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Formation of a wave-front pattern accompanied by an electrostatic ion-cyclotron instability driven
by electrons drifting along a magnetic field is investigated by two-and-half dimensional particle
simulations. A clear spatial wave-front pattern appears as the ion cyclotron wave grows due to the
instability. When the electron stream is uniform in the system, an obliquely intersected stripe
wave-front pattern is formed. When the stream has a bell-shaped pattern across the magnetic field,
a V-shaped stripe wave-front pattern appears. The wave fronts have small angles with the magnetic
field lines and propagate from the high-stream region to the low-stream regiod99® American
Institute of Physicq.S1070-664X97)03308-9

I. INTRODUCTION simulationd®*31* have dealt with the cases in which the
electron drift velocity is larger than the electron thermal ve-
An electrostatic ion-cyclotron wave is destabilized by locity. We adopt a two-and-half dimensional electrostatic
electrons drifting along a magnetic fieldt is shown that particle simulation with a periodic model and an external
electrostatic ion-cyclotron waves are destabilized more wittmagnetic field in thex-y plane.
lower electron drift velocity than the ion acoustic waves fora A simulation model is described in Sec. Il. Section IlI
wide range of electron to ion temperature rafios. and Sec. IV present results of a uniform electron stream and
Oscillations around the ion-cyclotron frequency are ob-a non-uniform electron stream, respectively. The summary
served in space observatiohsThe ion conic formation as- and discussion are given in Sec. V.
sociated with ion heating has been discussed in the connec-
tion with this instability. II. SIMULATION MODEL
In the laboratories, oscillations around the ion-cyclotron . : .
. . . . . We employ a two-and-half dimensional electrostatic
frequency have been extensively investigated in Q machines . : ; . . -
. : . ; magnetized particle simulation with a periodic boundary
since the first observation of D’Angelo and Motle§ The ) . : e .
: . . model in which an external uniform magnetic field directs to
experimental results are said to be explained by the theor;

e positivex direction. We calculate ion velocities in three
LeLelope] by DTN oSt e s gersions .0, ) o ollow e on-cyclton moton
P » @ POSIUVE p app while we adopt the guiding center drift approximation for
small electrode in the plasma to induce an electric current, s

o 8lectrons. In a two-dimensional model, the electric field has
the electric field has not only a component along the mag

o . only x andy components, so that the particlex B drift
netic field lines, but also a component across the magneti

field I This h . e t ts about th otion is pointing into thez direction because the magnetic
ield ines. This has given rse to many arguments about tgey girects in thex direction in our configuration. Thus, we
generation mechanism of the oscillation in Q-machlnef

) ollow the electron motion only along the magnetic fiekd
experiments1° y g J (

) . . . ) direction. Electrons and ions are uniformly loaded in the
Particle simulations have disclosed the linear growth of

. . . - ; system withL, XL, att=0. The initial ion velocity distribu-
the instability, saturation due to quasi-linear flattening of thetion is a stationary Maxwellian and the initial electron veloc-

e ey distribution and the on perpendicuariy distribution is a shifted-Maxwellian with the drit speed
eating.” "~ However, only a few attemptSare concerned = “in the positivex direction. As shown in Fig. 1, we

with the pattern or structure formations associated with theyesent the results of two cases. In the first case the electron
current-driven electrostatic ion-cyclotron instability, al- stream is uniform(a) in the system and is given by
though several extensive works have been done on the PO~ —o 8 o(=0.8(To/m )1/2) wherev,., To, andm, are

- e . e () ’ e e e

tential s}glﬂclzgure associated with the ion acoustiCq|actron thermal speed, electron temperati@mergy unit,

instability: _ _ _ and electron mass, respectively. In the second case, it is non-
In this work we would like to investigate the pattern . icorm (b) in the y direction and is given by

formation ass_ociatgq with the_ current-driven elect_rostati%de(y):[o_e_ 0.2c0s(2ry/L,)Jve. The other simulation pa-
ion-cyclotron instability. In particular, we pay attention t0 ;aters are as follows. The ion to electron mass ratio
the cases in which the electron drift velocity is smaller than,, /m is fixed to 400. The ratio of the electron cyclotron to

. . . | e "
the electron thermal velocity, whereas in the previous worksg|ectron plasma frequency is.e/wye=5, and the ratio of
the ion-cyclotron frequency to the electron plasma frequency
#R. Horiuchi, T. Hayashi, Y. Todo, T.-H. Watanabe, and A. Kageyama. IS w¢;j/wp=0.0125. The ion to electron temperature ratio is
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FIG. 1. Sketch of simulation system and initial electron stream profiles:
uniform stream profiléa) and bell-shaped stream profil).

