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Abstract. The e•rly time evolution of •n ionospheric electron depletion produced 
by • r•di•lly expanding electron •tt•chment chemical release is studied with • two- 
dimension•l simulation model. The model includes electron •tt•chment chemistry, 
incorporates fluid electrons, p•rticle ions •nd neutrals, •nd considers the evolution 
in • plane perpendicular to the geomagnetic field for • low bet• plasma. Timescales 
considered •re of the order of or less th•n the cyclotron period of the negative ions 
that result •s • by-product of the electron •tt•chment reaction. This corresponds 
to time periods of tenths of seconds during recent experiments. Simulation results 
show that • highly she•red •zimuth•l electron flow velocity develops in the r•di•lly 
expanding depletion boundary. This she•red electron flow velocity •nd the steep 
density gradients in the boundary give rise to sm•ll-sc•le irregularities in the form of 
electron density c•vities •nd spikes. The nonlinear evolution of these irregularities 
results in tr•pping •nd ultimately turbulent heating of the negative ions. 

1. Introduction 

Electron attachment materials such as SF6 have been 
utilized in ionospheric modification experiments for over 
30 years [Mendillo and Forbes, 1982, and references 
therein]. In recent years, there has been renewed in- 
terest in the electron density depletions artificially pro- 
duced by this type of chemical release. These artifi- 
cial depletions have a wide variety of potential uses in- 
cluding perturbation of auroral current systems [Bern- 
hardt et al., 1991] and focusing of high-power radio 
waves [Bernhardt el al., 1994]. Also, because of the 
negative ion plasma created as a chemical by-product 
of these releases, opportunity exists for studying the 
physics of negative ion and dusty plasmas in space 
[Ganguli el al., 1992]. The electron attachment release 
reduces the electron density directly through dissocia- 
five electron attachment. Attachment chemicals have 

been shown to be superior in many respects to chemi- 
cals classically used such as H20 and H2 which produce 
electron depletions indirectly through ion-molecule re- 
actions [Bernhardt et al., 1991]. The attachment re- 
leases produce faster and larger perturbations because 
of larger reaction rate constants. Chemicals used during 
recent experiments include sulfur hexafluoride (SF6), 
trifloromethyl bromide (CFsBr), and nickel carbonyl 
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(Ni(CO)4). The corresponding dissociative electron at- 
tachment reactions for these chemicals are as follows 

SF6+e- •SF•+F 

CF3Br + e- • Br- + CF3 

Ni(CO)4 + e- • Ni(CO)• + CO 

The attachment rate coefficients k are typically of the 
order of 10-7cma/s. The mass of the negative ions pro- 
duced by these reactions is much larger than the mass 
of the dominant positive ion (O +) at the altitudes of 
interest. The release produces an initial plasma config- 
uration in which the ambient ionospheric plasma (e- - 
O +) is separated from a negative ion plasma by a rela- 
tively thin boundary layer. 

A series of recently conducted sounding rocket exper- 
iments, NICARE 1 [Bernhardt e! al., 1991], NICARE 
2 [Bernhardt et al., 1993], and CRRES ionospheric fo- 
cused heating (IFH) [Bernhardt et al., 1994], have been 
sucessful at creating electron depletions with maximum 
diameters of up to 30 km by releasing attachment ma- 
terials. These experiments were the first to make in situ 
measurements inside of electron depletions produced 
by attachment chemical releases. The measurements 
showed that the electron density was reduced from on 
the order of 105 to 102 cm -a on timescales much less 

than the negative ion cyclotron period (~ 0.1 s). High 
time resolution Langmuir probe measurements showed 
this electron density reduction to typically occur within 
several milliseconds. Initially, the boundary layer sepa- 
rating the ambient and negative ion plasma was quite 
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thin with a thickness of the order of 100 rn or less. 

Small-scale plasma irregularities in the form of electron 
density cavities and spikes with diameters of 1-10 m 
were observed in the boundary layer. The timescale for 
the irregularity development was less than the negative 
ion cyclotron period (~ 0.1 s). 

These experimental observations have prompted new 
theoretical and numerical simulation modeling efforts 
since past work had primarily considered the deple- 
tion evolution on large space and timescales. These 
early works considered electron attachment and neu- 
tralization chemistry, airglow production, macroscopic 
electrodynamics, and macroscopic plasma instabilities 
[Mendillo and Forbes, 1982; Bernhardt, 1984, 1986, 
1987, 1988; Bernhardt et al., 1991; Scales and Bern- 
hardt, 1991]. Our earlier theoretical and simulation 
work [Ganguli et al., 1992; Scales et al. 1992, 19944] 
was the first attempt to consider the early time micro- 
scopic processes associated with chemically produced 
electron depletions. The simulation work of Scales et 
al. [1992, 19944] considered the evolution on timescales 
of the order of or less than the negative ion cyclotron 
period and spacescales of roughly 10 negative ion Lar- 
mor radii. This corresponds to timescales of tenths of 
seconds or less and spacescales of a few hundred me- 
ters or less during the experiments. The contribution 
of Scales e! al. [1992, 19944] was a preliminary de- 
scription of the initial electrodynamic evolution of the 
depletion and the nonlinear development of plasma pro- 
cesses that occur in the depletion boundary layer. The 
principal results of this work showed that (1) a highly 
sheared electron flow velocity develops in the depletion 
boundary layer initially and (2) this sheared electron 
flow velocity acts as a free energy source for the de- 
velopment of waves in the boundary layer. Strongly 
sheared electron flows originate due to the density gra- 
dients at the boundary, especially since the gradients 
in the ion and electron densities are in opposite direc- 
tions. This feature leads to physics which is unique to 
electron attachment chemical release experiments and 
distinguishes them from other chemical release experi- 
ments, such as the barium releases during the AMPTE 
series of experiments [Bernhardt et al., 1987; Winske, 
1989; Huba et al., 1990]. As explained in Gangull et 
al. [1992], the electron flow velocity transverse to the 
geomagnetic field B at early times after release may be 
approximated by 

