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One of the main experiments of the Active Magnetospheric Particle Tracer Explorers 
(AMPTE) [J. Geophys. Res. 91, 10013 ( 1986) ] satellite mission was the release of neutral 
barium atoms in the solar wind. The barium atoms ionized by photoionization extremely 
rapidly forming a dense, expanding, plasma cloud that interrupted the solar wind flow creating 
diamagnetic cavities. On the upstream side of the cavity a region of compressed plasma and 
enhanced magnetic field was created as the result of being produced by the slowing down and 
deflection of the solar wind, and magnetic field line draping. Intense electrostatic and magnetic 
turbulence was observed by both the IRM [J. Geophys. Res. 91, 10 013 ( 1986) ] and UKS [J. 
Geophys. Res. 91, 1320 ( 1986) ] satellites at the boundary of the diamagnetic cavity, with the 
most intense waves being detected near the outer boundary of the compressed region. This 
paper examines how the newly created expanding plasma couples to the solar wind by means 
of plasma-beam and current-driven instabilities, In particular, it is shown how lower-hybrid 
and lower-hybrid drift waves are generated by cross-field proton-barium streaming instabilities 
and cross-field electron currents. The saturation mechanism for these waves is considered to be 
the modulational instability, this instability can also lead to filamentation and coupling to 
magnetosonic modes, which are also observed. As the result of modulational instability the kll 
component increases, which allows the heating and acceleration of electrons that is consistent 
with the observations. 

1. lNTRODUCTlON 

Recent experiments carried out by the Active Magneto- 
spheric Particle Tracer Explorers (AMPTE) ’ involved the 
release of lithium and barium atoms in the solar wind. In all 
cases the expanding cloud of atoms was photoionized by 
solar ultraviolet radiation, producing an obstacle to the solar 
wind flow and the formation of diamagnetic cavities. One of 
the main objectives of the experiments was to understand 
how the solar wind, in the absence of collisions, interacts 
with newly created ions. This problem is relevant to a num- 
ber of astrophysical situations, such as the pickup of come- 
tary ions,2 the study of planetary ion exospheres interacting 
with the solar wind,3 and the pickup of helium and oxygen 
ions of interstellar or planetary origin.4 Since both the re- 
leased plasma and solar wind plasma are collisionless any 
interaction between them must depend on wave-particle in- 
teractions producing the momentum coupling. 

The AMPTE releases provide, at the present time, the 
best detailed data set for the study of artificially created plas- 
ma comets and, in general, for the investigation of plasma 
turbulence created by releases and in flows in the solar wind. 
Using the results makes it possible to try to formulate a phy- 
sically self-consistent picture of the whole event including, 

especially, the different turbulent modes excited and the cre- 
ation of accelerated electrons. At the present time some of 
the important parts of this picture have been considered, 
such as the possible excitation mechanisms for lower-hybrid 
waves5’6 and the subsequent electron acceleration by 
them.5V7 However, many aspects of the interaction are stiI1 
waiting to be understood even qualitatively, such as the ob- 
served level of ion-sound turbulence inside the cavity,8 the 
current filamentary structure, the slowing down and heating 
of the solar wind protons, and the heating of the barium 
ions.’ We believe that for different parts of the observed phe- 
nomena several explanations can be given. We would like, 
though, to construct a general picture, which will be able to 
give qualitative answers to the most important observations, 
if not all, and find out the relationship between the different 
phenomena observed, such as the nature and level of fluctu- 
ations observed both inside the diamagnetic cavity, at the 
boundary between the cavity and the shocklike structure, 
and within the shocklike structure. It seems very likely that 
all these processes are related, making it less likely that a 
number of different processes are responsible. In the present 
paper we propose one main self-consistent picture of the tur- 
bulence excited by the AMPTE release. Such a model will 
help in the understanding of future possible experiments, A 
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similar approach can be used for the bow-shock, aurora, and 
other precipitation phenomena. In considering a self-consis- 
tent approach we bear in mind the necessity of estimating the 
most probable nonlinear processes going on in a consistent 
manner. 

One important point should be mentioned before we 
start the discussion, namely that one could not expect from 
the point of view of the present understanding of nonlinear 
turbulent process, that the broad spectra observed are 
strongly related to the frequencies of linear modes or to the 
wavelengths of the fastest growing modes one can only ob- 
tain best estimates for such values. The opposite should be 
expected, namely as a result of nonlinear processes the tur- 
bulence should have a broad spectra with a maximum inten- 
sity, not at the wavelengths of the maximum growth rates, or 
at the frequency corresponding to the maximum growth 
rate, most of the observed features will be the result of turbu- 
lent nonlinear processes, with a few features being describ- 
able by linear theory. 

II. MAJOR OBSERVATIONAL DATA ON THE AMPTE 
BARIUM RELEASE 

Initially before the barium release the solar wind param- 
eters were electron density n, r, 2 cm - 3, velocity of solar 
wind u,, N 550 km/set, electron temperature and magnetic 
field T, zz 20 eV, H=: 10 - 4 G or 10 nT. For these param- 
eters the Debye length is 20 m and the lower-hybrid reso- 
nance frequency tiLH z ( tiHitiHe ) “‘e 20 set - ‘. The inter- 
action of released ions with the solar wind produces a 
diamagnetic cavity, of the order of 70 km in radius, sur- 
rounded by a pile-up region of compressed plasma and high 
magnetic field strength of the order of 100 nT.” The scale 
size of the magnetic field structure is of the order of l-10 km 
or less, with a gradual increase on a scale length of up to 200 
km. The magnetic structure surrounding the cavity is in- 
fluenced by the solar wind and is very filamentary. lo The size 
of the filamentary structures could be less than 1 km or even 
100 m. The cavity is surrounded by a shocklike structure in 
the upstream region where there exists a large magnetic field 
structure of the order of 60-100 nT. The lower-hybrid fre- 
quency for barium ions in this region is of the order of 30- 
100 Hz, while the proton plasma frequency in this region is 
of the order of kilohertz, which correspond to the range of 
frequencies of intense electrostatic noise observed mainly in 
the region surrounding the cavity or between the cavity and 
the upstream solar wind. A plot of number density magnetic 
field and plasma wave electric field data obtained during the 
AMPTE barium release (taken from Ref. 10) is shown in 
Fig. 1. The plasma density of the barium ions (singly ionized 
barium, i.e., the density of cold electrons appearing in the 
cavity is of the order of the density of barium ions) varies 
from I@-lo4 cm- 3 in the center down to almost the solar 
wind density at the upstream side of the cavity. Inside the 
cavity ion sound turbulence is observed and maintained for a 
period of observation ( 10 min), although the Landau damp- 
ing of ion sound waves is of the order of or less than one- 
tenth of a second, this demonstrates a necessity for a source 
driving the ion sound turbulence. The wave turbulence in the 
cavity is at a very low level, in comparison with the com- 
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FIG. 1. Magnetic field profile and wave electric field spectrum taken from 
Ref. 10. The data were obtained during the AMPTE barium release in the 
solar wind. Note the existence of intense oscillations in the frequency range 
30-l Hz at the outer part of the plasma cloud. 

pressed region, as shown in Fig. 1. The level of the turbulent 
fields observed will be given below in connection with theo- 
retical estimates. 