T;/T,=0.5. The time step widtiAt is 02(1)’;91 wherew, is
the electron plasma frequency. The system sizeandL,
are 512, and 128 ., respectively, in thex andy direc-
tions, and 51X 128 spatial grid system is used. Hexg is
the Debye length. The number of electrons and ions per unit
cell is 256. Note that in these parameters the ion cyclotron
wave is unstable and the ion acoustic wave is not unstable.

Ill. UNIFORM ELECTRON STREAM

Before presenting the simulation results, we briefly de-
scribe the dispersion relation for the electrostatic ion cyclo- o
tron wave in an infinite uniform plasma. The dispersion re-
lation of electrostatic magnetized plasma is given by

©

()
0=1+ > k';)\’

j=i,e n=—w

0 3 - o

0 256 512
w kvdjz(w—k|vdj+nwcj) ’ 1) X/ADe

" 2kjuyj V2kpoy

wherevj=(T;/m;), vy, andw¢; are the thermal velocity,
drift velocity and cyclotron frequency, respectively,

X

FIG. 2. Gray scale plot of the potential profile att=1000, 2000, 3000,
4000, and 5000, for the case with uniform electron stream.
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FIG. 3. Gray scale plot of the Fourier spectrum of the potential profite,gt=1000, 2000, 3000, 4000, and 5000, for the case with uniform electron stream.
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FIG. 5. Time evolutions of the redkolid line) and the imaginary part
(dashed ling (a), the square of the absolute vald®, and the frequency
spectrum of (2-4) mode of the potential with,p;=0.069,k,p;=—0.55
for the case with uniform electron stream.

FIG. 4. Time evolutions of the redkolid line) and the imaginary part
(dashed ling (a), the square of the absolute val(s, and the frequency
spectrum of (37 4) mode of the potential with,p;=0.103,k,p;=—0.55
for the case with uniform electron stream.

composed of the lines with an angle af7 degrees with
respect to the magnetic field lines. As shown later, the pat-
tern corresponds to the electrostatic ion cyclotron waves
the gyroradiushpj(=vj/wy) is the Debye length/ is the  propagating in the direction of 83 degrees with respect to
plasma dispersion functiotky andk, are parallel and per- the magnetic field lines.
pendicular wave number with respect to the magnetic field, To see the spatial Fourier modes corresponding to the
respectively, an@ is the complex frequency. The numerical pattern, we show the gray scale plots of the spatial Fourier
solution of this equation for the simulation parameter of uni-mode distributions of potential profiles in Fig. 3. Initially
form electron stream shows that the fundamental mode of theome ~ modes ~ with  kj/k, (=|k/ky|)=0.2  and
ion cyclotron wave with the real frequeney,~ w.; is un-  0.1<kpj(=kyp;)=0.3 are appearing. At,t=2000 the
stable where 0.08kp;=<0.2 and 0.4k, pj=1.5, and the modes (3+4) with kjp;=0.1 andk, p;=0.55 are large. This
second harmonics withw,~2w.; is unstable where corresponds to the pattern appearing in the potential profile
0.11=kp;=0.18 and 1.8k, pj=1.6. On the other hand, the at w,=2000. The modes with smallek;, grow from
ion acoustic wave is not unstable. wpet=2000 to 4000, while the modes wikf)p;=0.2 disap-
Here, we show the results of the first case where theear. This modification of the mode pattern is consistent with
initial electron drift is spatially uniform and given by the result that the angle between the equi-potential lines and
vge= 0.8 .. Figure 2 shows the gray scale plots of potentialthe magnetic field lines decreases with time.
profiles atw,ct= 1000, 2000, 3000, 4000, and 5000, which Figure 4 shows time evolutions of (34) mode(a) of
are averaged over the three times of the plasma periothe potential wittk,p;=0.103,kyp; = —0.55, where the solid
3X2mlwye.  Small  scale fluctuations observed atline and the dashed line indicate the real and the imaginary
wpet=1000 grow with time, and an obliquely intersected part, respectively, the square of the absolute vaheand
stripe pattern appears at,.t=2000. The pattern is com- the frequency spectrurfc). This mode is unstable to the
posed of lines having an angle af10 degrees with respect current driven electrostatic ion cyclotron instability for the
to the magnetic filed lines. The angle between the lines of théitial condition. The frequency spectrum has a peak value at
pattern and the magnetic field lines decreases with time fromw/w¢j=1.4, which is consistent with the linear dispersion
wpet=2000 to 5000. The pattern observedegft=5000 is  relation. This mode represents the wave propagating to the

