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Abstract. Two-dimensional electrostatic particle-in-cell simulations are used 
to study the early time evolution of electron depletions and negative ion clouds 
produced during electron attachment chemical releases in the ionosphere. The 
simulation model considers the evolution in the plane perpendicular to the magnetic 
field •nd • three-species pl•sm• that contains electrons, positive ions, •nd also 
heavy negative ions that result as a by-product of the electron attachment reaction. 
The early time evolution (less than the negative ion cyclotron period) of the system 
shows that a negative charge surplus initially develops outside of the depletion 
boundary as the heavy negative ions move across the boundary. The electrons 
are initially restricted from moving into the depletion due to the magnetic field. 
An inhomogenous electric field develops across the boundary layer due to this 
charge separation. A highly sheared electron flow velocity develops in the depletion 
boundary due to E x B and VN x B drifts that result from electron density 
gradients and this inhomogenous electric field. Structure eventually develops in the 
depletion boundary layer due to low-frequency electrostatic waves that have growth 
times shorter than the negative ion cyclotron period. It is proposed that these 
waves are most likely produced by the electron-ion hybrid instability that results 
from sufficiently large shears in the electron flow velocity. 

1. Introduction 

A problem that is similar in many respects to the 
release of neutral chemicals that photoionize in the 
Earth's ionosphere, such as barium, cesium, sodium, 
europium, and lithium, is the release of electron attach- 
ment chemicals. Initially, when released into the F- 
region, these chemicals attach electrons and produce 
electron density depletions. Heavy negative ion clouds 
are created as a by-product of the electron attachment 
reaction. At later times, the background positive ion 
density (composed primarily of O + at the altitudes of 
interest) will be reduced by mutual neutralization with 
the heavy negative ions. The mutual neutralization re- 
action provides a useful ground-based optical diagnostic 
tool since the reaction products are left in electronically 
excited states [Bernhardt et al., 1986]. Two important 
advantages of the electron attachment chemical release 
over the photoionization chemical release is that (1) no 
sunlight is required for the chemical reactions to take 
place and (2) a depletion rather than an enhancement 
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in the ionospheric plasma density is created. Calcula- 
tions by Bernhardt et al. [1991] have predicted that 
electron attachment chemicals produce faster, larger, 
and longer lasting perturbations to the ionosphere than 
typical photoionization chemicals. This is because of 
the larger reaction rate constants of the electron at- 
tachment materials. The largest electron density gradi- 
ents, ion fluxes, and polarization electric fields should 
be produced by electron attachment chemical releases. 
Important uses for the electron attachment release may 
be the perturbation of auroral current systems [Bern- 
hardt et al., 1991], focusing of high-power radio waves 
[Bernhardt and Duncan, 1987a], and the study of the 
physics of negative ion plasmas in space [Gangull et 
al., 1993]. Typical chemicals used during recent ex- 
periments are sulfur hexafiuoride (SF6), trifioromethly 
bromide (CFsBr), and nickel carbonyl (Ni(CO)4). The 
dissociative electron attachment reactions for these ma- 
terials are as follows: 

SF6 + e- -• SF• + F 

CF3Br + e- --• Br- + CF3 

Ni(CO)4 + e- • Ni(CO)• + CO 
373 

borrego
Typewritten Text
Copyright by the American Geophysical Union. Scales, W. A., P. A. Bernhardt, and G. Ganguli (1994), Early time evolution of negative ion clouds and electron density depletions produced during electron attachment chemical release experiments, J. Geophys. Res., 99(A1), 373–381, doi:10.1029/93JA02752.



374 SCALES ET AL.: EVOLUTION OF CHEMICAL RELEASES 

In each case, heavy negative ions are created whose 
mass is much larger than the background O + mass. 
The studies by Bernhardt [1987b] and Bernhardt et 
[1991] have shown that Ni(CO)4 , CF3Br, and SF6 are in 
many ways superior to chemicals that have been histor- 
ically used to create electron depletions by ion-molecule 
reactions such as H2 and H20. This is because of the 
large reaction rate constants of the electron attachment 
materials. 