In the region of the large field compression at the front 
of the cloud and, more importantly, in the whole of the tur- 
bulent region between the shock and the cavity electron en- 
ergization (acceleration) is observed. Electrons with ener- 
gies greater than 100 eV are created. Solar wind ions are 
slowed down and deflected in this region. The most intense 
wave activity is also observed in the region of enhanced com- 
pression. The slowing down of the solar wind to 270 km/set 
also occurs in this region, corresponding to a flow energy of 
0.4 keV. The initial flow energy is about 1.6 keV. This means 
that the solar wind loses about 70% of its flow energy and it 
is heated up to 0.4 keV at the rear of the wave activity. The 
barium ions can be considered practically as not moving. 
The most intense waves appear at a frequency of 30 Hz at 
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1234:30 the time of maximum magnetic field activity en- 
countered. 

III. A GENERAL PHYSICAL PICTURE OF THE WAVE 
ACTIVITY 

It is obvious that in the strongly turbulent region the 
magnetic fields are important and the interaction of solar 
wind protons with barium ions should be treated with the 
magnetic field taken into account, particularly since some of 
the wave activity observed is in the range of lower-hybrid 
frequencies i.e., some of the modes excited require the pres- 
ence of the magnetic field (in this sense the analysis of refer- 
ences is not quite adequate to describe the whole problem). 
instead of a reflected ion beam, as at the Earth’s bow shock, 
the two-beam situation in the barium release appears as a 
result of the interaction of the solar wind protons with the 
almost stationary barium ions. 

from the usual modulational instability, because of the kinet- 
ic pressure of the barium ion flow in the solar wind frame. In 
this case the nonlinear coupling between the lower hybrid 
waves occurs through the low-frequency magnetic field per- 
turbations. Slowly varying magnetic field structures having 
wave numbers k<m,/c, which corresponds to characteris- 
tic space scales of about 1 km or less, should develop, In 
places of low magnetic field the frequency of the lower-hy- 
brid mode is decreasing, hence these places serve as potential 
wells in which the wave quanta of the lower-hybrid mode 
can be trapped. This trapping results in the modulation of 
the lower-hybrid wave intensity that further increases mod- 
ulation of the magnetic field under the action of the pondero- 
motive force of the wave. 

The ion-ion beam interaction should excite two types of 
waves, a long wavelength mode k-cope/c in the vicinity of 
the lower-hybrid frequency and the shorter wavelength 
k-upJuTe ion-acoustic mode. The most intensive wave ac- 
tivity is to be connected with the ion-acoustic mode, the fre- 
quency of this mode, as measured by the spacecraft, varies 
over a wide range from tens of hertz up to kilohertz. Simple 
estimates based on quasilinear theory give for the wave elec- 
tric iield spectral density the value 10-15 mV/ma, the 
growth rate increases with n,-the density of the barium 
beam-and as a consequence the instability mechanism un- 
der consideration is important in the whole turbulent zone 
between the shock and the cavity. The effective excitation of 
the lower-hybrid mode is possible only in the case of oblique 
propagation with respect to the magnetic field. The excita- 
tion takes place in the outer part of the turbulent zone, where 
nB <ndmdrnP 1, mB,P is barium; proton mass. For larger 
nB the growth rate of the lower-hybrid mode y decreases as 
nB -“3, thus making the excitation of this mode at 
n8 - 104-lo5 impossible since the time needed for excitation 
10/y becomes larger than the convective time 
L /u(L=300 km-the width of the turbulent zone, 
u N 270 km/set the speed of the solar wind slowed down by 
the cavity). 

The presence of fine scale low-frequency magnetic field 
structures follows from observations obtained by Liihr 
et al.” The creation of these magnetic field structums result- 
ing from the modulational instability of lower-hybrid waves 
will result, according to Ampere’s law, in currents with 
J = (c/Ltrr)VXH sufficient to excite the lower-hybrid drift 
modes. It is important that the development of the modula- 
tional instability lead to the appearance of waves with 
k,, = (me/m, ll’*k,, , which can be absorbed by the tail of 
the electron distribution. In the initial stage of the instability 
one could divide the turbulent region between the solar wind 
and the inner boundary of the cavity into two regions. In the 
outer part the instability of lower-hybrid waves driven by the 
two beam instability (solar wind proton plus the barium 
ions) develops. In the inner region the lower-hybrid drift 
waves are excited by the diamagnetic currents flowing as a 
consequence of Ampere’s law because of the fine scale mag- 
netic field structures. 

Another type of instability to be considered is the lower- 
hybrid drift instability induced by the currents. The largest 
currents are the diamagnetic currents [J, 
= - V( n 7’) XH/H ‘1 existing at the boundary of the cav- 

ity. The growth rate of this instability is limited only by the 
time scale during which the current flows and has therefore 
less rigid conditions of applicability than the proton-barium 
beam instability, i.e., it can also occupy the whole turbulent 
region. It also exists in the region of high ion (barium) den- 
sity and is not suppressed with increasing density. But there 
does exist a threshold for the drift velocity of the current 
>arrying electrons to drive this instability. This threshold is 

t large-the electron drift velocity necessary could be 
-h less than the ion thermal velocity. The saturated level 

ctrostatic fluctuations excited by both types of lower- 
instabilities are, as estimations show, determined by 
‘ulational instability, which is somewhat different 

Finally the stage will be reached when in the whole tur- 
bulent region, including that part where initially only the 
beam-driven lower-hybrid instability develops, the lower- 
hybrid drift mode will also exist. These lower-hybrid waves 
of both types are absorbed by electrons resulting from Lan- 
dau damping and energize them. The time of energization 
should be less than the confinement time of electrons in the 
turbulent region. In this context it is important that lower- 
hybrid drift modes exist in the whole turbulent region. Oth- 
erwise for the usual lower-hybrid instability, the outer part 
of the turbulent region, where it is effectively excited, seems 
to be insufficient in size to accelerate the electrons. The fas- 
test electrons are lost thus increasing the electrostatic poten- 
tial of the turbulent region up to their escape energy (say 100 
eV). This dc electric field cannot produce a large current 
because of the large value of the effective collision frequency 
inside the turbulent region. These processes can also explain 
the heating of protons observed, first of all via the beam- 
plasma-driven ion-acoustic instability. Since the ion-acous- 
tic instability considered in this paper is of the negative ener- 
gy type, in the process of increasing of their amplitudes the 
waves heat the resonant particles (barium or proton ions) by 
an amount equal to their energy gain. 