E(r){ [T• Te] 1 } Vt.(r) • B 1 q- n+(r) q- •-•-_ n_(r) 
(1) 

where he, n+, n_ and Te, T+, T_ are the electron, 
positive ion, and negative ion densities and temper- 
atures, respectively. The sheared electric field E(r) 
develops in order to maintain quasi-neutrality at the 
boundary since the electrons are strongly magnetized 
and the negative ions are essentially unmagnetized on 
these timescales [Ganguli et al., 1992; Scales et al., 
19944]. Since ne -• 0 in the electron depletion, it can 
be •seen from (1) that strongly sheared electron flows 

may exist in the boundary layer. Waves develop and 
produce irregularities in the boundary layer because of 
the shear-driven electron-ion-hybrid instability (EIH) as 
described by Gangull et al. [1992] and Scales et al. 
[19944]. These works argued that the EIH instability 
should be the dominant source of irregularities rather 
than the lower hybrid drift (LHD) instability which has 
been proposed to explain irregularities observed during 
the AMPTE barium releases [Winske, 1989]. The fact 
that (1) the shear frequency (ratio of maximum flow 
velocity to flow velocity scale length) exceeds the lower 
hybrid frequency and (2) vortex structures are observed 
in the simulations support the EIH rather than LHD 
mechanism as is described by Romero et al. [1992b]. 

A limitation of our previous simulation work [Scales 
et al., 1992, 19944] was that it did not include electron 
attachment chemistry and therefore could not realisti- 
cally describe the creation and evolution of the electron 
depletion and negative ion plasma from the expanding 
neutral cloud. The present work has several purposes. 
The first is to extend the work of Scales et al. [1992, 
19944] by including attachment chemistry in the simula- 
tion model. This will provide a description of the overall 
early time (less than the negative ion cyclotron period) 
evolution of a chemically produced electron depletion 
as well as a more detailed and realistic description of 
the boundary layer processes than provided in the past 
work. The recent CRRES IFH experiment has provided 
high time resolution observations of small-scale plasma 
irregularities that exist in the depletion boundary layer 
[Bernhardt et al., 1994]. Recently, Scales et al. [1994b] 
have made a preliminary study of these irregularities 
by using our new simulation model. Therefore a second 
purpose of this work is to provide a more detailed study 
of these irregularities and the associated processes in the 
depletion boundary layer that may be used to aid in in- 
terpretation of the recent experimental measurements. 
This work is organized as follows. Section 2 provides 
a detailed description of our new simulation model. A 
representative simulation run is presented in section 3. 
This section will consider the overall electrodynamics 
of the release as well as a study of wave generation and 
accompanying wave-particle interaction processes. Sec- 
tion 4 provides a summary and discussion of the results. 

2. Simulation Model 

We have developed a periodic two-dimensional elec- 
trostatic hybrid simulation model to study the evolu- 
tion of chemically produced electron depletions. As in 
our previous particle-in-cell (PIC) model [Scales et al., 
1992, 19944], we consider a two-dimensional plane (xy) 
perpendicular to the direction of the constant back- 
ground magnetic field B denoted by •.. Our hybrid 
model treats the electrons as a massless fluid while 

treating the ion species and neutrals as simulation par- 
ticles. The validity of the fluid approximation for elec- 
trons has been verified from the results of our full PIC 
model simulations since the electron behavior remained 

fluidlike. The hybrid model allows us to efficiently in- 
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corporate electron attachment chemistry. This chem- 
istry is essential since electron attachment by the ex- 
panding neutral cloud causes the depletion boundary 
to expand in time. Our previous simplified model con- 
sidered the case of a stationary boundary. 

In our hybrid model, the ions are advanced in time 
by using the same standard PIC techniques [Hockhey 
and Eastwood, 1988; Tajima, 1989; Birdsall and Lang- 
don, 1991] as in our previous work [Scales et al., 1992, 
1994a]. We consider two ion species as before, back- 
ground O + and the negative ions X-, which are created 
through electron attachment by the neutrals. The ith 
ion simulation particle is advanced in time from the full 
equations of motion 

dxi 
- 

dr, = q._L• (E + vi x B) (3) 
dt ms 

Here xi and vi are the position and velocity of a partic- 
ular ion and qs and ms denote the charge and mass of 
the ion species. The electric field E is evaluated at the 
particle positions by interpolation from the simulation 
grid points [Birdsall and Langdon, 1991]. The ion par- 
ticles move in two-dimensional coordinate and velocity 
space. 