L) =expupla(uy), pj= (K vgj/oc)?=(K, p;)? I, is
the modified Bessel function of orda p;=(T;/m;w?)*?is
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0) 10* T T 3 around w/ wj=2.4, which corresponds to the second har-
R 10° r monics of the ion-cyclotron wave, and a small peak around
3 10° . wlwg=1.4, which corresponds to the fundamental mode.
vl 107 | The propagation angle of this mode with respect to the mag-
108 E netic field is 81 degrees and the parallel component of the
10 N phase velocity for the second harmonicsuifk=0.61 .
-0.04 0.00 1 The amplitude starts increasing apqt=700, which is fol-
(D/(Dpe lowed by a rapid increase up t,.t=2000. After peaking at

wpet=2000, it starts decreasing.
FIG. 6. Time evolutions of the redlsolid line) and the imaginary part It is interesting to observe the modification of the elec-
(dashed ling (a), the square of the absolute val(®), and the frequency tron velocity distribution in connection with the wave-front
spectrum of (4,6) mode of the potential wkfp; =0.137 k,p;=—0.825for  pattern. In Fig. 7, we show the electron velocity distributions
the case with uniform electron stream. along the magnetic field ab,t=0, 1000, 2000, 3000, and
4000. The velocity space diffusion gives rise to a change of
the steepest region in the velocity distribution. At
direction with an angle of-79 degrees with respect to the w,g=1000, the velocity distribution has a positive steepest
magnetic field. The parallel component of the phase velocitgradient around/v.= 0.5, which is located in the vicinity
is w/kj=0.4& .. The amplitude increases from,t=500 of the parallel component of the phase velocity of the mode
to 1500, experiencing saturation arouagest=1500. There- (2,—4). This is consistent with the rapid growth of mode
after, the amplitude decreases gradually. In Fig. 5, we shof2,—4) at w,t=1000. The region of steepest gradient
the time evolutions of (2; 4) mode(a) of the potential with moves to the higher velocity region with time and the veloc-
kypi=0.069,k,p;=—0.55, the square of the absolute valueity distribution becomes flattened in the0.5<v/v<1.0.
(b), and the frequency spectruiic). There is a peak at Figure 8 shows time evolution of the ion perpendicular
ol w=1.4 in the frequency spectrum as was observed in th&inetic energy. This starts to increaseuwgf,t=500, which is
mode (3;-4). This mode represents the wave propagating tgollowed by a rapid increase up @,=2000. A gradual
the direction with— 83 degrees with respect to the magneticincrease proceeds ©,t=4000 and saturates. This satura-
field and the parallel component of the phase velocity is
w/k;=0.71, which is larger than that of the mode (3}).

Kii/Kij0

The amplitude starts increasing @gqt==1000, which is fol-
lowed by a rapid increase up taw,t=2500. After L A B

wpt=3000, the growth is almost saturated. Though this 1.021 l

mode has a small growth rate at the initial condition, it has a | ]

rapid increase of the amplitude. This is caused by the fact 1.01F '

that the electron velocity distribution has a steep slope 100' i

around the phase velocity of this mode. This modification of ) Ly

the electron velocity distribution is caused by the velocity 0 2000 4000 6000 8000

space diffusion. Figure 6 shows the time evolutions of (Dpet

(4,6) mode (a) of the potential with k,p;=0.137,

kypi20.825, the square of the absolute vali, and the G, 8. Time evolution of the ion perpendicular kinetic energy for the case
frequency spectrunic). There are two peaks; a large peak with uniform electron stream.
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FIG. 9. Gray scale plot of the potential profile att= 1000, 2000, 3000,

4000, and 5000 for the case with bell-shaped electron stream.
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tion corresponds to the saturation of the instability due to the
flattening of the electron velocity distribution. The increase
of the ion perpendicular kinetic energy remains in the level
with about 1%.