The proposed mechanisms are therefore the develop- 
ment of broadband intense electrostatic turbulence as the 
result of the ion-acoustic instability as well as lower-hybrid 
turbulence that could also be responsible for fine scale mag- 
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netic field structures. Both instabilities are driven by barium 
beam solar wind plasma interaction. The currents associated 
with the magnetic field structures could drive another type 
of lower-hybrid instability-namely lower-hybrid drift in- 
stability. This turbulence is finally absorbed by fast elec- 
trons, explaining the appearance of high energetic electron 
tails in the turbulence zone. 

F(w) 1 

The above scenario will be similar to the case of a shock 
and particle precipitation. Indeed in the case of a bow shock 
the role of the second beam is played by the protons reflected 
by the shock, and in the case of precipitation the flux of fast 
ions in the beam. The lower-hybrid drift waves appear at the 

/LL!~~ 

I b 
final stage and can also explain the filamentary structure of w f k.v_,, w 
magnetic fluctuations at the shock and perhaps also the fila- 
mentary structure of aurora. FIG. 2. A graphical representation ofF((w) given by Eq. (2), as a function 

of w from Fq ( 1); values of F,,,i, > 1 + o$/k2~ indicate instability. 

IV. LINEAR THEORY OF THE VARIOUS INSTABlLlTlES Fmin = (n/,/n,> [&J(k*v,,)*] (1 + a”3)3, (2) 

A. Proton-barium beam-plasma instability where the following notation: 
We start from the investigation of long wavelength in- 

stabilities (k - WJC) resulting in the excitation of waves 
with the frequencies in the vicinity of the lower-hybrid reso- 
nance. Electrons are magnetized in such oscillations where 
kvTr-gtiHf ando&o,,. The main plasma is the ionized bari- 
um gas; solar wind protons form a cold beam in such a plas- 
ma. The dispersion relation for oblique (k,, #O) waves excit- 
ed resulting from the beam-plasma interaction has the form 

dH m 
Qjrg+ 

die ki 
w* k * + o;,/c* 
2 

+ 
WLH lo* 

-!L1+pe. 

(w - k-v,, )* nB k *c2 (1) 

Here tiLH = Jz is the lower-hybrid frequency in a 
dense (wpc %aHe) solar wind plasma, and nB, np, m,, and 
m, are the densities and masses for barium ions and protons, 
respectively. For the two species case (protons flowing 
through electrons) this equation was obtained and analyzed 
by McBride et at.,‘* and for the plasma and magnetic field 
inhomogeneities taken into account by Hsia et al. I3 The ef- 
fect of inhomogeneity leading to the lower-hybrid drift insta- 
bility will be analyzed in the next section. Here we will re- 
strict ourselves by analyzing the homogeneous case and our 
aim will be to understand how the presence of a third (bari- 
um) component will influence the modified two-stream in- 
stability described by Eq. ( 1). For the interpretation of wave 
data in the AMPTE releases an equation similar to Eq. ( 1 ), 
but with k,, = 0, was used by Papadopoulos et aL6 It was 
shown in this reference that a release of barium ions forming 
a beam in the solar wind plasma could lead to the excitation 
of lower-hybrid waves propagating across the magnetic 
field. We will show below that for oblique (k,, #O) waves, 
the region where such excitation takes place expands consid- 
erably. We consider the region where n, >> np and hence use 
the condition of quasineutrality in the form n, =nB, i.e., the 
electron density is balanced by the barium ion density. The 
plot of the left-hand side of Eq. ( 1 ), denoted by F( w,k) as a 
function of o, is shown in Fig. 2. The minimal value of F is 
given by 

cr(k,k,, ) = k 3 + ki mnB P- 
np mB (k* -/-w&/c*) m, np 

is used. 
For instability the dispersion relation Eq. ( 1) must have 

at least two complex roots; the condition for this is 

kavsw -c kvAp (n,/n, ) [ 1 + (r1’3( k,k,, ) ] 3/2. (3) 
Here vAp = J&,/,/c is the Alfven velocity in the solar 
wind plasma. For transverse magnetic field propagation 
(k,, = 0), (r< 1, corresponding to the situation in the 
AMPTE barium release. The condition for waves propagat- 
ing almost along the beam direction, i.e., k parallel to v,, , is 

nB~np(vAphsw) (4) 
for the case np = n,; this coincides with the condition ob- 
tained by Hsia et al. I3 It follows from this relation that for 
the conditions of the AMPTE experiment the instability un- 
der consideration is possible only in the outer part of the 
barium cloud, where 

nB < (5-lO)n,. 
The wave number of the fastest growing mode in the case 
a< 1 is equal to 

k=dm. (5) 

The frequency and the growth rate ofthat mode are obtained 
from the relation 

w= (c~/2)“~[(1 +i,6)/2]k.v,,. (6) 

Inamoredensepart ofthecloud n,~n,(m,/m,)~lO*n,, 
it follows from Eq. (3) that the instability is possible only for 
the case where a$1 for oblique (k,, #O) waves. For the case 
n, = np the instability of oblique waves was analyzed by 
Gurnett et aZ.14 The frequencies of excited waves for the case 
a $1 are obtained from the relation 

@LH 
Cd= 

1 +a2 /k2c2 PC J 

MP+ ki mP 

mB k2+o$/c2 m,’ 
(7) 
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For the waves with k,,/k$Ja, the waves corre- 
spond to oblique electrostatic waves with o = w,k,( /k for 
wpe Q kc, and the whistler mode with m = oHe (c’k,, k /CCL& ) 
for mpe % kc. The growth rate of the most unstable mode for 
L-Z% 1 is also easily obtained from Eq. ( 1) and is given by 

y = ( ,/%24’3) [dcP3( k,k,, ) 1. (8) 
For example, for the AMPTE conditions where 

v, ~~2~lO~cm/sec (H,zlOOnT), v,,-2.7X 107cm/sec 
theexcitation ofwavesin the region n, = n,m,/m, is possi- 
ble in the case a> lO*( k,, /k>,,/z), the frequency in 
this case is w>o,, ‘5 2.5~lO~sec-‘.Forw~-w,,,a~lO~ 
the growth rate obtained from Eq. (8) is y-40 set - ‘, and 
the instability growth length L- lOv,,/y- 10’ cm is quite 
sufficient for the excitation of waves in the turbulent zone. In 
the more dense region a further decrease of y (y drops as 
ns? - “3 for fixed o) makes it impossible to excite the waves in 
that frequency range. The similar decrease of y makes the 
excitation of waves propagating at large angles 8 toward the 
beam impossible. In this case it follows from Eq. (8) that the 
instability region is shifted toward larger n, but the growth 
rate decreases proportionally to cos 19, in accordance with 
Eq. (6). It also follows from the analysis of nonlinear satura- 
tion resulting from beam trapping (see below, Sec. IV A) 
that the amplitudes of the excited waves in the case of small 
cos 8 are extremely small, i.e., ( IE 1” cc cos4 6). 