In the hybrid model, we consider massless, fluid elec- 
trons that evolve in time t according to the continuity 
and momentum equations 

0--•- + ve. Vne - L (4) 
ExB 

(5) 
Here n• and v• are the electron fluid density and veloc- 
ity. The term L is a loss term due to electron attach- 
ment which will be described in more detail shortly. 
Since the electrons are m•sless and have zero tempera- 
ture, their velocity is simply given by the divergenceless 
E • B drift. The electric field is related to the electric 

potential by E - -V•. The continuity equation is 
solved by using the pseudospectral technique [Orszag, 
1971]. The spatial dependence in (4) is decomposed 
into its spectral representation by using discrete Fourier 
transforms. This reduces the partial differential equa- 
tion in (4) into the following ordinary differential equa- 
tion 

dn•k 1 
dt + • E (PX•)'q•bpn•q-L k (6) 

p+q=k 

where we have used (5) and written this expression in 
terms of the electric potential. This is the governing 
equation for the Fourier coefficients n•k of the elec- 
tron density, where k denotes the Fourier mode num- 
ber. The convolution term on the left-hand side of (6) 
is calculated in x space and dea]iased by using the grid 
(or phase) shifting technique of Patterson and Orszag 

[1971]. The coefficients are advanced in time by using 
a leapfrog method. This time integration scheme was 
shown to be strongly stable for sufficiently small time 
steps by Gottlieb and Orszag [1977]. 

The electric potential is calculated from the electron 
fluid density and the ion particle densities by using the 
Poisson equation 

where eo is the permittivity constant and q• and qis are 
the electron and ion charges. The second term on the 
right-hand side of (7) represents the ion contribution 
to the charge density with the subscript s denoting the 
particular ion species. The ion density is calculated by 
counting the ions at the grid cells with an appropriate 
weighting as described by Birdsall and Langdon [1991]. 
Poisson's equation is solved in Fourier space as 

eø/c2•bk -- qenek + E qisnisk (S) 

The neutrals are treated as simulation particles just 
as the ions. Each of the neutrals is given an initial po- 
sition x0 and radially directed (•) velocity v0, and as- 
sumed to have a small thermal velocity vx at t - 0. All 
neutrals initially lie at the center of the simulation box 
(the release point) within a cylindrical disk of radius r0 
and the neutral density is constant within this region. 
Spatially, the radial velocity of neutrals is taken to vary 
from zero at the cloud center to a maximum value at 

the edge to be representative of the diffusive expan- 
sion of neutrals into the background plasma. That is, 
V0 -- vr(r/ro)•, where we refer to vr as the neutral ex- 
pansion velocity. The neutrals experience no force from 
the electric and magnetic fields and therefore the posi- 
tion of the ith neutral as a function of time is 

x(t) - ,,ot + (9) 

In general, the electron attachment loss L is given by 

L -- -knenn (10) 

where nn is the neutral density and k is the attachment 
rate coefficient. Both the neutral and electron density 
loss rates are governed by this expression [Scales and 
Bernhardt, 1991, and references therein]. A model can 
be specified for the neutral particle number variation 
with time due to the electron attachment. We consider 

a simplified model in which the total number of neutral 
particles Nn varies with time t as 

Nn(t) - Nno exp(-t/r) (11) 

where Nn0 is the total number of neutrals at t - 0, 
and r is the neutral particle attachment time constant. 
The constant r is choosen to produce electron density 
reduction rates that are comparable to those observed 
during recent experiments as will be described shortly. 
It should be noted that since the number of simulation 
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neutrals is much less than during actual experiments, 
the simulation 7' must be artificially small compared to 
the physical value 7' = (kn•) -1 to produce the desired 
density reductions. 

In the simulation, we adopt the following simplified 
model for the attachment chemistry which incorporates 
the essential aspects and is computationally feasible and 
efficient. Each time step At, a number of neutrals (de- 
termined by (11)) are randomly converted into negative 
ions in regions of nonzero electron density. These neg- 
ative ions retain the same position, velocity, and mass 
as the neutral. If an attempt to produce a negative 
ion in a region of zero electron density is made, the 
"attachment" is prohibited and the neutral is allowed 
to make another attempt at a later time step. Instead 
of calculating the loss term L from (10) directly it is 
more computationally efficient to calculate L by using 
the fact that the negative ion production is -L. There- 
fore each time step, the density of the newly created 
negative ions is calculated as described earlier with the 
appropriate grid weighting. Denoting this density by 
Anx, the loss term L in (4) is calculated from 

Anx 
L-- A•- (12) 

Note that our model does not directly take into account 
the fact that the electron attachment loss rate decreases 

with decreasing electron density as is described by (10). 
We have developed a more sophisticated model which 
incorporates this process within the framework of the 
simplified model just described, however, we find that 
the results to be qualitatively the same. 