In the past decade, there have been several theoretical 
and numerical studies of processes associated with elec- 
tron attachment chemical releases. Theoretical studies 
have considered electron attachment and neutralization 

chemistry, airglow production, ambipolar electric fields 
along the geomagnetic field, and macroscopic plasma in- 
stabilities [Mendillo and Forbes, 1982; Bernhardt, 1984, 
1986, 1987b]. The first nonlinear numerical simula- 
tion of the electron attachment release was the two- 

dimensional work of Bernhardt [1988]. This work used 
an electrostatic fluid mode] to study the macroscopic 
processes associated with the motion of the electron 
depletion and negative ion cloud across the geomag- 
netic field when under the influence of a neutral wind- 

generated electric field. This work predicted the struc- 
turing of the plasma depletion by the E x B interchange 
instability. Recent simulation works by Bernhardt et al. 
[1991] and Scales and Bernhardt [1991] have considered 
the electrodynamics of the re]eases along the geomag- 
netic field lines and structuring of the depletion due to 
high-speed re]ease of the chemicals at satellite velocities 
across the geomagnetic field. These works, like the work 
of Bernhardt [1988], used macroscopic fluid simulation 
models and considered the evolution on large space and 
timesca]es. 

A recently conducted series of sounding rocket ex- 
periments called the Nickel Carbony] Re]ease Exper- 
iments (NICARE) have been able to study the very 
early time microscopic processes associated with the 
release of electron attachment chemicals for the first 

time [Bernhardt et al., 1991, 1993; Gangull et al., 1993]. 
These experiments released CFsBr and Ni(CO)4 at al- 
titudes of 300-400 km at midlatitudes and were success- 

fu] at creating electron density depletions. A Langmuir 
probe and VLF plasma wave receiver were used to ob- 
tain the first in situ measurements of electron density 
and electric field fluctuations during an electron attach- 
ment chemical release. Results of the NICARE 1 ex- 

periment [Bernhardt et al., 1991; Ganguli et al., 1993] 
showed that during the release of 30 kg of CFsBr, the 
electron density was reduced from 105 cm -3 to 15 cm -3 
in ]ess than 0.1 s. Large electron density gradients were 
observed that initially had scale lengths less than 100 
m which compares to an O + Larmor radius of the order 
of 10 m. Therefore the modified ionosphere could be 
considered as an ambient ionospheric plasma (e--O +) 
separated from a negative ion plasma (Br- -O +) by a 
relatively thin boundary layer. The NICARE 1 plasma 
wave receiver detected VLF waves that were coincident 

with the formation of the electron depletion and neg- 
ative ion cloud. At early times (< 5 s), when the de- 

tector was near the depletion boundary layer, waves 
near 200 Hz were observed. This compares to a lower 
hybrid frequency of several kilohertz. At later times, 
when the detector was further inside the negative ion 
plasma, waves at frequencies between 2 and 10 Hz were 
observed. These waves were possibly near the Br- and 
Ni(CO)• cyclotron frequencies which were roughly 9 
and 5 Hz, respectively. 

These new observations during NICARE have moti- 
vated us to develop a numerical simulation model to 
study the very early time microscopic processes ob- 
served during the releases. In this paper we report on an 
initial attempt at modeling the early time evolution of 
the electron depletion and negative ion cloud as well as 
the development of low-frequency electrostatic waves. 
Section 2 describes the simulation model in detail. Sec- 

tion 3 describes results from a representative simulation 
run. The initial evolution of the electron depletion and 
negative ion cloud and the development of electrostatic 
plasma waves in the depletion boundary layer are em- 
phasized. A summary of the results and a discussion 
are presented in section 4. 