The possibility of ion-acoustic mode excitation in the 
AMPTE releases was considered by Gurnett et al. I4 In this 
reference (also see Ma et a1.15) a detailed numerical analysis 
of the appropriate dispersion relation in an unmagnetized 
plasma was presented. It is the aim of the present publication 
to clarify the physical picture of the ion-acoustic instability 
by an analytical analysis ofthe dispersion relation. In partic- 
ular, it will be shown that the main mechanism for the 
growth of the ion-acoustic mode in the region of a dense 
barium plasma ( nB $ np ) is the dissipative instability as a 
result of the negative energy of this mode. 

It is more convenient to consider the excitation of short 
wavelength ion-acoustic modes in the solar wind reference 
frame, in which the barium ions form a cold beam. We will 
start from the usual dispersion relation for the electrostatic 
oscillations in a magnetized plasma,Ih which can be written 
as 

nli(R,) 
l+~~“,dv(~~,,=~~w-k~,v -nwHt n z ‘ 

+ k,, 
6 r;bL, 

- ,, =z FI: w - k,, u, - nw IIn) d4 
2 

@Pb - 

(co + k.v,w)2 =” 
(9) 

tre I, is the modified Bessel function and 
k, VL /e,a, the summation over LY is for all plasma 
nents (electrons -l- solar wind protons). The last 

the input from the cold barium beam and 
re2n,/m,. We have assumed that the growth rate 

ability is such that y)w,, the barium gyrofre- 
‘le beam is considered to be unmagnetized. Using 

f the plasma particles distribution function it is 
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possible to rewrite the integral over v in the dispersion rela- 
tion in the form 

I=2r dv,f,(O,v,) +w 
f 

-$$ 
L I 

* H 
We also assume that the distribution function for plas- 

ma particles are Maxwellian and we shall perform the inte- 
gration over u, ,uL and summation over n with the help of the 
tabulated results in Ref. 17, we finally obtain 

Xexp t%& - * (10) 

In a weak magnetic field wff Q k,, @=?% the integral { 
could be reduced to the well-known probability integral and 
we can obtain the following dispersion relation: 

l+l$&[l+fiiFfiexp( i,Jif) 

1’“(~73]] - (o+r~:v~,~2=o~ 
(11) 

where d, is the Debye length and 
@p(x) = (2/fi).f;e- I’ dt is the probability integral. This 
is the dispersion relation used in Ref. 14 for the investigation 
of the ion-acoustic instability. The conditions for its applica- 
bility are *Ha +, vTa for plasma particles and 
(@ -I- k-v,, ) % k,, UT,, YW+,, for the barium beam. First of 
all we will consider the case of cold solar wind protons, i.e., 
w$ klivrp, then the dispersion relation has the following 
form: 

1+-J- 
2 

%P nB mp 
2 

%P 
k”d: -T---- ,=o, (12) 

np mB (wt k*v,,)- 
where d, = dm is the electron Debye length and 
w pp is the proton plasma frequency. Considering the situa- 
tion wherea,,= (n,/n,) (m,/m,) < 1, then for this case the 
frequency of the excited wave is the usual frequency of the 
ion-acoustic mode, namely, 

o, = wpp kd,/Jm. (13) 
The Eerenkov resonance condition with a beam be- 

comes woe - k*v,, and it is easy to see that the excited 
waves propagate almost perpendicular to the ion beam with 
k~v,,/Ikv,,I((l/v,,)JT,/m,(n,/n,)=.10-’-10-2. 
Substituting into the dispersion relation w = - k-v, -I- SW, 
and using l&w1 40, we have from Eq. ( 12): 

So = w,,(a,J2)“‘[ (1 + i&7)/2]. (14) 
The condition of applicability of Eq. ( 12) is w>>ku,,, 

which, with the help of Eq. (13), can be written in a form 
T,/T, gnp/ffBI and it can only be fulfilled in the outer part 
of the cloud, where the density of barium ions does not ex- 

Bingham eta/. 1732 

Downloaded 19 Jun 2007 to 130.246.132.26. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



teed very significantly the solar wind density. More impor- 
tantly is the opposite case with wgkv, when the beam- 
driven instability is of a dissipative nature. In that case the 
dominant dissipation is due to the solar wind protons and the 
dispersion relation has the form 

2 

- a0 
@PP 

(w + k*vsW)* = Of 
the solution of which, for a04 1, is the following: 

(15) 

a’120 kd 
w + k-v,, = - ’ ” * 

Jm 

(16) 

where we have used the notation 
1 1 -=- 

4 dZ 
+-.++++). 

The condition for the instability developing, 

(k*v,, 1 > aA”oDp kd, /dm, (17) 
corresponds to a negative energy wave, as is usual in the case 
of dissipative-type instabilities. It follows from Eq. ( 16) that 
the growth rate of the instability increases with an increase in 
the barium ion density ( y- ng2). The solution of the disper- 
sion relation corresponding to the very dense barium plasma 
region a,% 1 is 

(1 +i) w + k-v,, = - 
J 

2 kv, - ~ 
Jz n- Ik*vsw I 

aA’2w 
PP ’ (18) 

I  

which yields a growth rate ycc ny2, as in the previous case. 
Hence, contrary to the lower-hybrid mode, the excitation of 
the ion-acoustic mode takes place throughout the whole 
cloud, where the solar wind is present. The maximum 
growth rate corresponds to short wavelength ion-acoustic 
oscillations with kd, r: 1. The frequency of oscillations, as 
measured by the spacecraft given by o + k-v,, , is of the or- 
der of the barium ion plasma frequency wpB, which is of the 
order of kilohertz close to the compressed region. 

