 1
k3 exp—ing;
Ck(O) kD Sumzl ; D| n(mi)expl— i)
Xexp(—iAj,7), (19
wherek3 ¢, is defined as
KD sum= E Kb (20
WhenA;,7<1, Eq.(19) is approximated as
Cu(7) 1
k3 exp(—inQ;7). 21
) szumZ > kel n(mexp(—inQy7).  (21)

in a mult| -ion-species plasma. At=2m/Q,, C(7) takes
the value

Ck(Zw/Qa) 1
> 2 KyTn(p
Cy(0) kD sum i N
;{ Zanin)
Xexp —i
Qq
K3, [ mnQy
=1-2 > 2T (u)sir? :
ia n szum Qa
(24)

This value decreases with increasing number of ion species.
In a multi-ion-species plasma, the autocorrelation func-
tion never returns to its initial value. This can be explained as
follows. If the wave frequencies were exactly equal to the
integral multiples of ion cyclotron frequencies,,=n};,
the autocorrelation function would return to its initial value
at the time of the least common multiple of all the ion cy-
clotron periods. However, this time is extremely long in plas-
mas with numerous different ion cyclotron periods. On such
a long time scale, the assumption thgt=n(}; is not valid;
Eq. (19) shows that the small frequency differenaeg be-
come important forA;,7~1. Accordingly, the recurrence
peak is never recovered.
In the case of finite parallel wave number, recurrence

This approximation is better for the short-wavelength wavegpeaks of the autocorrelation function could be damped owing

(u;>1) than for the long-wavelength ones.
First, we discuss the initial behavior 6§ (7), assuming
that Q;7<1. In the limit of ;7—0, we may replace the

to Landau(or cyclotron resonance. In Ref. 13, it was shown
that for electron Bernstein waves, the recurrence peaks are
significantly reduced whekv1(27/|Q,|) ~ 1. We thus ex-

summation over the harmonic numbers by an integral over pect that for ion Bernstein waves in a plasma wéthions

continuous variablg€ according to

0

1 ©
nQiT—>§i , n;w _)Q_iTJA_mdgi . (22)
We then obtain, with Eq(6), the initial behavior as
Ck( 7') 1 J
r— dé;
Ck(o) kD sum | Q T l
52
xexr{ - Mﬂz 2)exp( i&)
1
= > K3, exp(— k%2, 72/2). (23)
Dsum |

The initial C,(7) is a sum of decaying functions. The ampli-
tude of each of them is proportional npg? . If the hydrogen

being major, the finitek, effect would be negligible when
kHUTa(Z']T/Qa)Sl.

Ill. NUMERICAL CALCULATION

We numerically calculate specific values Bfw) and
C(7) for four different thermal equilibrium plasmas and
compare them. Retaining terms fram+ —30 to 30 for the
ions and then=0 term for the electrons in Eqél) and(12),
we calculateP (w). We then haveC, (7) from P(w) through
the Fourier transformation im.

We consider four different plasmas; single-igth), two-
ion (H and He, three-ion(H, He, O, and six-ion(H, He, C,

O, Si, and Fgspecies plasmas. We take the hydrogen mass,
charge and temperatures to b, /m.=1836, q,/|9./=1,

and Ty /T.=1.0. We show in Table | the masses, charges,

cyclotron frequencies, and densities of the heavy ions. These
values are normalized to those of the H ions. The tempera-

is the dominant component, it would determine the behaviotures of the heavy ions are equal to that of the H ions. The

of C,(7) in the very initial phase. Later, the@,(7) would

decay more slowly because of the components with lower

vTi, I.e., with larger masses.

magnetic field strength is set to b8 |/ w,.=4.0.
Figure 1 shows power spectra of the electric fields in the
four plasmas. The spectR(w) are normalized tarkgT. In
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TABLE |. Masses, charges, cyclotron frequencies, and densities of heavy 1.0 . ; ; ; .