2. Simulation Model 

To model the e•rly time behavior of the electron 
density depletion, negative ion cloud, •nd electrostatic 
w•ves observed during the NICARE experiments, we 
h•ve developed • two-sp•ce •nd three-velocity dimen- 
sion periodic electrostatic p•rticle-in-cell simulation code 
by using standard techniques [Hockhey and Eastwood, 
1988; Tajima, 1989; Birdsall and œangdon, 1991]. Our 
simulation model considers the evolution in the plane 
perpendicular to the geomagnetic field •nd • low bet• 
plasma. The simulation model •11ows us to study pro- 
cesses on timescales of the order of or less th•n the neg- 
ative ion cyclotron period which corresponds to • few 
one-tenths of seconds during the experiments. Our two- 
dimensional •pproxim•tion is v•lid on this timescale 
since the work of Bernhardt et al. [1991] shows that 
the electron depletion lifetime •long the m•gnetic field 
is •t least • few tens of seconds. L•rge •mbipol•r elec- 
tric fields sustain the steep field-•ligned electron density 
gradient •nd prevent electrons from filling the depletion 
in during this time period. Of course, the electron den- 
sity gradient in the plane perpendicular to the m•gnetic 
field is sustained by the cyclotron motion of the elec- 
trons. Therefore the electron hole c•n be considered in 

• plane perpendicular to the m•gnetic field. The sp•- 
till scales to be considered •re hundreds of meters in 

•ccord•nce with the steep e•rly time density gradients 
observed during the NICARE experiment. 

We consider • three-species m•gnetized plasm• that 
consists of heavy negative ions, X-, positive ions, O +, 
•nd electrons, e-. The mass r•tios •re rnx/rne = 400 
•nd rno/me = 50. The choosen mass r•tio between the 
positive ions •nd electrons is sufficient to separate the 
ion •nd electron timescales •nd •11ows the simulation 
to be run with • reasonable •mount of CPU time while 

following the full electron dynamics. The mass r•tio 
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of the negative ion species discussed earlier (SF•, Br-, 
and Ni(CO)•) and O + is approximately 8, 5, and 9, re- 
spectively. The mass ratio of the negative and positive 
ions in the simulation is rex/too - 8 which is represen- 
tative of these values. The chemical reactions that occur 

during the release directly determine the density gradi- 
ent scale lengths in the boundary layer and indirectly 
determine the dc electric field that results from charge 
imbalance near the boundary. In our present model, 
we neglect the complexities of the chemical reactions, 
in particular, the electron attachment, and assume that 
electrons have been attached prior to the initialization 
of the simulation. Note that this does not necessarily 
imply that all of the neutrals have attached electrons 
prior to initialization. On the early timescales we con- 
sider, only a small fraction of the total number of neu- 
trals have attached electrons. However, because of the 
high neutral density on this timescale, this small frac- 
tion of neutrals may be enough to totally deplete the 
electron density in a sufficiently small localized region. 
We have developed a more sophisticated model that in- 
corporates electron attachment and the results of how 
chemistry affects plasma processes will be reported on 
in the near future. 

Figure 1 shows a cross section of the densities of the 
three particle species in our simulation at initialization. 
The simulation box is 128 x 128 grid cells, where the 
grid cell size is equal to the ambient electron Debye 
length ADe. We use 20 simulation particles per grid cell 
for each species. The electrons are initialized with a 
density depletion in which there are no electrons within 
a circular disk region at the center of the simulation 
box. The negative ions populate this circular disk re- 
gion, while the positive ion density is constant through- 
out the simulation box. This configuration guarantees 
charge neutrality and zero electrostatic energy at ini- 
tialization. The importance of the mutual neutraliza- 
tion of the negative and positive ions may be neglected 
as a result of the short timescales we are considering. 
The electron depletion has a radius of 32 grid cells (or 
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Figure 1. A cross- section of the initial particle den- 
sities in the simulation model. Units of the density are 
particles per grid cell. Note that the electron density is 
zero inside the depletion. 

ADe). All particles are loaded with standard Maxwellian 
velocity distributions and have zero-directed velocity. 
After initialization, the particles are allowed to freely 
move across the boundary because of their initial ther- 
mal energy. For the simulation results that we discuss, 
the ratio of the ambient electron plasma frequency to 
the electron cyclotron frequency, Wpe/•ce, is 0.5. The 
temperature of the three species is taken to be equal, 
that is, Te=Tx=To. With the chosen values of parti- 
cle temperatures and cyclotron frequencies, the Larmor 
radii of the electrons, negative and positive ions moving 
at the thermal velocity are p• = 0.5ADe, Px - 10AD•, 
and Po - 3.5ADe, respectively. In this case, the radius 
of the electron depletion is 3.2px. As we stated earlier, 
the results of one simulation run with the parameters 
previously stated will be presented and discussed in de- 
tail. The ratios m•/mo, rex/too, Wp•/•, and T•/Tx 
and the depletion radius have been varied in a number 
of other simulation runs producing qualitatively simi- 
lar results. The important effects of varying several of 
these parameters will be briefly discussed afterward. 