The initial configuration of the simulation we present 
in the next section is as follows. The simulation box 

size is 128A x 128A, where A denotes the grid spacing. 
The Larmor radius of negative ions moving at the ex- 
pansion velocity vr is denoted by px and px - 16A. In 
terms of Px, the simulation box size is 8px x 8px. The 
initial density of the ambient positive ions is constant 
and equal to 30 particles per grid cell (30A-2). Quasi- 
neutrality requires that the initial electron fluid density 
be set equal to this value. At early times after release, 
the neutral density is much larger than the background 
plasma density. In the simulation, the initial neutral 
cloud radius r0 is taken to be 4A and the neutral den- 
sity 6000 particles per grid cell (6000A-2). This repre- 
sents the initial impulselike release of the neutrals into 
the ambient plasma. The radial expansion velocity vr 
is choosen so vr: 20vx: 0.25vo, where vx and vo are 
the thermal velocities of the negative ions (and neutrals) 
and positive ions. These values were choosen to model 
conditions during the experiments where the expansion 
velocity and O + thermal velocity are roughly estimated 
to be 300 and 1200 m/s respectively. Since the neutrals 
are expected to have a relatively small thermal velocity 
we take vx << vr << vo. The mass ratio of the negative 
and positive ions is 8' 1 which is representative of the ra- 
tio for the negative ions described earlier and O +. The 
time period over which the run is made is •xt : 3, 
where •x is the negative ion cyclotron (radian) fre- 

quency and rx = 27r/•x is the negative ion cyclotron 
period. As stated earlier, recent experimental observa- 
tions show reductions in the electron density by a factor 
of 10 a on timescales of the order of 0.001 s which corre- 
sponds to roughly 0.01rx for the attachment chemicals 
under consideration. The electron density reduction in 
the simulation model can be no more than a factor of 

30 for an initial electron density of 30A -•. During the 
experiments, it follows that a reduction by a factor of 
30 occurs in roughly 0.005rx. In the simulation, the 
neutral particle attachment time constant 7' is choosen 
such that •xv: 3 which produces a comparable elec- 
tron density reduction rate in the simulation. This can 
be seen as follows. The electron density reduction rate 
early in the simulation (t << 7') can be estimated from 
dne/dt • -nn/r. Using the simulation values, we find 
dne/dt • --104A-:•v• 1. This corresponds to a reduc- 
tion of 30z• -a in 0.003rx. 

To scale our simulation space and timescales to the 
experiments, we need to consider the negative ion cy- 
clotron period and Larmor radius. As we stated earlier, 
the typical cyclotron period for the negative ions at the 
altitudes of interest is a few tenths of a second. For 

negative ions moving at an expansion speed of several 
hundred meters per second, Px will be of the order of 
10 m. Therefore our model considers spacescales of the 
order of 100 m and timescales on the order of 0.1 s. We 

believe that neglecting ion-neutral collisions is a rea- 
sonable approximation in our model since Scales and 
Bernhardt [1991] estimate this collision time to be of 
the order of I s. 

3. Results 

We now present the results of a representative run of 
the simulation model described in the previous section. 
The discussion will consist of two parts. The first is 
a discussion of the initial creation of the electron de- 

pletion and negative ion plasma as well as the initial 
electrodynamic evolution. This will be followed by a 
description of the development of irregularities in the 
depletion boundary layer. 

3.1. Depletion and Negative Ion Cloud Creation 

Figure I shows the initial and final radial density of 
the neutral cloud. As stated earlier, the initial neutral 
cloud radius is 4A and the density is 6000 particles per 
grid cell to model the impulselike release. By the end of 
the simulation, the neutral density has been reduced to 
30 particles per cell due to radial expansion and electron 
attachment. The neutral density at the end of the run 
is of the order of the initial background plasma density. 
Figure 2 shows the radial drift velocity of the neutrals 
and the two ion species averaged over all particles in the 
simulation box. Note that the negative ion cloud slows 
down relative to the expanding neutral cloud. The pos- 
itive ions acquire a negligibly small radial drift velocity. 
The average neutral velocity in Figure 2 decreases with 
time since the faster neutrals populate the expanding 
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Figure 1. Neutral cloud density (in particles per cell) 
at the beginning and end of the simulation. 

depletion boundary where they are lost to electron at- 
tachment. 

The radial density of the three plasma species is 
shown at two times, f•xt - 0.25 and 2.5, in Figure 3. 
The electron density has already been reduced to nearly 
zero inside the depletion at f•xt = 0.25 and a sharp elec- 
tron density gradient exists at the depletion boundary. 
The negative ions are created with the expansion ve- 
locity of the neutral cloud. Since the negative ions are 
unmagnetized on this timescale, they are free to move 
radially across the magnetic field unlike the electrons 
which only azimuthally E x B drift. Therefore, initially, 
there is a pile-up of negative ions inside the radially ex- 
panding depletion boundary which can be seen at f•xt -- 
0.25. This negative charge buildup at the boundary pro- 
duces a strong radial electric field Er. This ambipolar 
electric field accelerates the ambient positive ions away 
from the release point and produces a depression in the 
positive ion density. This result was also noted in our 
previous work [Gangull et al., 1992; Scales et al., 1994a] 
and is characteristic of the electrostatic snowplow effect 
described by Bernhardt et al. [1991]. At f•xt = 2.5, the 
electron depletion boundary has expanded to a radius of 
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Figure 2. Radial drift velocity (averaged over all par- 
ticles) for the neutrals and ions during the simulation. 
Note that the negative ion cloud slows down relative to 
the neutral cloud. 
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Figure 3. Radial density of the three plasma species 
at f•xt - 0.25 and 2.50. Dashed line indicates values 
at f•xt = 0. Note radial expansion of the depletion 
boundary. 

roughly 32A. The boundary has broadened somewhat, 
but the electron density gradient is still relatively steep. 