ions. | H i
lon m; /my ai /0y Q, 10, n; /ny 0.5r 8
He 4 2 0.5 0.1 |
C 12 5 0.42 0.01
0o 16 6 0.38 0.01
Si 28 9 0.31 0.005
Fe 56 13 0.23 0.005

the single-ion-species plasma, the peaks ara=amn(),,
which correspond to the frequencies of H Bernstein waves.
In the two-ion-species plasma, besides these waves, He
Bernstein waves are excited at=nQy.. The 2nth har-
monic He waves are identical to timh harmonic H waves,
and their amplitudes are given by Ed5). In the three-ion-
species plasma, C Bernstein waves are also present. In the
six-ion-species plasma, a great number of waves exist in the
low frequency regionw/Qy<5, because the Bernstein
waves of O, Si, and Fe ions are also excited; some of their
higher harmonic waves cannot be distinguished from the H 0 10 20 30
or He waves(for example, the fourth harmonic O wave is Out
identical to the third harmonic He wané\lthough the abun- H
dances of the heavy ions are small, the power spectrum is  FiG. 2. Autocorrelation functions in the four different plasmas.
significantly changed, as predicted by Ef4).

Figure 2 shows autocorrelation functions normalized to
their initial valuesCy(0). In thesingle-ion-species plasma
periodic behavior with time period2/()y is observed; the
amplitude is initially damped due to the phase mixing of
many harmonic modes with=nQ, and it is recovered to

ICk(T)I/Ck(0)

' its initial value because of phase coherence that is re-
established at the timeQ,r=2ns. The recurrence peak
values are almost the same as the initial one. In the two-ion-
species plasma, the periodic behavior is also observed. In the
three-ion-species plasma, however, the recurrence is incom-
plete, and the amplitude is not recovered to the initial value.

*163 — T This is because the phase coherence among many waves
4+ H . shown in the third panel of Fig. 1 has not been established by
- ] Q,t=35. In the six-ion-species plasma, the recurrence peaks
2r 7 are substantially reduced, as predicted by &4). Even if
I ‘ ‘ ‘ ‘ L1, we observeC,(7) for a much longer time, its recurrence
0 I peak will not return to its initial value, because the small
4t H He |
SIInnNANAL Hml.l... Y Number of on speicies
Pl L B L L T = “'\ 1 -
n_ 4_ He C— ‘\‘ \ ------- 3
r —— ‘\\ \
2Ll Iy N —
F 1 ~ TN
O ||| ”' ‘ I|| i . ‘ ‘ ‘ | | [ X \ .\.\
LA N B L B B L L AL Y B B O B R | O “\ ~.
4l H, He, C | RN N .
O, Si, Fe| S
zjﬂiwn HHIH ' oL - —
O .|Il|||. | | | L 10
0 5 20 0.0 0.5 1.0
(D / Q H QH T
FIG. 1. Power spectra of electric field fluctuations wkh,=8 in four FIG. 3. Initial damping of autocorrelation functions in the single, three, and
different plasmas. six-ion-species plasmas.
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FIG. 6. Power spectrum of electrostatic field fluctuations \jth=3.4 in a
four-ion-species plasma.

0
w/Qy
FIG. 4. Power spectrum of electrostatic-field fluctuations Wjih=3.4 in a
single-ion-species plasma. The power is normalizethio?, .

In the following, we first study electric-field fluctuations

frequency differenced, become important, as described in in thermal equilibrium plasmas where all the particle species
the end of Sec. Il have equal temperatures. We then investigate evolution of a

We show in Fig. 3 the initial time variations @() in macroscopic disturbance and associated energy transport.

the single-, three-, and six-ion-species plasmas. As the num- )
ber of ion species increases, the initial damping become8: Simulation results
slower, as predicted by Eq23); note that the value of 1. Thermal equilibrium plasmas

2 2 o ;
Neelre IS comparable tmygy in the six-ion-species plasma. Figure 4 shows the power spectrur®(w) of

electrostatic-field fluctuations wittkp,=3.4 propagating
IV. PARTICLE SIMULATION perpendicular to the magnetic field in a single-ion-species
A. Simulation method and parameters plasma. The Bernstein waves are excited atn(),. Figure

5 shows the autocorrelation functidd (7). It is initially

By means of a two-dimensiondtwo space and three gamped and is then almost recovered to its initial value at
velocity componenis electrostatic particle code with full ion times Q t=2n.

and electron dynamics, we now study the collective behavior  \ye show in Figs. 6 and P(w) andC,(7) in the four-

of ion Bernstein waves in a multi-ion-species plasma. Thon-species plasma, respectively. A great number of waves
system size id, XL, =64AX4A,, whereAg is the grid  gre excited. After the initial damping dEy(7), the recur-

spacing. We use periodic boundary conditions in boind  rence is not clear. The peak values are significantly smaller
y directions. The external magnetic field is in theirection,  thanc,(0).

and its strength i) |/ wp.=4.0. The electron Debye length
is equal to the grid spacing,. The total number of elec-
trons isN.=122 880.