3. Results 

The simulation model just described was used to 
study the nonlinear early time evolution of the elec- 
tron depletion and negative ion cloud produced by an 
electron attachment chemical release. The simulation 

was run to the time Wpet - 1000 which is roughly 0.8 
negative ion cyclotron periods or 20 ambient lower hy- 
brid periods where the ambient lower hybrid frequency 
•LH, is 

WI2'H -- 1 + (Wp•/f•c•) 2 
with ;vo the ambient 0 + plasma frequency. Note that 
the lower hybrid frequency in the boundary layer, where 
both ion species are present, will be given by ;V•H = 
(w• + w•)/(1 + (Wpe/•c•)2), where wx is the negative 
ion plasma frequency. Since mx >> mo and therefore 
w• >> w•, the lower hybrid frequency in the bound- 
ary layer is approximately equal to that in the ambient 
plasma. First, we describe the initial dynamics of the 
system and afterward the development of electrostatic 
waves in the depletion boundary layer. 

3.1. Initial Dynamics 

The early evolution in the simulation shows that the 
heavy negative ions move across the depletion bound- 
ary due to their initial thermal energy since they are 
essentially unmagnetized on the simulation timescales. 
The electrons are strongly magnetized, and the mag- 
netic field restricts their motion across the boundary. 
This produces an excess of negative charge outside of 
the boundary and an outward electric field, Er, devel- 
ops in the radial, •, direction. This field is localized 
at the depletion boundary. Figure 2 shows the angle 
averaged densities of the three particle species at two 
times during the simulation run. At the early time, 
Wpel = 300, the electrons have been unable to move 
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Figure 2. Particle density profiles in the simulation 
run at Wpet - 300 and Wpet - 1000. Light line indicates 
the densities at Wpet - 0. Note the negative ions diffuse 
across the boundary at early times and the electrons 
diffuse into the depletion at late times. 

across the boundary into the depletion due to the mag- 
netic field. The negative ions have moved across the 
boundary to create a surplus of negative charge outside 
the depletion. Also, note that the positive ion density 
exhibits a depression near the boundary. This is due 
to acceleration of the positive ions across the depletion 
by the radial ambipolar electric field before they begin 
their cyclotron motion. At later times, a•pet -- 1000, 
the electrons have diffused into the depletion due to 
anomalous processes caused by the development of elec- 
trostatic waves in the depletion boundary layer. This 
will be discussed in more detail shortly. 

An azimuthally directed, •, E x B flow velocity may 
develop in each particle species due to the radial electric 
field. Also, because of the radial density gradients at the 
boundary, azimuthal diamagnetic drifts (VN x B) may 
result. The total azimuthal flow velocity of a particu- 
lar particle species, •, will be made up of these two 
components and is given by 

(r)- E(r) T, i ONe(r) ø s qoS (2) 
Here the particle species charge, density, and temper- 
ature are denoted by q,, N,, and T, respectively. The 
first term in (2) is the E x B drift, Vz(r), and it may 
be related to the particle densities through Poisson's 
equation as 

OVz(r) i OE•(r) 
Or - B Or e(No(r) - (Nx(r) + Ne(r)))/eo 

(3) 
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Figure 3. Azimuthal fluxes (N•) of the three species 
at wp•t = 0, 100, and 1000. The fluxes are normal- 
ized to N0 •he where N0 is the ambient particle density 
and •he is the electron thermal velocity. Note that the 
electron flux is much larger than that of the ions and is 
sheared at Wpet = 100. At the end of the run (wp•t = 
1000) the electron flux h• decreded signific•tly. 

where e is the unit charge and e0 is the permittivity 
constant. Since the particle densities depend on the 
radial distance, r, both the E x B and VN x B flow 
velocities will be sheared. Also note that the E x B 

and diamagnetic drifts will be in the same direction for 
the electrons and in opposite directions for the negative 
ions. 