The large radial electric field across the boundary 
layer produces an azimuthal E x B flow in the plasma. 
Since the ions are essentially unmagnetized on these 
timescales, the E x B flow of the ions is small in com- 
parison to the flow of electrons as was observed in the 
simulations of Scales et al. [1994a] and predicted by the 
theoretical calculations of Gangull et al. [1992]. The 
electron azimuthal flow velocity (VE) is shown in Fig- 
ure 4 at f•xt = 0.25, 1.50, 3.00. At f•xt - 0.25, the 
electron flow velocity is highly sheared and localized at 
the depletion boundary with a value of VE • -1.6vo. 
(The boundary is at r • 10A at f•xt = 0.25 as shown 
in Figure 3.) As time evolves to f•xt - 1.5, the bound- 
ary layer radially expands and the maximum electron 
flow velocity is coincident with the depletion boundary 
which is roughly at 20A. The maximum value of the 
flow velocity has decreased somewhat to -1.25vo. At 
the end of the simulation, f•xt - 3.0, the flow velocity 
has relaxed significantly. As will be discussed later, this 
flow velocity is reduced because of the development of 
irregularites which broaden the boundary layer. 

Figure 5 shows the temporal development of the elec- 
trostatic field energy (in the whole simulation box) dur- 
ing the simulation. The radial and azimuthal field en- 
ergies are shown separately with the total field energy 
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Figure 4. Electron flow (E x B) velocity at fixt - 
0.25, 1.50, and 3.00. Note that maximum flow is in the 
depletion boundary and the velocity profile relaxes by 
the end of the simulation. 

equal to their sum. The radial field results from the 
negative charge surplus at the boundary as has been 
previously discussed. The azimuthal field results from 
azimuthally propagating electrostatic waves driven by 
plasma instabilities that will be discussed shortlY. The 
radial field energy increases rapidly, reaches a maxi- 
mum value at roughly fix = 0.75, and then remains 
at roughly a constant value. The reason that the ra- 
dial field energy remains near a constant value is that 

130 

65 

ELECTROSTATIC 

ENERGY 

Figure 5. Radial and azimuthal electrostatic field en- 
ergy during the simulation. 

the chemistry sustains the relatively sharp density gra- 
dient and negative charge surplus at the boundary. It 
should be noted that this was not the case in the work 

by Scales et al. [1994a] since that work did not include 
attachment chemistry. In that work, anomalous diffu- 
sion of the electrons into the depletion caused by waves 
reduced the negative charge surplus, relaxed the sharp 
electron density gradient, and produced a decay in the 
field energy as the system evolved in time. Also, in 
Figure 5, we see that near the time the radial energy 
reaches a maximum value, the azimuthal field energy 
begins to grow above the noise level and continues to 
grow until roughly •xt - 2.5. The azimuthal energy 
is the result of unstable plasma waves in the boundary 
layer. These waves produce irregularities which are the 
subject of the next section. 

3.2. Depletion Boundary Layer Irregularities 

To display the development of the boundary layer 
irregularities in more detail, Figure 6 shows the two- 
dimensional density of the three plasma species at three 
times during the simulation. At •xt - 0.25, the elec- 
tron depletion and negative ion plasma have just been 
completely formed. The gradients at the boundary are 
very steep and irregularities in the density are barely 
visable though they exist. At •xt - 1.25, well-defined 
structures are observed in the electron density. Also, 
structures are beginning to become more evident in the 
negative ion cloud as well. At •xt - 2.5, irregulari- 
ties are more evident as well as vortex development in 
the electron depletion boundary layer. This structuring 
ultimately broadens the boundary layer. Irregularities 
are also evident in the negative ion cloud in the form 
of density clumps. It should be noted that the work of 
Scales et al. [1992, 1994a] showed negligible structuring 
of the negative ion cloud. The accompanying electro- 
static potential •b is shown in Figure 7. The potential 
shows the development of irregularities as well. At the 
end of the simulation, the potential, like the boundary 
layer, exhibits broadening in space. 

Azimuthal cross sections of the plasma density and 
potential at •xt - 1.75 are shown in Figures 8 and 9. 
The cross sections are shown at three radii. The three 

radii r/A -- 30, 26, and 22 correspond to cross sec- 
tions (1) taken outside the depletion, (2) at the outer 
edge of the depletion boundary, and (3) at the inner 
edge of the depletion boundary, respectively. At r/A 
-- 30, the plasma density is uniform with no evidence 
of irregularities. At r/A- 26, the electron density ex- 
hibits deep density cavities. Coincident with the elec- 
tron density cavities are enhancements in the negative 
ion density. These correspond to the density clumps 
observed in Figure 6. At the inner edge of the deple- 
tion boundary, the electron density irregularities exhibit 
more spike-like signatures. The electron density cavi- 
ties and spikes in Figure 8 show many similarities with 
the experimental observations during the CRRES IFH 
experiment [Bernhardt et al., 1994]. Irregularities are 
evident in the negative ion density. At both positions 
inside the depletion boundary, there is some evidence 
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Figure 6. Two-dimensional density of the three plasma species at 12xt - 0.25, 1.25, and 2.50. 
Note irregularity development in the electron and negative ion cloud boundaries. 
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Figure 7. Electrostatic potential at fixt - 0.25, 1.25, 
2.50. Again, note irregularity development. 

of small cavities in the positive ion density. The poten- 
tim shown in Figure 9 exhibits relatively deep potential 
wells associated with the electron density irregularities. 
This large potential ultimately traps the negative ions. 