IV. BELL-SHAPED ELECTRON STREAM

In this section we present the results of the second simu-
lation run where the electron stream is bell-shaped inythe
direction. Note that the averaged electron drift velocity is
smaller than that of the previous case. Figure 9 shows the
gray scale plot of potential profiles ab,.=1000, 2000,
3000, 4000, and 5000, which are averaged over the three
times of the plasma period>327/w,.. We can see a clear
V-shaped stripe pattern ab,t=2000. In the upper half
plane, the equi-valued lines lean to the right, whereas they
lean to the left in the lower half plane. The angle between the
equi-potential lines and the magnetic field lines is about
+10 degrees. The angle decreases with time and becomes
about =7 degrees atv,t=5000. In Fig. 10, we show the
gray scale plots of the spatial Fourier mode distributions of
the potential profiles. |Initially some modes with
ki 7k, (=|ky/ky[)=0.2 and 0.Ekjp;(=kyp;)=<0.2 are ap-
pearing. Atw,t=2000, the modes (3,4) with kp;j=0.1
andk, p;=0.55 and the mode (3,5) with kjp;=0.1 and
k, pi=0.69 are dominant. The mode (3,4) corresponds to the
pattern in the upper half plane, whereas the mode-43,
corresponds to the pattern in the lower half plane. The modes
with smaller k; grow from w,t=1000 to 5000, and the
mode with kjp;=0.07 becomes the dominant mode at
wpt=5000. The mode (2,4) corresponds to the pattern in
the upper half plane, whereas the mode<2) corresponds
to the lower half plane. This modification of the mode pat-
tern is consistent with the result that the angle between the
equi-potential lines and the magnetic field lines decreases
with time.

To examine the time evolution of the pattern in a short
time scale, we show the gray scale plot of the potential pro-
file from wpet=3000 to 3150, in Fig. 11. We can see the

' o4
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00 02 04 00 02 04
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FIG. 10. Gray scale plot of the Fourier spectrum of the potential profite gt=1000, 2000, 3000, 4000, and 5000 for the case with bell-shaped electron

stream.

2890 Phys. Plasmas, Vol. 4, No. 8, August 1997

Ishiguro et al.

Downloaded 18 Jun 2009 to 133.75.139.172. Redistribution subject to AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp



02 0.0 0.2 a)

L H 2 1 1 [l L
0 2000 4000 6000 8000

O ot o .
0 256 512 Wpet
107
b) .
o
= 10°
A
. ‘ E =3 6
0 2L 10
0 - 256 512
10‘7 n 1 " 1 1 1 n
0 2000 4000 6000 8000
Wpet
c) 1%
- 10":
S 107§
A 108 |
10° §
10-10 A . N
-0.04 0.00 T(o~ 0.04
0 . o O/Wpe
0 3/5}‘(; 512 FIG. 12. Time evolutions of the redbolid line) and the imaginary part

(dashed ling (a), the square of the absolute vald®, and the frequency

FIG. 11. Gray scale plot of the potential profilea t=3000, 3050, 3100,  spectrum of (37 4) mode of the potential witlh,p; = 0.103, kyp; = — 0.55
and 3150 for the case with bell-shaped electron stream. for the case with bell-shaped electron stream.