Figure 3 shows the azimuthal flux (N•) of the three 
particle species at three times during the simulation 
run. (Note that these profiles have been averaged in 
the azimuthal direction.) At Wpet = 100, the electron 
flux can be seen to be much larger than the ion fluxes. 
The electron flux is also highly sheared and localized 
near the depletion boundary (r/Ape = 32). By the end 
of the run, the electron flux profile is seen to signifi- 
cantly broaden. There is also a shift of the maximum 
flux to a radius larger than the initial depletion radius. 
Throughout the run, the fluxes of the ion species re- 
main small in comparison to the electron flux since the 
ions are weakly magnetized. The negative ion flux is 
observed to be in the opposite direction to the postive 
ion and electron flux. 

The temporal evolution of the electrostatic field en- 
ergy and average azimuthal flow velocity of each species 
(averaged over all particles of that species) is shown in 
Figure 4. The total electric field is composed of the ra- 
dial component, Er, that results from the radial charge 
separation and an azimuthal component, E•, that ulti- 
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mately results from plasma instabilities driven by the 
density and flow velocity gradients. The energy in these 
two components of the field (normalized to the initial 
negative ion kinetic energy) is shown separately. The 
radial electrostatic energy grows above the noise level 
and reaches a maximum around Wpef ---- 300 and then 
slowly decreases. The azimuthal field energy, which is 
smaller than the radial energy, grows relatively rapidly 
during the time the radial energy grows. A slow in- 
crease in the azimuthal energy is observed after that 
time. The average azimuthal flow velocities maximize 
around the same time that the radial electrostatic en- 

ergy does and begin to decrease by the end of the run. 
The average azimuthal flow velocity for the electrons is 
larger than that for the ion species. Again, we see that 
the average negative ion flow velocity is in the opposite 
direction to the electrons and positive ions. Note that 
the average flow velocities are small in comparison to 
the electron thermal velocity Vthe and also smaller than 
the negative ion thermal velocity in this case. The max- 
imum value for the electron flow shown in Figure 4 is 
roughly 0.6VthX. 

The energy for the electrostatic fields shown in Figure 
4 ultimately comes from the motion of the negative ions 
as they move across the depletion boundary due to their 
initial kinetic energy. Figure 5 shows the kinetic energy 
of the ion species (normalized to the initial negative ion 
kinetic energy) during the simulation run. The negative 
ions initially decelerate as they move across the bound- 
ary and their total kinetic energy minimizes at the same 
time the total electrostatic energy maximizes. Because 
of the development of the radial electric field, the posi- 
tive ions are accelerated across the boundary, and their 
total kinetic energy initially increases as can be seen in 
Figure 4. At later times, the positive ion kinetic energy 
decreases and the negative ion kinetic energy increases 
as the total electrostatic energy decreases. The total 
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Figure 4. Radial and azimuthal electrostatic field en- 
ergy (normalized to the initial total negative ion kinetic 
energy nxTx) and the average azimuthal flow velocities 
(averaged over all particles of the species) of the three 
particles species during the simulation. 

kinetic energy loss by the negative ions goes into the 
electrostatic energy and the acceleration of the positive 
ions across the boundary. The total electron kinetic en- 
ergy change (not shown) is neglibly small during the 
run. 

3.2. Wave Development 

As we discussed earlier, electrostatic waves associated 
with the azimuthal electric field develop in the depletion 
boundary layer and propagate azimuthally around the 
depletion boundary. These waves which begin to de- 
velop early in the run, can initially be seen around Wpef 
= 100 and continue to grow until roughly Wpet - 400. 
Figure 6 shows the radial and azimuthal electric fields at 
Wpet - 300 which is near the time the total electrostatic 
energy maximizes in Figure 4. We see that the radial 
electric field is highly localized near the boundary of the 
depletion (r/ADe -- 32). The azimuthal electric field at 
the boundary in Figure 6 exhibits coherent structure 
with the wavelength roughly 9ADe which is less than 
the negative ion Larmor radius. 