B. Current-driven lower-hybrid mode instability 

As mentioned before the large gradients of magnetic 
fields in the turbulent zone of the cloud result in diamagnetic 
currents flowing as a consequence of Ampere’s law. The low- 
er-hybrid drift instability driven by plasma and magnetic 
field inhomogeneities was considered previously by Hsia 
et al.” and Davidson et al ” and the lower-hybrid drift in- 
stability initiated by an elkktron current was considered by 
Sotnikov et al.” In all these cases the instability is due to the 
negative energy of the lower-hybrid mode and develops as a 
result of wave damping on thermal protons, we call this in- 
stability a kinetic one. In a three-component plasma created 
by the AMPTE releases, another type of instability, in which 
the dissipation is due to the cold barium beam, develops, 
namely a hydrodynamical lower-hybrid drift instability de- 

scribed in the solar wind frame by the following dispersion 
relation: 

Here we have assumed that the mode under considera- 
tion is polarized in the plane perpendicular to the magnetic 
field with k,, = 0. The inhomogeneity of the density and the 
magnetic field profiles perpendicular to the magnetic field is 
characterized by the inhomogeneity scale length K- ‘, de- 
fined by 

1 dn 1 dH K=-A---. 
no dx H dx 

In obtaining Eq. ( 19) we have assumed that in the ex- 
panding plasma cloud there is no balance between gas kinet- 
ic and magnetic pressures as the result of the sufficiently fast 
expansion compared to the time scale of the barium ion gyro- 
period w;:. In this case the inhomogeneity of the magnetic 
field profile is supported by an electron current with velocity 

c dH II eY =Ggz 
where no in the definition of K is the electron density; the 
geometry of the background configuration is shown in Fig. 
3. It should also be noted that for the instability of a station- 
ary plasma configuration with an inhomogeneous magnetic 
field and dispersion equation similar to Eq. ( 19) (without 
using the approximation of hot ions) was obtained by David- 
son et al. l8 In that case u =- c(&,/Ho) in Eq. (19) is the 
equilibrium ExH velo$ty, the gradient of the magnetic 
field is supported by the diamagnetic electron drift velocity 
V eyd = - ( T,/m,wH,) (d /dx)ln no and 

dH _ areno 
dx c (vey - viy) 

(the ion contribution to the diamagnetic current is negligible 
in this case because of the low temperature of barium ions 
and the low density of protons). In the AMPTE release such 

t “@Y 
n,(x) 

1 -Vn 0 

FIG. 3. A schematic representation for thedensity inhomogeneity and mag- 
netic field configuration for Eq. (19). 
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a type of configuration could only be realized in the inner 
part of the plasma cloud closer to the diamagnetic cavity. 

In the case of sufficiently small K the lower-hybrid drift 
instability is of a resonant nature, where 

w-k,+ =E, I4 Q@. 
At the same time IE] and the gradient scale length K must 

be sufficiently large in order to have a hydrodynamical insta- 
bility [see condition (22) 1. In this case we have from Eq. 
( 19) the following equation for the frequency of the unstable 
mode: 

w = - k-v,, + wsp 

= - k*v,, + wLHf) kr*dx/J 1 + B -I- k ‘F= (20) 
and its growth rate y = Im C, where 

&zc&$. 
P HP 

(21) 

Here w,,, is the frequency measured by the spacecraft, and 
the following definitions for r* and /? have been used: 

where v,, = CW&W~~ is the electron Alfven velocity, 
%HB ,-Jmp7nzBwLH is the lower-hybrid frequency for 
barium ions. The typical value of the frequency in the space- 
craft reference frame does not exceed ( 1/27.r)o,uB or ( 10- 
15)Hz. 

The mechanism of the instability is quite a simple one. 
The necessary condition for the instability isK < 0, giving rise 
to a negative energy drift mode and any dissipation mecha- 
nism connected with the absorption ofenergy by barium ions 
or by solar wind protons, leads to an instability. In the case of 
the hydrodynamical instability the absorption of energy by 
cold barium ions is important. In obtaining the growth rate 
[ Eq, (21) ] we have neglected the input from the wave 
damping resulting from the solar wind protons; the condi- 
tion for this is 

GQ) 

which is more easily fulfilled in the region of dense barium 
plasma. The growth rate of the hydrodynamical lower- 
hybrid drift instability for kr* < 1 (increasing with n, ) 
is y-ny4. For example, let us consider the region 
of dense plasma and “piled-up” magnetic field 
n,~n,~104cm -3, HZ 1.5~ 10e3 G. In that region 
o,/27r-4~ lo6 Hz, w,,/~Pz~x 10’ Hz the electron cur- 
rent velocity uey _ - 10” cm/set, here we also used Ax = 3 km 
for the characteristic space scale of the inhomogeneity in the 
“piled-up”region. The growth rate obtained from Eq. (2 1) 
is yc: 5 set - ’ and the typical growth length of the oscilla- 
tions is LC lOv,,/y- lo7 cm, which is quite sufficient for 
the development of the instability. The experimental re- 
sults6P8 shows the presence of intense oscillations down to 
the frequency of the lower-hybrid barium resonance in the 
region containing the whole turbulent zone up to the bound- 
ary of the cavity. 

In the case of the kinetic drift instability it is necessary to 
take into account the wave damping resulting from solar 
wind protons in the dispersion relation given by Eq. (19) 
and subsequently to make the following substitution: 

1 1 f... l-L-d\ 
-+Z$l+l$ku,,)* k2d; 

Since the excited waves have negative energy the wave 
damping leads to the instability but of a kinetic nature with 
the growth rate similar to that obtained by Drake ei a&” 
and given by 

y=Ime=i J 2 mB n, 
--- KPLp 

es k,r* 
a mp nB ,/l -t-p+- k;P2 ’ 

P Lp = 

(23) 

In conclusion we find the following: 
( 1) The beam-driven lower-hybrid instability is possi- 

ble only in the outer part of barium cloud, where 
nB c n,m,/m,. 

(2) The main instability resulting from the barium 
beam, solar wind plasma interaction is the ion-acoustic in- 
stability; this is responsible for the wave excitation in the 
wide-frequency range from tens of hertz up to kilohertz. 

(3) The current-driven lower-hybrid hydrodynamic 
drift instability is responsible for the low-frequency (of the 
order of tens of hertz or less) part of the spectrum in the 
whole of the turbulent zone. 

V. NONLINEAR THEORY OF THE INSTABlLlTlES 
INVOLVED, ESTlMATlON OF WAVE AMPLITUDES, AND 
ENERGETIC ELECTRON TAILS 

As shown in Sec. III the main wave activity in AMPTE 
is connected with two instabilities, namely the current-driv- 
en lower-hybrid drift instability for the low-frequency range 
and the beam-driven ion-acoustic instability for the high- 
frequency part of the spectrum. Here we present estimates 
that give us the opportunity to compare the theoretical treat- 
ment with the observations. The detailed nonlinear theoreti- 
cal analysis of the instabilities involved would be the subject 
of further work and here we restrict ourselves with a brief 
nonlinear description. For the lower-hybrid drift instability 
we will consider the most important nonhnear process to be 
the modulational instability. As a result of this instability, 
waves that have been initially excited in the plane perpendic- 
ular to the magnetic field acquire a component of the wave 
vector along the magnetic field, such that 

k,, -k,J&%&&v,. 
This results in the cascade of waves with high phase 

velocities along I3 to waves with phase velocities along I3 
close to the electron thermal velocity and strong damping of 
the oscillations by electrons saturating the wave amplitude 
at the level of the threshold of the modulational instability. 