We simulate single-iong) and four-ion @, b, ¢, andd) - .
species plasmas. We choose the mass ratios,ds,= 50, Next, we study the macroscopic disturbance, setting the

my/m,=v3, m./m,= 5, andmy/m,=110. In order to initial ion density perturbations to be

see the effect of multiple-ion species with a small number of  §n;(x)/n;;=0.5 cogkyx), (25

ion species, we have taken the irrational ion mass rations. . . _
The charges are the sam,=q,=0.=d4=|qe. The ion Wheren;, is the average density atgp,=2.8. Along they

densities are set to ig,= N = ny= 0.5n axis, on; is constant. The initial electron density is uniform
¢ ldT Y a in space. These density perturbations produce a macroscopic

2. Damping of macroscopic disturbance and
associated energy transport

1.0

o
61

o
o

Cy(7)

QaT QaT

FIG. 5. Autocorrelation function in the single-ion-species plasma. FIG. 7. Autocorrelation function in the four-ion-species plasma.

Downloaded 19 Oct 2006 to 133.6.32.11. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



Phys. Plasmas, Vol.

FIG. 8. Profiles of the electric field, in a single-ion-species plasma at the
timesQ,t=0, 0.4, 0.8, and 6.4, is normalized tdnewf)eAg/|qe|.

=
&

o
o

11, No. 6, June 2004

L

L

[0

—4

-2

0
@/ Qa

FIG. 9. Power spectrum of electric fields in a single-ion-species plasma. The

normalization is the same as Fig. 4.
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FIG. 10. Time variations of total electric-field energy and ion kinetic energy,
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1.0
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0
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FIG. 11. Power spectrum of electric fields in a four-ion-species plasma.

electric fieldE, with the wave numbek,. Initially, all the
ion species have equal temperature; the electron-to-ion tem-
perature ratio is chosen to Ge/T.=4.

First, we present the result for a single-ion-species
plasma. Figure 8 shows the profiles Bf as a functionx
(along the liney/Ay=1) at four different times. In the early
stage, the macroscopic electric field is rapidly damped. At
O, t=2m, however, the wave profile and amplitude are al-
most recovered to the initial ones. Figure 9 shows the power
spectrum, which was obtained from the data for the period
from Q,t=0 to 160. The peaks are at=n(},. The mac-
roscopic electric field is formed with these Bernstein waves.
The initial damping of the electric field shown in Fig. 8 is
due to the phase mixing of these waves. The recurrence is
due to phase coherence establishef gt=21.

Figure 10 shows time variations of total electric-field
energy|E|? and ion kinetic energ)k —K,, whereK is the
total energy and{q is the initial one. At first, the electric-
field energy decreases, and the ion kinetic energy increases.
However, at() ,t=2nsr, both energies almost return to their
initial values. Then, these processes repeat. The recurrence
peaks are almost the same as the initial values.

We now present the results for the four-ion-species
plasma. Figure 11 shows the power spectrum of electric
fields. Besides the waves @ ions, numerous Bernstein
waves ofb, ¢, andd ions are excited.

Figure 12 shows time variations of total electric-field
energy|E|? and ion kinetic energK — K, (K is the sum of
the kinetic energies of all the ion species, dgis its initial

#10° T . T
2 L 4

o~

*103
=)
N
X

1t -

0 10 20 30 40

K—Kp, in the single-ion-species plasma. The energies are normalized t&IG. 12. Time variations of total electric-field energy and ion kinetic energy,

2
Mgl T -

K—Kj, in the four-ion-species plasma.
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FIG. 13. Time variations of the average ion temperatures in the single- an§!G. 14. Time variations of ion temperatures in the four-ion-species plasma.
fouriom-species plasmas. The values ofAT; are averaged over each ion cyclotron period.