To consider the effect of development of the waves on 
the density of the plasma species, we show in Figures 7 
and 8 the electrostatic potential and the density of each 
plasma species in two-dimensional space. These quan- 
tities are shown at three times, Wpet - 100, 400, and 
1000. At Wpet - 100, Figure 7 shows the potential is 
localized near the depletion boundary. At Wpet - 400, 
the potential exhibits structure as a result of the devel- 
opment of the waves and has increased in magnitude by 
roughly a factor of 2. At the end of the run, the po- 
tential has broadened in space, and its magnitude has 
reduced to a value near to that at Wpet - 100. Figure 8 
shows the initial development of the waves in the elec- 
tron density at Wpet - 100. Later, at Wpef - 400 and 
1000, the structure is more pronounced, and close in- 
spection shows the development of vortices. Because of 
anomalous diffusion of the electrons into the depletion 

KINETIC ENERGY 

1.00 

NEGATIVE 
IONS 

0.85 

5.22• • 

i• ]POSITIVE 
IONS 

5.0s I ............ 
0 1000 

•pe t 

Figure 5. Kinetic energy of the positive and negative 
ions (normalized to the initial total negative ion kinetic 
energy, nxTx) during the run. 
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Figure 6. Radial and azimuthal electric fields at wpet 
- 300 (normalized to meVtheWpe/q). Note the radial 
field is localized near the depletion boundary (r/,•De -- 
3•). 

caused by the development of waves, the initial sharp 
electron density gradient relaxes significantly by the end 
of the run. This can be seen clearly in Figure 2 as well. 
The diffusion of the negative charge into the depletion 
ultimately reduces the radial component of the electric 
field as shown in Figure 4. The structure in the negative 
and positive ion densities is less pronounced than the 
structure in the electron density. However, we find that 
the structure is more pronounced in the lighter positive 
ions than the heavy negative ions. 

Figure 9 shows a power spectrum of the azimuthal 
electric field E•, taken at a single grid point on the 
electron depletion boundary (r/Aoe = 32). These waves 
are driven by plasma instabilities whose possible free 
energy sources we will discuss shortly. The spectrum is 
taken over the time period from Wpet - 200 to 1000 and 
represents the waves in a nonlinear saturated state. The 
wave power is low frequency with the power existing 
between 0.1 to 0.3WLS. Spectral analysis of the radial 
field, Er, shows that it is essentially a zero-frequency 
(dc) field. 

Wave growth similar to the case studied here was ob- 
served in numerical simulations by Sydora et al. [1983] 
and Galvez et al. [1988] of barium cloud releases in 
which the barium clouds were allowed to expand across 
a static magnetic field. The primary difference in these 
two studies was the fact that the work of Sydora et al. 
considered the case of a nonzero radial expansion veloc- 
ity of the ions and electrons. Sydora et al. attributed 
these waves to the Kelvin-Helmholtz instability that re- 
sults from the shear in the azimuthal flow velocity at the 
cloud boundary layer. The lower hybrid drift (LHD) in- 
stability resulting from E x B and VN x B drifts was 
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Figure 7. Potential (eq•/Te) during the simulation run 
(contour levels run from-1.0 to 2.6 by 0.144). Dotted 
contours indicate •b ( 0. Note the structure in the 
potential due to wave development. 

argued to be the source of the waves observed in the 
simulation work of Galvez et al. Galvez et al. found 

that there was relatively good agreement between the 
wavelength of maximum growth obtained by solving the 
electrostatic dispersion relation for the LHD instability 
and the simulation results. The scaling of the instabil- 
ity wavelength with magnetic field strength 
predicted by the LHD instability showed similar trends 
with the simulations. However, they found that the 
frequency and wavelength predicted by the LHD insta- 
bility did not agree with the observations made during 
the AMPTE barium release experiments. In general, 
the predicted wavelengths were too short, and the pre- 
dicted frequencies were too high. There was also dis- 
agreement between the frequency of the unstable waves 
and phase velocities predicted by the LHD instability 
and the results observed in the simulations. Galvez et 

al. alluded to the fact that these discrepancies could be 
due to their model's exclusion of the effect of shears in 

the electron flow velocity. 
Another instability process that shows much promise 

in explaining the waves in the electron depletion bound- 
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field Es, taken on the electron depletion boundary for 
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Figure 8. Densities of the three particle species during 
the run (contour levels run from 0.0 to 24.0 by 2.0). 
Note that pronounced structure develops in the electron 
density. 