] _ ] of the potential withk,p; =0.07 andk,p;= —0.69, where the
propagation of waves from the high electron stream region tQiq |ine and dashed line indicate the real and the imaginary
the |OW electron ;tream region. In thg upper half plan_e, th‘i)art, respectively, the square of the absolute véheand
wave is propagating with an angle with 80 degrees with reyhe frequency spectruift). The amplitude starts growing at
spect to the magnetic field lines, whereas in the lower hah;)petzzooo reaching a maximum at,qt=4500. Thereafter
plane the wave is propagating with an angle witlB0 de- i gradually decreases up it =7000, and increases again.

grees yvith respect to the magnetic field Iine_S- The WaVeThe real frequency is also corresponding to the fundamental
length is about 30p¢(=11p;) and the propagation speed is moge of the ion-cyclotron wave, which is one of the domi-
about 0.1. These results indicate that the ion-cyclotron noni mode around ¢t = 4000.

waves excited in the high electron stream region propagate to
the Iow electr_on stream region. The wave in the upper hal(/. SUMMARY AND DISCUSSION
plane is considered mainly to correspond to the (3,4) mode,
while the wave in the lower half plane is considered mainly =~ We have studied formation of wave-front patterns asso-
to correspond to the (3,4) mode. ciated with the current driven electrostatic ion-cyclotron in-
Figure 12 shows time evolutions of the mode+{3&) (a) stability by means of a two-and-half dimensional electro-
of the potential withk,p;=0.103,k,p;=—0.55, where the static particle simulation. As the electrostatic ion-cyclotron
solid line and dashed line indicate the real and the imaginarwave grows, a clear wave-front pattern appears. When the
part, respectively, the square of the absolute vdh)eand initial electron stream is spatially uniform, an obliquely in-
the frequency spectrurtt). The amplitude starts increasing tersected stripe wave-front pattern appears. The angle be-
at wpt=500, attaining to a maximum value at tween the equi-potential lines and the magnetic field lines
wpet=3500. After that, it gradually decreases. The growthdecreases with time. As the ion-cyclotron wave grows, the
rate is smaller than that in the previous case because thaectron velocity distribution along the magnetic field is
averaged electron drift speed is smaller than that of the prenodified by the velocity space diffusion, and as a result, the
vious case. The real frequencyds=1.4w.;, which corre- initial growing mode saturates and the modes with higher
sponds to the fundamental mode of the ion-cyclotron wavephase velocitysmallerk;) arise!® This causes the decrease
This mode corresponds to the wave pattern shown in Fig. 1lof angle between the equipotential lines and the magnetic
Figure 13 shows the time evolution of the mode~<8) (a)  field lines.

Phys. Plasmas, Vol. 4, No. 8, August 1997 Ishiguro et al. 2891

Downloaded 18 Jun 2009 to 133.75.139.172. Redistribution subject to AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp



In the previous simulatiori a large ion perpendicular

a) = heating has been observed for the case in which the electron
o 0.005 Y EEEEE T Iy drift speed is larger than the electron thermal velocity. Fur-
&= , LA R thermore, the larger ion heating and the ion conic formation
& 0.000 HRMBGATL LTI R also have been observed by further growth of the instability
o B I BIRIRI EERIB i in the recycling modet?'* On the other hand, the heating
-0.005 TR :‘ FERRRRRE observed in the present simulation is quite small because the
PN TR B S T electron drift speed is small and no fresh drifting electrons
0 2000 4000 6000 8000 are supplied. It is interesting to study whether a large ion
(Dpet perpendicular heating and resulting ion conic formation are
observed or not by introducing fresh streaming electrons
b) 10* even when the electron drift speed is smaller than the elec-
f:‘_a) tron thermal velocity.
t 10° In the present periodic boundary simulation, the growth
é‘_ of the wave amplitude saturates at a low level and no observ-
O 10° able dc potential structure is created. Satellite observations
have suggested that a V-shaped dc potential structure and
107 L L L electrostatic ion-cyclotron wave are simultaneously present
0 2000 4000 6000 8000 above the auroral ionosphétén this connection it is inter-
(Dpet esting to predict that further growth of the ion-cyclotron
wave due to the injection of fresh electrons gives rise to a dc
C) 10° F . — potential structure for the case in which the electron drift
10 r velocity is smaller than the electron thermal velocity. This
’§ 107 will be published separately.
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FIG. 13. Time evolutions of the redbolid line) and the imaginary part
(dashed ling (a), the square of the absolute vald®, and the frequency
spectrum of (2;-5) mode of the potential witk,p; =0.07,k,p; = —0.69 for

the case with bell-shaped electron stream.

When the electron stream is bell-shaped in yhdirec-

tion, a V-shaped stripe wave-front pattern appears. This is,
composed of the ion-cyclotron waves which are excited in
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