lation functions are not recovered, because a great number of
value. After the initial damping|E|* does not return to the Bernstein waves with different frequencies are excited.
initial value until the end of the simulation, although it We have also performed simulations of Bernstein waves,
slightly oscillates with the period),t=27. On the other by means of a two-dimensionéivo space and three velocity
hand, the ion kinetic energy is significantly increased. Thecomponents electrostatic, particle code with full ion and
energy is transferred from the electric field to the ions.  electron dynamics. It is demonstrated that the autocorrelation
We show in Fig. 13 time variations of average ion tem-functions in a thermal-equilibrium, multi-ion-species plasma
peratures in the single- and four-ion-species plasmas, whetge not recovered, after the initial damping. Furthermore, we
A(T) is(T)—(To) with (To) the initial value. The tempera- studied the evolution of a macroscopic disturbance. In a
ture (T) is averaged over all the ions and is defined as  multi-ion-species plasma, the macroscopic disturbance is
S fdxSdv my (¢ V) (v—(vi(x)))? also d_am_ped and is n_ot re_coy_ered to its initial amplit_ude. The
S fdx/dv T,(x.v) , (26) electric-field energy is significantly reduced an(_j is tran_s-

! o ferred to the ions. The ion temperature in a multi-ion-species
where(v;(x)) is the fluid velocity for ion species at the = becomes higher than that in a single-ion-species plasma.
position, X, Evidently, the presence of multiple-ion species can en-

hance the energy dissipation. Our results could be applicable
Jdvf(x,v)v .
(vi(x))= TV oW (27) 1o, for example, the solgr corona where numerous dlffergnt
it ion cyclotron frequencies exist, although ion Bernstein
The values ofA(T) are plotted in Fig. 13 are averaged over waves may be difficult to be observed there. It is desirable to
the time period,t= 2. This figure shows that the average extend this study to long wavelength fluctuations, which may
ion temperature in the four-ion-species plasma becomegnable us to discuss ion heating. Nonetheless, it is notable
higher than that in the single-ion-species plasma. The preghat the new damping phenomenon in a collisionless plasma
ence of multiple-ion species can enhance the energy dissiphas been presented.
tion. Figure 14 shows temperature changdg of four (_Jlif- 11, B. Bernstein, Phys. Red09, 10 (1958
ferent ions. L|ght§r ions have greater temperature increas S bogen, v 'Toidg, and Y. Ohsawa, J. Phys. Soc. 553686(1996.
AT, than heavier ions. 3D. Dogen, M. Toida, and Y. Ohsawa, Phys. Plast5as298(1998.
“M. Toida, D. Dogen, and Y. Ohsawa, J. Phys. Soc. §812157(1999.

5S. Irie and Y. Ohsawa, Phys. Plasni; 1253(2003.

5M. Toida and Y. Ohsawa, J. Phys. Soc. Jp4. 2036(1995.
. . . 7 H

We have theoretically and numerically studied the col- ;M- Toida and Y. Ohsawa, Sol. Phy571, 161 (1997).

. . . . . H. Hasegawa, S. Irie, S. Usami, and Y. Ohsawa, Phys. PlaSm2549
lective behavior of the ion Bernstein waves propagating per- (2002. g Y

pendicular to an external magnetic field, giving special atten->u. mMotschmann, K. Sauer, T. Roatsch, and J. F. Mckenzie, J. Geophys.
tion to the effect of the presence of multiple-ion species. WeloReS-,[Planeti 96, 13841(1991).

have calculated power spectra of electric fields due to thesgg- gg:gz;;‘;' Eﬁﬁ 'gle;ts rf;ﬁ“'lgig&ggg-

waves in thermal-equilibrium plasmas and autocorrelationzp g gajgwin and G. Rowlands, Phys. Fluieis2444 (1966.

functions of the quasimode consisting of these waves. In &T. Kaminura, T. Wagner, and J. M. Dawson, Phys. Fl@ts1151(1978.
single-ion-species plasma, the autocorrelation functioné“'\gbgoiday T. Suzuki, and Y. Ohsawa, J. Plasma Fusion R&s.549
show periodic behavior with the ion cyclptrop_ period, andls(T_ HQSMWaveS in PlasmagAIP, New York, 1992.

the recurrence peaks almost return to their initial values. Omy, | kjimontovich, The Statistical Theory of Non-Equilibrium Processes

the other hand, in a multi-ion-species plasma, the autocorre-in a Plasma(MIT Press, Cambridge, MA, 1967

(kgT)=

V. SUMMARY

Downloaded 19 Oct 2006 to 133.6.32.11. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