ary layer in our numerical simulations is the electron- 
ion-hybrid (EIH) instability of Ganguli et al. [1988]. 
This instability results from the shear in the electron 
flow velocity V•. A nonlocal linear electrostatic fluid 
dispersion relation for waves propagating perpendicular 
to the magnetic field in a plasma with a perpendicular 
electron flow velocity and perpendicular flow velocity 
and density gradients is given by [Ganguli et al. 1988, 
1993; Romero et al., 1992a] 

vs() ,. = =0 - + - 
(4) 

where G(w) = •2/(• + 1)(1- (WLH/W)2), $ = Wpe/flce, 
= and = hy- 

brid frequency WLH is the value in the boundary layer 
where both ion species are present • discussed earlier, 
and the first-order perturbation electrostatic potential 
is denoted by 4•(z). Note that in our simulation geom- 
etry, the radial variable r corresponds to z in (4), which 
is the direction of density and flow velocity gradients. 
The azimuthal variable 0 corresponds to •, which is 
the direction of the flow velocity and wave propagation. 
The third term in (4) represents the free energy for wave 
growth. The two free energy sources are sheared elec- 
tron flow (V•(z) and V•(z)) and electron density gr• 
dients (en). If the velocity shear contributions, V• • and 
V•, are zero, then the dispersion relation in (4) reduces 
to the form for the LHD instability [Krall and Liewet 
1971]. On the other hand, if the electron density gradi- 
ent contribution en is zero, then the dispersion relation 
reduces to that for the EIH instability [Ganguli et al., 
1988; Romero et al., 1992a,b]. Both the LHD and EIH 

1.0 

0.0 

ELECTRON 

FLOW VELOCITY 

w•et = 100 

Figure 10. Azimuthal electron flow velocity profile at 
Wpet '- 100, showing large initial velocity shears at the 
depletion boundary. 

instabilities predict linear wave growth with w ,,, WLH. 
However, the EIH instability has the advantage in that 
it predicts longer wavelengths with ka.L• ,,, 1 where 
k• is the wavenumber perpendicular to the magnetic 
field and L• is the scale length of the electron flow ve- 
locity profile (p, < L• < fo). This is compared to 
k.l. pe "' (Te/•) 1/2 for the LHD instability. In general, 
both free energy sources in (4) may exist. However, 
the work of Romero et al. [1992b] has shown that if the 
shear frequency, w, = Vm•x/L•, where Vm•x is the max- 
imum value of the electron flow velocity, is larger than 
the lower hybrid frequency, WLH, then the EIH instabil- 
ity driven by the electron flow velocity shears dominates 
the LHD instability. 

To consider the role of the EIH instability in more 
detail, we show in Figure 10 the electron flow velocity 
profile early in the simulation (Wpet = 100) at the time 
waves initially begin to be observed in Figure 8. Figure 
10 shows very large velocity shears near the depletion 
boundary. The maximum flow velocity is observed to 
be --0.9Vthe and the scale length over which the elec- 
tron flow is localized is roughly 2Aoe. This implies a 
shear frequency of 0.45Wpe. The lower hybrid frequency 
from the parameters of section 2 is 0.134Wpe. There- 
fore w,/WLH = 3.4 > 1, and the EIH instability should 
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be the dominant source of the waves in our simulation 

run. The condition kxLz ~ i for EIH instability- 
driven waves predicts a wavelength of roughly 12.6ADe 
which is in reasonable agreement with the value 9ADe 
that is observed early during the simulation. Another 
important piece of evidence that supports the EIH in- 
stability is the nonlinear evolution of the system. As 
we discussed earlier, vortex formation is observed in the 
electron depletion boundary layer in the nonlinear stage 
of the development of the waves. This is the dominant 
nonlinear signature of the EIH instability (wa/WLH > 1), 
where the dominant nonlinear signature of the LHD in- 
stability (wa/WLH < 1) is the development of kinks in 
the electron density [Romero et al., 1992b]. Because 
of the broadening of the electron flow velocity profile 
by the EIH instability, the dynamical evolution of the 
system in time should exhibit a cascade from high fre- 
quencies (• ~ •LH) and short wavelengths to lower fre- 
quencies (•v << •VLH) and longer wavelengths [Ganguli et 
aL, 1993]. This is consistent with Figure 9 which shows 
that the power spectrum of the saturated state of the 
system is dominated by waves with frequencies that are 
much less than the lower hybrid frequency. 