Figure 10 shows the temporal evolution of the az- 
imuthal thermal energy (averaged over all particles) for 
the positive and negative ions, To and Tx respectively. 
The positive ion energy increases negligibly during the 
simulation. Most of the wave-particle heating is in the 
negative ions where the energy increases by a factor 
of roughly 90. The negative ion energy increases until 
fixt • 2.5 which is when the azimuthal electrostatic 
field energy in Figure 5 saturates. Since vo - 80vx 
initially, Tx < To at the end of the run, however. 

The azimuthal phase space at the fixed radius r/A 
= 26 is shown in Figure 11 at three times, fixt - 1.25, 
1.75, and 2.75. This radius corresponds to one of the 
same values shown Figures 8 and 9 so comparisons can 
be made. At fixt - 1.25, the phase space shows nega- 
tive ions that are near the leading edge of the expanding 
neutral cloud. Perturbations are barely evident. How- 
ever, a small positive azimuthal flow velocity vox exists 
in the negative ions which is consistent with our ear- 
lier results [Gangull et al., 1992; Scales et al., 1992, 
1994a]. At •xt - 1.25, v•x • 7vx. Later, at •xt - 
1.75, the phase space shows the negative ions at the 
outer edge of the expanding depletion boundary layer. 
Trapping is evident and hot negative ions can be seen 
to be coincident with the electron density cavities seen 
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Figure 8. Azimuthal cross sections of the density for 
the three plasma species at •xt - 1.75. Note r/A = 
30, 26, and 22 corresponds to outside the depletion, 
the depletion boundary outer edge, and the boundary 
inner edge, respectively. Note irregularities in the form 
of density cavities and spikes. 

in Figure 8. Also, from Figure 9, it is seen that these 
ions are trapped in the steep potential wells associated 
with these irregularities. At late time, •xt - 2.75, the 
phase space shows that negative ions inside the deple- 
tion have been strongly scattered in phase space with 
some particles reaching energies near 30vx. Therefore 
the particles in the tail of the distribution reach energies 
near that of the background O +. The wave amplitude 
increases until the potential becomes sufficiently large 
to trap the negative ions. In this case, the condition on 
the potential for trapping is [Hasegawa, 1975] 

1 

eq• ,,, •mx(vox- v•) 2 (13) 
where e is the unit charge and v• - w/k is the wave 
phase velocity. We estimate v• '• - 15vx from the 
perturbations in the negative ion phase space. Using 
this estimate for v• and our estimate for v0x implies 
ed/Tx '" 240 for trapping which is in agreement with 
Figure 9. The fact that v• • v0x << vo explains why 
heating is primarily observed in the heavy negative ions 
rather than the lighter positive ions. Most of the neg- 
ative ions are near resonance with the waves for this 

V4. 
Scales et al. [1994a] argued that the electron-ion- 

hybrid (EIH) instability [Gangull eta!., 1988; Romero et 
al., 1992a] was the source of the waves in the depletion 
boundary layer observed in their simulations. The free 
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Figure 9. Azimuthal cross sections of the electrostatic 
potential at f•xt - 1.75. The radii shown are the same 
as in Figure 8. Note the potential wells in the boundary 
layer. 

energy for this instability comes from the highly sheared 
electron flow velocity Vr. in the boundary. This insta- 
bility produces waves with linear growth near the lower 
hybrid frequency WLH where W•H w•/(1 + 2 • -- (COpe/•ce)) 
and wo, wpe, and flee are the 0 + plasma frequency 
and the electron plasma and cyclotron frequencies re- 
spectively. The nonlocal fluid dispersion relation for 

AZIMUTHAL 

THERMAL ENERGY 

100 "' 

T(t) 50 

T(o) 
0.0 1.5 3.0 

ftxt 

Figure 10. Azimuthal thermal energy (averaged over 
all particles) for the ions during the simulation. Note 
negative ion heating. 
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frequency ;0 and wavenumber ky along the direction of 
the flow velocity is given by Ganguli et al. [1992] as 

nac) } 0 - 

(14) 
where G(;0) = 52/(52 q- 1)(1 -(;0LH/;0)2), 5 = Wpe/•ce, 

- - - is the 
inverse density gradient scale length. The perturbed 
potential is given by 4• (•). In the simulation geometry, 
r and 0 correspond to ß and •, respectively, in the above 
expression. In our simulation limit, me • 0. This 
implies 5 • 0 and WL• • wo. Taking a limit • m• • 0 
we obtain from (14) 

d a;02kyen - - - - 
(15) 

where a - w•/•o. The free energy for the EIH in this 
limit comes from coupling of the density gradient en 
with the sheared velocity Vr(x). Waves are produced 
with w • wo and kyLr • I (Lr, the flow velocity 
gradient scale length). Derivations of (14) and (15) are 
provided in the appendix. 