The nonlinear mode coupling for lower-hybrid waves 
resulting in the modulational instability was first considered 
by Sotnikov et al. ” for the case of oblique (Is,, #O) waves. 
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Later on a more detailed treatment of mode coupling and 
parametric instability of lower-hybrid waves have been car- 
ried out in Ref. 20, but only for the case k,, = 0. The nonlin- 
ear scenario proposed in these papers is the following. While 
reaching the amplitudes of the wave electric field potential 

#a ( T/e)p,K, 
wherep, is the electron Larmor radius. 

The instability saturates by transferring energy from un- 
stable long wavelength modes to more easily damped short 
wavelength modes. The damping mechanism is resonant 
electron absorption” for the case k,, #O or collisional ab- 
sorption” for the case k,, = 0. The treatment in Refs. 19 and 
2 1 deals with finite pi plasma with hot ions. Below we will 
consider the mode coupling for lower-hybrid waves under 
conditions more appropriate to the AMPTE releases when 
ions are cold and their pressure is much smaller than the 
magnetic pressure. Also, the velocity of barium ions in the 
solar wind frame will be taken into account. 

A. Modulational instability of lower-hybrid waves 

We will consider the case when the monochromatic low- 
er-hybrid wave excited by the drift instability and polarized 
in the plane perpendicular to magnetic field acts as a pump 
for the parametric instability and generation of oblique 
(k,, #O) waves. In that case the wave potential can be writ- 
ten in the form 

4 = ei(k,,-r, - a$) [ 4. + 4 + eiC k,.r, + kllz - 4 

+4-e 
- i(k,*r, + k,,z - ox) I- 

Here k,, and w0 are the wave vector and frequency of the 
pump wave, and 

%I = - @,, + WLHB, 

which follows from Eq. ( 19) in the limit kr* > 1, i.e., when 
the proton term is unimportant. Because of the modulational 
instability, two satellites 4 + , C# _ with the wave vectors 
k, f k are excited, resulting in the modulation of the pump 
wave amplitude. An analysis of the experimental data dem- 
onstrates that in the turbulent zone the magnetic field devel- 
ops fine structure. ii Such structure is due to the modulation 
of the magnetic field that has a characteristic space scale 
perpendicular to the magnetic field direction and very pro- 
longed along the field lines and varying on a time scale much 
faster than the barium gyroperiod. We assume that this mod- 
ulation is created by long wavelength magnetosonic waves 
that parametrically couple the pump wave to the lower-hy- 
brid satellites 4 * . Hence contrary to the usual treatment of 
the modulational instability of lower-hybrid waves in which 
the slow mode is coupled with density perturbations such as 
the ion-acoustic mode we will consider the case when the 
slowly varying low-frequency mode is associated with the 
magnetosonic mode with the instability, resulting in mag- 
netic field modulations. In accordance with experimental 
data we will also assume that for these perturbations k,, <k, . 
Using the drift approximation for electrons Id/& 1 <o, 
and supposing that the ions are unmagnetized for the lower- 
hybrid mode, Id /dt 1 %wHB, it is possible to obtain the fol- 

lowing equation for the electric field of lower-hybrid waves 
in the case of quasineutrality n: = n;: 

Here the main nonlinear term is the V*( n,v, ) nonlinear- 
ity in the electron continuity equation, Sn and SH are the 
density and magnetic field modulations resulting from the 
slow magnetosonic wave. Neglecting in Eq. (24) the term 
proportional to K that is responsible for the drift instability of 
the pump wave it is possible to obtain the following relation 
for the wave potential of the two lower-hybrid satellites: 

4, = - z;;f?;:]:) (lq$c)2 (g - $) 
X 

1 
6, -2[(W+k’v,,)/@LHB] ’ 

Wa) 

q5- = - &iB[koxkl, cjo ~-- 
~m(~--,&) &o--W2 > 

1 
‘a- +2[(W+h’,,)/WLHB] ’ 

(25b) 

where we have used the fact that for pump wave resonance 
w0 = k,u, and 

St =!2E ki 
2 

@LHB 

m, (k, I!I k12 (a - k,u, I* 

is the detuning between the frequency of the pump wave and 
the satellites. For simplicity we will suppose that the lower- 
frequency mode is mainly inhomogeneous along the direc- 
tion of the current (k, #O) and very prolonged along the 
magnetic field (k,, 4 k,, ). The equation connecting the den- 
sity and magnetic field fluctuations is the usual one for mag- 
netosonic waves: 

(26) 

V AB = ,/w is the Alfvtn velocity for barium ions. 
While obtaining the equation for 6H it is necessary to 

use the following relation between the electron and ion ve- 
locities in the direction of inhomogeneity: 

(27) 

This relation is the consequence of quasineutrality of the 
slow magnetosonic wave, i.e., Sn, = Sn,. Then the equation 
for SH has the following form: 
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x +‘a 84’ a 
( 

8’4 
ax ay &Zay” > (28) 

The relation for the magnetic field modulation resulting 
from the coupling between the pump lower-hybrid wave and 
the satellites follows from Eq. (28), and is given by 
sH = 477en,c i (w + k-v,, I* 

H:wt,,[‘xklz (o - k,u,) 

X 1 
1 - (w f k-v (4+40* - 4% do) 

SW )‘/k2v2 Y AB 
2koy +-p,& + Ft. #o) 

Y 

We restrict ourselves to the consideration of the case 
when, as the result of the modulation, sufficiently long wave- 
length magnetic structures are created, i.e., k,, <k,. In that 
case the dispersion relation has the following form: 

1=8 u + k*v,, kc,, 
@LHB 

--[bxk]: 9 
Y 0 

1 
’ (co - kyu,J2 ’ 

1 
~5: - 4(0 - k,,u,)2/wz,,B * 

(30) 

For a sufficiently strong pump when the condition 

It follows from the dispersion relation that the maxi- 
mum growth rate corresponds to the resonant case 
k,,u, + k-v,, = 0. 

km c21Eo12 > dHB mB ki; -,7 k,, Hjj k’m,k 
(31) 

is fulfilled, the maximum growth rate obtained from Eq. 
(30) is equal to 

Y 
Jj 

ma* = - 22/3 %HB 
2 [)q,xk]; 9)“‘. (32) 

Y 0 

The magnetic structures arising as the result of modula- 
tional instability are convected with the solar wind and, in 
order to give the instability sufficient time to grow, the fol- 
lowing condition must be fulfilled: y,,,,L /v,, > 10, where L 
is the size of the cloud. 