We have performed other simulation runs varying 
Te/Tx, •pe/•ce, and me/mo. These show qualita- 
tively similar results. We note that in varying 0.5 • 
Wpe/•½e • 2, we find that for stronger magnetic fields, 
the electron flow velocity profile scale length Lz is 
shorter in the simulation runs. (The thickness of the 
negative charge surplus layer becomes thinner as the 
magnetic field strength increases as well.) We also find 
that the wavelength of the waves in the boundary layer 
are shorter in an absolute sense as the magnetic field 
strength increases. This is keeping with the fact that 
kxLz ~ i for the EIH instability. 

4. Summary and Conclusions 

Numerical simulations have been used to study the 
early-time evolution of electron density depletions and 
negative ion clouds produced during electron attach- 
ment chemical releases in the ionosphere. We have con- 
sidered the dynamics in a plane perpendicular to the 
magnetic field and focused on timescales less than the 
negative ion cyclotron period. This is in contrast to 
previous simulation work that considered macroscopic 
fluid processes [Bernhardt, 1988; Scales and Bernhardt, 
1991]. We find that a negative charge surplus develops 
outside the depletion initially as the negative ions move 
across the boundary, since they are unmagnetized on 
this timescale. The electrons remain bound to the field 

lines and are restricted from moving back into the de- 
pletion initially. This charge separation at the bound- 
ary produces a inhomogenous electric field across the 
boundary layer. A highly sheared electron flow velocity 
develops at the depletion boundary due to the E x B and 
X7N x B drifts that result from this inhomogenous elec- 
tric field and electron density gradients. We find that 
electrostatic waves begin to develop in the boundary af- 
ter several lower hybrid periods and produce structuring 

in the boundary layer. Because of anomalous diffusion 
caused by these waves, the electrons may diffuse back 
into the depletion. This ultimately causes the density 
gradient and flow velocity profile to relax as well as a 
reduction in the electric field. We find that the wave- 

lengths of these waves are less than the negative ion 
Larmor radius and that the frequency in the nonlinear 
regime to be much less than the lower hybrid frequency. 
The most likely candidate for this wave development 
is the EIH instability that results from shears in the 
electron flow velocity [Ganguli et al., 1988]. Shears in 
the electron flow velocity in the simulation runs were 
shown to be sufficiently large to excite the EIH insta- 
bility. Also, the fact that vortices were observed in the 
nonlinear regime support the EIH mechanism. 

Finally, we may briefly compare our results with 
waves observed during the NICARE i experiment. Our 
simulations describe the evolution on time periods of 
the order of or less than the negative ion cyclotron 
period. This corresponds to timescales of 0.2 seconds 
or less assuming Br- and Ni(CO)• cyclotron frequen- 
cies of 9 and 5 Hz, respectively. Waves near 200 Hz 
were observed on this timescale as the diagnostic pay- 
load initially passed through the steep density gradi- 
ents at the negative ion cloud boundary [Ganguli et al., 
1993]. Assuming an ambient lower hybrid frequency in 
the kilohertz range, our power spectrum results would 
scale to frequencies in the hundreds of hertz which is in 
agreement with the observations. More detailed analy- 
sis of the electron density and waves observed during the 
NICARE series of experiments is now under investiga- 
tion. Future work will make more detailed comparisons 
with the experimental data. 

Our ongoing work is to incorporate and study the 
effects of electron attachment chemistry in our model. 
This study will provide a more realistic description of 
the attachment of the electrons and creation of neg- 
ative ions by the released neutrals. A more accurate 
description of the initial formation of the electron and 
negative ion density gradients as well as the flow ve- 
locities in the boundary layer can be obtained from this 
model as well. Extending our simulation model to study 
lower-frequency waves at the negative ion cyclotron fre- 
quency is also under investigation to consider the waves 
at these frequencies observed at later times during the 
experiments. 
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