To consider the development of the EIH instability 
in the depletion boundary during the simulation, we 

NEGATIVE ION 
PHASE SPACE 

r/A = 26 

30 - f•xt = 1.25 

: • ,.,'-v .;. :.. •.. • ,-•.. ':., ß" o'". 

o 
-:30 •' : 

30. f•xt = 1.75 

•: .'i. ' •. . ':. : 
"•%.::":,:,..: :.,' •,,.:. , .•' '::. 

V o '. .,,•.. ...., .... ... . 
o 

vx 

-30 -: 

30 [ f•xt = 2.75 • 
l"'";' '•; ' '" "' ' '/'• • .-'."•,.. • , t .... ".' 

ß ..:;::;' :..:...:. '•! ._• ... 
0 

-30 • 
-71' 

Figure 11. Azimuthal phase space of negative ions at 
•xt - 1.25, 1.75, and 2.75. The radius shown is r/A 
= 26 to correspond to cross sections shown in Figures 
8 and 9. Note trapping of negative ions. 

simplify (15) by making a local approximation where 
•(x) - 5•exp(ik•x) and k• is the wavenumber in the 
• direction. This implies d2/dx 2 -•-k• 2 in (15). Also, 
since Vr• is • directed, the maximum growth occurs for 
k• = 0. Using these approximations, we obtain the 
local dispersion relation 

•i$ cq •:y &2 _ & + •y - 0 (16) + ¾ 
where & - ;0/;00 and ky - kyLr. are the normal- 
ized frequency and wavenumber. Also, 5i = ;0o/f•o, 
ai = Vr./(f•oLr.), and S = Lr./Ln. The ratio 5i during 
the simulation is approximately 3.5. Early in the simu- 
lation when f•xt • 0.25, we find S • I (Lr. • Ln • 2A) 
and ai '• 3.2. The numerical solution to (16) for 
these parameters is shown in Figure 12. The solid line 
corresponds to the real part of the frequency ;or and 
the dotted line corresponds to the imaginary part 
(growth rate). Maximum growth occurs for kyLr. • 2. 
The maximum growth rate and frequency at maximum 
growth are both approximately 0.8;0o. 

We find that the linear growth phase for the waves 
in the boundary layer occurs very early in the simula- 
tion when 0.0 < f•xt • 0.125. After this time period, 
the negative ion azimuthal phase space exhibits strong 
perturbations indicative of nonlinear processes. Using 
the azimuthal electrostatic field energy at the bound- 
ary, we estimate ;0i • 0.5;0o during this time period. 
The wavelength A (2•r/ky) may be estimated by assum- 
ing • = 2•rrd/m, where rd is the depletion radius and 
m is the mode number for perturbations in the bound- 
ary. During the linear phase, rd m 6A and from Fig- 
ure 6, m - 6. This implies kyLr. • 2. The wave fre- 
quency ;or may be estimated from the phase velocity v• 
(;0r/ky) inferred from perturbations in the negative ion 
phase space. We estimate v• • -15vx which implies 
;or • 0.5;0o. Therefore we find that the linear theory 
described by (16) provides a good description of the 
waves early in the simulation. 

o I 2 3 

kyLs 

Figure 12. Dispersion relation (;0 versus ky) showing 
the linear growth of the EIH instability early in the 
simulation. The solid line indicates real frequency, while 
the dotted line indicates imaginary frequency (growth 
rate). 
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4. Summary and Discussion 

We have presented results of a numerical simulation 
study to further understand physical processes associ- 
ated with early time creation and evolution of electron 
depletions produced by attachment chemical releases. 
This work provides an important advance over our past 
work [Scales et al., 1992, 1994a] which did not include 
attachment chemistry. We find that many of the pro- 
cesses observed are qualitatively consistent with the 
early work, but the more realistic model shows several 
important fundamental differences. As in our earlier 
work, we find that a highly sheared electron flow ve- 
locity develops in the boundary of the depletion. How- 
ever, since the attachment chemistry sustains the steep 
density gradients and negative charge surplus at the 
boundary, this sheared velocity flow is maintained for 
longer time periods. Unstable azimuthal waves develop 
due to this sheared velocity and density gradients at 
the boundary as in our earlier work. These waves are 
allowed to grow to larger amplitudes when chemistry is 
included. The waves produce plasma density irregular- 
ities in the depletion boundary. The electron density 
exhibits irregularities in the form of deep cavities and 
spikes where the size is smaller than the negative ion 
Larmor radius. This irregularity signature is dependent 
on the position in the boundary layer. As pointed out 
by Scales et al. [1994b], these show similarities with 
the irregularities observed during recent experiments 
[Bernhardt et al., 1994]. Irregularity development in 
the ions was observed with structuring in the negative 
ion density the most pronounced. This was not pre- 
dicted by the earlier work. The negative ion cloud pro- 
duced exhibits structures in the form of density clumps 
and spikes that are coincident with the electron den- 
sity irregularities. Turbulent wave-particle heating of 
the negative ions is also observed. The positive ions 
are observed to receive negligible heating. Negative ion 
trapping becomes a more important mechanism for sat- 
urating the wave growth than the broadening of the 
electron flow velocity and density profiles that was de- 
scribed in our earlier work. All of the processes observed 
in our simulation model are expected to occur on a time 
period less than the heavy negative ion cyclotron period 
(~ 0.1 s). 