For L - 100 km, u,, - 3. lo7 cm/set we need a value of 
-30 Hz and it follows from Eq. (32) that for 

23.10-3G u, -10” 
- 10 - 4 cm -- ‘,‘and k’?k 

cm/set, ko=WLHB/U, 
o - 4, the typical lower-hybrid wave 

amplitude needed for the development of the instability is 
E. - ( 3-5) mV/m, which is close to the observed values. The 
modulational instability not only results in the creation of 
magnetic structures slowly varying with time but also in the 
appearance in the lower-hybrid wave spectrum waves with 
k,, #O. The waves with k,, - (1/3v,)w,,, or 
k,,/ko-u,/%e -3 1 X 10 - 2 will be efficiently absorbed by 
resonant electrons, this absorption will prevent growth of 

the pump amplitude causing saturation of the pump wave. 
In the stationary situation the rate of flow of energy into the 
current-driven lower-hybrid transverse mode, i.e., ~,,]B0\2, 
must be balanced by the rate of energy flow into the oblique 
mode by the modulational instability, i.e., 3/max (E [ 2. The fact 
that the growth rate of the current-driven lower-hybrid in- 
stability ;yo is of the order of that for the modulational insta- 
bility ?/max results in comparable amplitudes of transverse 
and oblique modes. 

For the beam-driven lower-hybrid instability the non- 
linear saturation mechanism could also be connected with 
the trapping of the proton beam in a potential well created by 
the excited wave (see Refs. 5 and 20). In this case the ampli- 
tude of the wave potential is to be obtained from the trapping 
condition 

d= a y/k cc a”3v,, . 
It is easy to see that this condition corresponds to the 

following wave energy for lower-hybrid oscillations: 
W, = (E2/4n)(w~~/W~~,,,)a”3n,m,v:,. (33) 
It is also necessary to mention the saturation mecha- 

nism for lower-hybrid waves based on wave damping as a 
result of stochastization of electron trajectories in the plane 
perpendicular to the magnetic field.2’ The wave amplitudes 
saturate resulting from stochastization at values given by2’ 

k;c’lE,,[2,‘H:, -w;,, 

which is sufficiently (at least by factor ,/x) larger than 
those obtained from Eq. (3 1) corresponding to the modula- 
tional instability. Hence the latter, i.e., the modulational in- 
stability seems to be the dominant process for the stabiliza- 
tion of the lower-hybrid waves. 

8. Electron heating 
Since the parametrically excited lower-hybrid waves 

have a finite longitudinal electric field E,, , they can stochasti- 
tally accelerate electrons that fall into Eerenkov resonance 
(w = k,, vI, ) with them. The detailed calculation of this effect 
will be presented in a future paper. Here we will give an 
estimate for the energy gained by these resonant electrons 
based on the quasilinear diffusion equation 

af a x, 
%=au,, 4 -’ 

%I 
(34) 

where& is the electron distribution function and D,, is the 
diffusion coefficient in the parallel direction, given by 

4 = -$Ek ,2(-g’; 

e 

(k,, = y-) . 

It is easy to obtain the following scaling law for the char- 
acteristic energy gained by resonant electrons while flowing 
through the turbulent zone: 

$,% -- ( @& IEt2 m,&,o,,,LJm 2’5. 
ci& 4nn, 

F 
> 

(35) 

Using the following values, for the magnetic field, plas- 
ma electron density, and turbulent wave field of 
H- 100 nT, n, = lo’, and E- 10 mV/m, and distance L, 
representing the size of the turbulent zone of order 300 km 
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we have from Eq. (35) an estimate of the typical energies of 
the accelerated electrons to be - 100 eV, which agrees very 
well with the observations.7 We can also estimate the frac- 
tion of electrons accelerated in the tail by equating the rate at 
which energy is cascading into larger parallel wave numbers 
k,, as a result of the modulational instability to the Landau 
damping rate of these waves by electrons. The Landau 
damping rate of waves on electrons is given by 

~~Ye-WL”(nTA*L/n”)(wZ,,/k~u2,). (36) 
This results in nTAIL /n, of order 3/max /w,n , where 3/max 

is modulational growth rate, defined by Eq. (32), resulting 
in a nTAIL /n, of about l%-10%. 

C. ion-acoustic waves 

The instability that drives the ion-acoustic waves unsta- 
ble is of the dissipative type and is caused by the cold beam of 
barium ions flowing through the solar wind plasma. Here we 
present a qualitative description of the dynamics for the case 
crO < 1. The energy source of the instability is the relative 
flow between the solar wind and the released ions. For the 
situation we consider, i.e., when npmp <nBmB, no signifi- 
cant change occurs in the barium ion velocity distribution. 
The velocity spread of the barium ions caused by the instabil- 
ity cannot exceed the value Au/v< (n,/n, 1 
X (m,/m, ) < ( 10 - 3-10 - 4). In this case the main quasilin- 
ear effect that can stabilize the wave growth is the formation 
of a plateau on the resonant proton distribution function. 
The formation of a plateau switches off the dissipation mech- 
anism. Since for oblique ion-acoustic waves the whole bulk 
of thermal protons is in resonance with the waves and the 
energy gained by these particles resulting from plateau for- 
mation is 

Wp-n,T,. (37) 
It follows from the condition ofinstability, i.e., Eq. (17) 

that the excited waves are propagating almost perpendicular 
to the direction of relative motion, 

This results in predominantly elastic scattering of the bari- 
um ion beam by waves. The change of longitudinal energy of 
the beam in such an elastic scattering process is equal to 

A W, =nBmBv,, Au, =qwpmpu&, (38) 
which also corresponds to momentum balance between the 
barium ions and the solar wind, where 77 is the fraction of 
solar wind momentum lost in this interaction. 

Only small amounts of this energy A W, of order of 0 is 
going into the waves; hence 

W, 2: ,/WA W, (39) 
is the energy in the waves. 

Since 

w d 
-= a~‘2wpp * 2: 
kv,p VT, 

++<I, 
P B 
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the interaction of these waves with the thermal protons is 
also almost an elastic one. The energy in the waves W, is 
small in comparison with the energy gained by thermal pro- 
tons in the process of their quasilinear diffusion just by the 
factor ti/kvr,, i.e., 

W,-WE (T,/T,)(m,/m,). (4.0) 
Using the value of W, from Eq. (37) it is easy to obtain 

the final result for thermal proton heating: 
T, u v2m, v& . 
The conclusion about significant proton heating at the 

nonlinear stage of the ion-acoustic instability agrees reason- 
ably well with the observational data observed in the re- 
leases’ as well as with the results of numerical simulation.23 

If we assume that the 70% of the solar wind energy lost 
is due to the instability under consideration, then 7;7 z 3, and it 
follows from Eq. (41) that Tp -0.65 keV, which is some- 
what larger than the observed value of T, -0.4 keV. The 
latter corresponds to ~-0.5 and may serve as an indication 
that the deceleration of the solar wind flow in the com- 
pressed region by the dc electric field, resulting from gradi- 
ents in the magnetic field, is also important. The wave energy 
obtained from the Eqs. (40) and (41) given by 

W, = 1 E 1 2/47r= ~2~~n, mp v&, (42) 
is small in comparison with the energy lost by the solar wind 
flow by the factor ds. Nevertheless, the wave electric 
field calculated from Eq. (42) for the typical solar wind pa- 
rameters np z 5 cm - 3, v,, -270 km/set, and 77 =0.5 is 
quite large and corresponds to spectral energy density in the 
kilohertz range fl of about 10-15 mV/mm, which 
agrees with the observed values. 