Our results have important implications for the use of 
attachment chemical releases to produce artificial dec- 

'tron depletions and negative ion plasmas in the iono- 
sphere. Particularly important is the development of 
plasma density irregularities during the early time evo- 
lution as is observed in our simulation results. These ir- 

regularities initially leave the plasma highly structured 
and therefore affect the creation and evolution over 

larger timescales. This fact has not been considered 
in past work and will be studied in our future modeling 
efforts. As we noted earlier, one important future use 
of artificially created electron depletions is the focusing 
of high-power radio waves [Bernhardt et al., 1994]. The 
deep electron density cavities and spikes in the depletion 
boundary produced by plasma instabilities during the 

release may have fundamental effects on the radio beam. 
This is an important problem that should be considered 
in detail with future investigations to furher understand 
focusing by artificially produced electron depletions. 

Appendix-Electron-Ion-Hybrid 
Instability 

In this Appendix we briefly outline the derivation of 
the eigenvalue conditions (14) and (15) which deter- 
mine the stability of the depletion boundary layer. To 
obtain this result, the previous formalism of Ganguli et 
al. [1988] and Romero et al. [1992a] is generalized to 
include a negative ion species. In this formalism, the 
potential •b, species density ns, and flow velocity vs are 
linearized as follows: 

4, - 4,0 + - + 
ns -- nsO -[' ns1 -- nsO(X) -[' ils1 (x)e i(•y-wt) 

- + - + 

(A1) 

Here subscripts 0 correspond to zeroth-order equilib- 
rium quantities and I to first-order perturbed quan- 
tities. The magnetic field B is in the • direction, • 
denotes the direction of density and flow velocity gradi- 
ents, and $r is the direction of the flow velocity and wave 
propagation. Note that VE(x)• = (-V•b0(x) x •)/B is 
the sheared E • B flow velocity. From a Vlasov analysis 
of equilibrium features of the boundary layer [ Ganguli et 
al., 1992], we find that the electrons are well magnetized 
since their shear frequency ws is much smaller than their 
cyclotron frequency flee (i.e., a• = ws/flce << 1, where 
w• = Vm•r/LE, Vm•r is the peak value of the electron 
cross-field flow, and Ls is the characteristic scale-size of 
this flow). On the other hand, the ion shear frequencies 
are much larger than their cyclotron frequencies. This 
makes the ions effectively unmagnetized. We also find 
that the ion cross-field flows are negligible compared to 
the electron cross-field flow. Using these approxima- 
tions in the linearized continuity and momentum equa- 
tions [Gangull et al., 1988; Romero et al., 1992a], the 
perturbed densities can be calculated to be 

- ) + 
(A4) 

•'01(•) -- qo •2 --•--'•2 -I" • •1(•) 

qx + 

(A5) 

(A6) 

Here wo, qo and wx, qx are the plasma frequency and 
charges for the positive and negative ions, respectively, 

" 2 2 
V• = d V•/dx , and • - Wpe/flce. The permittivity 
constant is e0 and en = (dneo/dx)/neo is the density gra- 
dient inverse scale length. Using the above expressions 
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along with the Poisson equation (--•0V2•1 -- Z•sqsnsl), 
we obtain 

•2/•y(V• - ennce) •1(•) -- 0 (A7) 
w - kyVz 

which can be rewritten as 

I d ]cy(V• • (x)- ennce) } - - - 
where 

=0 

(AS) 

•2 

G(w) - (5 • + 1)(1 - (WLki/w) •) (A9) 
•g + w• (AlO) = 1 + 

is the lower hybrid frequency which takes into account 
the contribution from both ion species. It should be 
noted that in general mx >> mo, so •g >> • and •LH 
is close to the lower hybrid frequency of the background 
0 + plasma. It can also be noted that the eigenvalue 
condition in (AS) is identical to the work of Ganguli 
et al. [1988] and Romero et al. [1992a] except for the 
inclusion of the negative ion plasma frequency contribu- 
tion in WLH. Since these works provide detailed studies 
of the characteristics of the EIH instability, they will 
not be repeated here and we refer the reader to these 
works for details. 

For massless, cold electrons, the momentum equation 
for the electrons becomes altered from the work of Gan- 

gull et ai. [1988] and Romero el ai. [1992a]. In this case, 
the momentum equation becomes 

ExB 

ve- B2 (All) 
Linearizing this form of the momentum equation with 
the continuity equation (which remains the same) yields 
the perturbed electron density 

el(C) -- (A12) 
q, - 

Using this result with the perturbed ion densities (A5) 
and (A6)in the roisson equation yields (15). Note in 
(15) that the w• term has been dropped since wg >> 
w•. As stated in the text, taking the limit as rne -• 0 
on (14) yields (15) as might be expected. Since the 
electrons are massless in this limit, the waves are no 
longer of lower hybrid type but correspond to positive 
ion plasma oscillations. The EIH instability is driven 
by the coupling between the electron density gradient 
•n and the sheared flow velocity VE in this regime. 
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