VI. CONCLUSIONS 
In this paper we have proposed possible mechanisms for 

the generation of the broadband wave turbulence observed 
in the AMPTE release experiments. The mechanisms are 
based on two types of instabilities that are possible in the 
cloud of the expanding barium ions interacting with the so- 
lar wind. One is the barium beam-driven instability resulting 
in the excitation of long wavelength (il> 1 km) lower-hybrid 
waves, as well as short wavelength (A< 10-100 m) ion- 
acoustic oscillations. Another is the lower-hybrid drift insta- 
bility driven by currents associated with the large magnetic 
field gradients in the turbulent zone. The frequencies of the 
excited waves change from about 5-10 Hz in the lower-hy- 
brid range up to 1 kHz for ion-acoustic waves. The analysis 
of the instabilities presented shows the following. 

( 1) The modulational instability of lower-hybrid waves 
could result in magnetic field modulation aligned along the 
magnetic field direction, which are observed both in the ex- 
periment ii and in the simulations.24 

(2) Excitation resulting from the modulational instabil- 
ity of oblique lower-hybrid waves with k,, #O, producing a 
cascade in wave number to larger values, leads to the absorp- 
tion of the wave energy by resonant electrons producing en- 
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ergetic field aligned electron tails with energies greater than 
100 eV, which also agrees with the observations.7 

(3) The nonlinear estimates derived from the saturation 
of the wave spectrum by the modulational instability for 
lower-hybrid waves of the electric field amplitude give val- 
ues ofEin the range 5-l 5 mV/m. For the ion-acoustic waves 
that heat the ions the estimated electric field amplitude is 
E-300 mV/m, which is in very good agreement with the 
experiment.’ 

(4) The wave energy is not enough for significant 
“pickup” of the barium ions by the solar wind some of the 
heating of the barium ions may be mainly due to the lower- 
hybrid drift instability. This is the dissipative instability of 
the negative energy waves resonant with the thermal ions, 
with the growth of the wave amplitude resulting in energy 
gain of the thermal particles. The same physics applies in 
respect to the ion-acoustic instability, which is also a nega- 
tive energy instability and could serve as the reason for the 
significant heating of the thermal solar wind protons. 

‘A. Valenzuela, G. Haerendel, H. Wppl, F. Melzner, H. Ness, E. Reiger, .I, 
Stocker, 0. Batter, H. Hofner, and J. Loidl, Nature 320, 700 ( 1986). 

*W. I. Ip and W. I. Axford, Comets, edited by L. L. Wilkering (Univ. of 
Arizona Press, Tuscan, AZ, 1982), p. 588. 

‘T. E. Hartle, K. W. Ogilvie, and C. S. Wu, Planet. Space Sci. 21, 2181 
(1973). 

%. S. Wu, R. E. Hartle, and K. Ogilvie, J. Geophys. Res. 78,306 (1973). 
‘R. Bingham, D. A. Bryant, D. S. Hall, 3. M. Dawson, F. Kazeminejad, 
and I. J. Su, Comput. Phys. Commun. 49,257 (1988). 

6K. Papadopoulos, J. D. Huba, and A. T. Y. Lui, J. Geophys. Res. 92,47 
(1987). 

‘D. S. Hall, D. A. Bryant, C. P. Chaloner, R. Bingham, and D. R. Lepine, J. 

Geophys. Res. 91,132O (1986). 
aD. A. Gumett, R. R. Anderson, T. Z. Ma, G. Haerendel, G. Paschmann, 
0. H. Bauer, R. A. Treumann, H. C. Koons, R. II. Holzworth, and H. 
Liihr, J. Geophys. Res. 91, 10013 (1986). 

9D. J. Rodgers, A. J. Coates, A. D. Johnstone, M. F. Smith, D. A. Bryant, 
D. S. Hall, and C. P. Chaloner, Nature 320,716 ( 1986). 

“D. A. Gumett, R. R. Anderson, B. Hausler, G. Haerendel, 0. H. Bauer, 
R. A. Treumann, H. C. Koons, R. H. Holzwofih, and H. Ltihr, Geophys. 
Res. Lett. 12, 851 (1985). 

r’ H Liihr D. J. Southwood, N. K&her, M. Acuna, B. Hahsler, M. Dun- f I 
lop, W. Meir-Jederzejowicy, R. Rijnbeck, and M. Stix, J. Geophys. Res. 
91, 1261 (1986). 

“J. B. McBride, E. Ott, J. P. Boris, and J. H. Orens, Phys. Fluids IS,2367 
(1972). 

I3 J. H. Hsia, S. M. Chiu, M. F. Hsia, R. L. Chou, and C. S. Wu, Phys. Fluids 
22, 1737 (1979). 

“D. A. Gumett, T. Z. Ma, R. R. Anderson, 0. H. Bauer, G. Haerendel, B. 
HBusler,G. Paschman,R. A.Treumann,H.C. Koons, R. H. Holzworth, 
and H. Liihr, J. Geophys. Res. 91, 1301 ( 1986). 

“T. Z. Ma, D. A. Gumett, and N. Omidi, J. Geophys. Res. 92, 2555 
(1987). 

16V. D, ShapiroandV. 1. Shevchenko,Zh. Eksp. Teor. Fiz. 42,1515 ( 1962) 
(in Russian). 

17H Bateman and A. Erdelyi, in Higher Transcendental Functions 
(McGraw-Hill, New York, 1953), Vol. 2. 

“R. C. Davidson, N. T. Gladd, C. S. Wu, and J. D. Huba, Phys. Fluids 20, 
301 (1977). 

r9V. I. Sotnikov, V. D. Shapiro, and V. I. Shevchenko, Physica D 2, 170 
(1981). 

2oJ. F. Drake, P. N. Guzdar, A. B. Hassam, and 3. D. Huba, Phys. Fluids 
27, 1148 ( 1984). 

” D. Winske and P. C. Liewer, Phys. Fluids 21, 1017 ( 1978). 
z2 J. F. Drake and T. T. Lee. Phvs. Fluids 24. 1115 ( 198 1). 
2SN. Omidi, K. Akimoto, DI A.Gurnett, and R. R. Anderson, J. Geophys. 

Res. 93, 8532 ( 1988). 
24R. Bingham, R. Bollens, 5. M. Dawson, and S. Kazeminejad, Comment 

on Cometary Physics, AGU Monograph, edited by A. Johnstone (AGU, 
Washington, DC, in press). 

1738 Phys. Fluids B, Vol. 3, No. 7, July 1991 Bingham eta/. 1738 

Downloaded 19 Jun 2007 to 130.246.132.26. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp


