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FINITE TEMPERATURE EFFECTS ON THE EVOLUTION OF IONOSPHERIC BARIUM
CLOUDS IN THE PRESENCE OF A CONDUCTING BACKGROUND IONOSPHERE

I. A High Altitude Incompressible Background Ionosphere

1. Introduction

The nonlinear evolution of an artificial plasma cloud (e.g., a barium

ion cloud) released in the earth's ionosphere is characterized by an

overall bulk E x B motion, a one-sided steepening of plasma gradients, and

by bifurcation [see Ossakow, 1979; Ossakow et al., 1982 and references

therein] a process which we define here to mean the splitting of the cloud

into two or more pieces. These pieces are sometimes referred to as

"striations". All of the above motion and the resultant plasma structures

are observed to be magnetic-field-aligned. That is, the plasma motion

parallel to magnetic field lines consists primarily of diffusion and

falling, while the perpendicular plasma motion is virtually identical for

all plasma along a given field line. Hence one's best view of the

structuring of the cloud is from a vantage point looking parallel to the

magnetic field B. This simplified description of barium cloud dynamics,

seen along a line of sight parallel to B, is depicted in Fig. l. The

sequence of drifting, steepening and bifurcating is, for sufficiently large

striations, recursive: each striation becomes a new cloud which in turn

forms its own striations. In the absence of some dissipative mechanism, it

is believed that this process would continue indefinitely. In reality, the

striation size becomes small enough to be comparable to the characteristic

scale lengths of physical dissipation mechanisms, and further bifurcation

ceases. A previous study by McDonald et al. [19811 attempted to quantify

this concept within the context of a "one-level model", a mathematical

model in which all conducting plasma was constrained to lie in a single

two-dimensional plane perpendicular to the magnetic field. Implicit in

Manuscript approved March 15, 1984.
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this model is the assignment of a single Pedersen mobility and hence

compressibility to both the barium and background ionospheric plasma. In

this model, the leading candidate for a dissipative mechanism is the

ambipolar diffusion of electrons caused by electron-ion collisions. Using

this mechanism, McDonald et al. [19811 calculated final unbifurcating

striation sizes (from a so-called U shaped curve) for barium clouds of - 20

m (perpendicular to B). However, there is experimental evidence for the

existence of long-lived "blobs" of plasma several hundred meters in

diameter. The apparent stability of such large plasma structures has yet

to find a satisfactory explanation within the one-level model. Ossakow et

al. [1981] proposed including a zero temperature second level compressible

background ionosphere below the cloud (see Scannapieco et al., 1976). This

would allow image striations to build up and allow the conductivity in a

striation to be amplified. This in turn would allow for larger

conductivity ratios than if one had just a one level cloud. In turn, this

*could result in kilometer size unbifurcating striations by extrapolating

the U shaped curve of McDonald et al. [19811 to higher conductivity ratios.

Here we postulate that the existence of a conducting background plasma

with ion Pedersen mobility different from that of the barium plasma,

combined with the finite temperature of the barium plasma, may allow the

" existence of stable striations with scale sizes of hundreds of meters. The

essence of the mechanism is a phenomenon commonly referred to as "end

shorting" first investigated in the context of barium clouds by

Shiau and Simon [1974), who considered a completely incompressible

0
7 1 background ionosphere, and showed that the normal electron ambipolar

diffusion rates would be replaced by some fraction of the much higher ion

diffusion rates caused by collisions of ions with neutrals. Francis and

Perkins [1975] generalized the work of Shiau and Simon (1974] by

2
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considering the cases of both incompressible and compressible background

ionospheres. They concurred with Shiau and Simon [19741 that

incompressible backgrounds exert a stabilizing influence, but noted that

compressible backgrounds are destabilizing. In contrast, Vickrey and

Kelley [1982] concluded that a background (compressible) E region should

exert a stabilizing influence on high latitude irregularities. We shall

address the question of the correctness of the above two analyses in a

later paper. For the moment we note that: 1) Francis and Perkins [1975]-..-

performed a rigorous stability analysis of the problem; Vickrey and Kelley

[1982] did not; 2) Francis and Perkins [1975] self-consistently included

image formation (compressibility) in both the cloud and the background;

Vickrey and Kelley [1982] did not (they took a passive load model); 3)

Vickrey and Kelley [1982] included recombination chemistry; Francis and

Perkins [1975] did not.

. Our own conclusions are based on our view of barium cloud dynamics as

consisting of a two-stage feed-back loop:

1) At any given time, the distribution of plasma density will,

through the effect of these distributions on magnetic-field-line integrated
0

Pedersen and Hall conductivities, bring about the creation of polarization

electric fields whose purpose it is to maintain quasi-neutrality; 1
2) these electric fields, through Hall and Pedersen mobilities,

0

affect the velocity of the plasma, which in turn affects the distribution

of plasma density at the next instant of time.

We emphasize that it is only through its influence on magnetic-field-

line integrated Pedersen and Hall conductivities that a change in plasma

distribution [e.g., diffusion] will affect the polarization fields, which

are the engine of plasma structure.

3
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In the present study we have isolated the "enhanced" difusive effects

(due to finite temperature effects and a two level model, where only ion-

neutral collisions are included) on barium cloud striation evolution. A

major conclusion derived from the nonlinear numerical simulation results

presented here is that coupling to a nearly incompressible background

ionosphere, i.e., an F region, can result in a cessation of striation

bifurcation in F region ionospheric barium clouds.

In addition, a simplified analysis of the equation for the time

evolution of the total field line integrated Pedersen conductivity shows

that coupling to a compressible background ionosphere, i.e., E region,

would result In destabilization of the striations (see Eq. (4-36) and the

discussion following). Both of these results are consistent with the

linear analysis of Francis and Perkins [1975].

In section 2 we describe the motion of ionospheric plasma and in

section 3 the mathematical model is presented. Section 4 presents a

simplified two level model. Section 5 describes the diffusion

characteristics for a simplified two level model with a nearly

incompressible background. Numerical simulation results using an

incompressible background are presented in section 6. Section 7 presents

the conclusions and thoughts on future work.

4
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2. The Motion of Ionospheric Plasma

We shall be concerned here with the motion of plasma consisting of

ions and electrons in the presence of a neutral gas and magnetic field B,

subject to an external force. We shall also be interested in the electric

current J arising from the differential motion of the various species

comprising the plasma. In the course of deriving the equations we make the

following assumptions:

1) We assume the plasma can be adequately described by the fluid

approximation. This assumes that the effective collision rate of each

plasma species with itself is sufficiently high to maintain near Maxwellian

distribution functions on time scales short compared to the times of

interest, and is well satisfied for the plasmas we treat here.

2) We assume that the electric fields E are electrostatic (i.e.,

V x E - 0) and hence can be described using a scalar potential t such that

E - - VO. Note that this implies 3B/3t - 0. The validity of this

assumption can be related to the fact that the Alfven velocity is much

larger than any other propagation speed of interest for the plasmas we

treat here. The assumption is also checked a posteriori by verifying that

the calculated currents and displacement currents produce negligible time

variations in B which in turn produce negligible V x E.

3) We assume plasma quasi-neutrality; that is,

niq i  ne (2.1)

where n is the number density, q is ion species charge, e is the electron

charge, the subscripts i and e refer to ions and electrons respectively,

and the sum is taken over all ion species. This assumption is a statement

5



that the Debye length is small compared to all length scales of interest,

and again can be verified a posteriori by evaluating 7 - E. Note that this

assumption implies that 7 • J - 0, where J is the electric current.

In addition to the above there are some other assumptions which, while

they are not essential to the basic model, are nonetheless valid for many

of the physical situations which we shall treat and impart a simplicity

which we shall find convenient here.

4) We assume the electrostatic potential to be constant along

magnetic field lines. As we shall see later, the electrical conductivity

along magnetic field lines is much greater than that perpendicular to

magnetic field lines, meaning that appreciable differences in potential

along a field line will quickly be reduced by the resultant current. This

assumption will break down for sufficiently small scale lengths

"- - perpendicular to the magnetic field, and for sufficiently large distances

* .- along the magnetic field.

5) We assume that the inertial terms in the plasma species momentum

equations, i.e., the left hand side of Equation (2.3), are negligible with

respect to the other terms in the equation. This assumption is justified

whenever the time scales of interest are longer than the mean time between

collisions for ions.

6) We neglect collisions between ions and electrons and between ions

" of different species. Later we shall also neglect collisions of electrons

with neutrals. There are two reasons for this. First, the ion-neutral

collision term v can be shown to be the dominant term in the diffusion

physics we consider here. (One must be careful, however, since these same

*"''"assumptions will yield zero diffusion when the background conductivity is

set to zero. To obtain the correct electron ambipolar rate in this limit,

6
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the electron-ion and electron-neutral collision terms must be retained. We

are not interested in this limit in this paper). Second, although exact

closed form expressions for the ion and electron velocities in terms of the

applied forces is possible when ion-electron collisions are retained

[Fedder, 1980], the expressions are considerably more complex than those

given below.

The continuity and momentum equations describing a sir a ion species

and its associated electrons are:

a+ V (n v ) 0 (2.2)

- q v x B

a

VP
- - + g (2.3)

a a

where the subscript a takes on values i and e (denoting ions and electrons,

respectively), n is the number density, v is the fluid velocity, P is

pressure, E is the electric field, g is the gravitational acceleration, q

is the charge, v is the collision frequency with the neutral gas, Un is

the neutral wind velocity, c is the speed of light, and m is the particle

mass. We can rewrite this equation as

qa
/m a + M -a - a 0 (2.)

aan

where

70°
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v '- F -q E + m 7' m U ,

+t ( v • i ct (2.5)

If we place ourselves in a Cartesian coordinate system in which B s

aligned along the z axis, and if we treat F as a given quantity then a

componentwise evaluation of Equation (2.4) yields a set of three equations

in three unknowns, the three components of v • The formal solution is

--- 4-

v k F + k F x z (2.6)
-ai la --aIl 2ai -ci

v k F (2.7)
--a T koa

where .1

V (v /Q2 )2
an c (ain/ (2.8

"a .l I q B I + ( V An / ) z ] ( 2 . 8 )

ai a an ai

(V IT )2
k2a q B I + (cm (2.9)

a an ~a)L

k (maan) (2.10)Ocm

a-

A

-. z -B/ I B I ( 2 .1 1 ) -9

0
" ci x (2.12) '

, •The vector subscripts £ and " refer to the components of the vector which

are perpendicular and parallel respectively to j. The quantities k, k

0-

q~'X - . -. -.. -_-. , --: -.. .
t.* . .



00
and ko above are referred to as the Pedersen, Hall, and direct mobilities

respectively. It should be pointed out that Equations (2.6) and (2.7) are

only truly closed form expressions when the inertial terms (the last term

on the right hand side of Equation (2.5)) are neglected, an assumption we

have made previously. Typical ranges for collision frequencies

are: yin 30 sec -1 , Ven - 800 sec -1 at 150 km altitude; and vin
-1 -l -1

10 sec v - 1 sec at 500 km altitude.en

As we will see later, we will use the concept of "layers" to

distinguish the various ion species, so for the moment we consider only a

single ion species, denoted by subscript i, and the associated electrons,

denoted by subscript e. We also consider only singly charged ions so that

qi e and qe = e. Noting that ven/Qe 0, we obtain

k =- R c (2.13)

kle = 0 (2.14)

k2i = (2.15)

k c (2.16)

where

Ri (1 + vin2,2) (2.17)

We now define the perpendicular current

9
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n q V (2.18)
a

Substituting Equations (2.13) through (2.15) and (2.6) into Equation

(2.18), and using the quasi-neutrality approximation

ni une -n (2.19)

we obtain

n nai if iT7 -i.L

B (Ri FiJ. + )x.- (2.20)

For the barium cloud problem we shall treat here, we shall only consider

neutral winds, electric fields, gravity, and pressure gradients as external

forces. Hence

F -e E + m + n -Vn. VP /n (2.21)

0

F -e E 1 +mg_ - VP/n (2.22)
-e e, -- e

* Note that we have neglected the small term Ven me Unj in Equation (2.22).

We obtain

100..)

"-............................................0...
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yin n
J -R "n(eE + m U /)-V
-Ii TBT-Vinm i i -n-nLi+,,

nc M) e g
+ Ri -[e - R) + ( _ + ) g + V mU

.... ( i  Ri  _L inm ---Ml

:VP/n

PVP/n - eRfi/n ] x (2.23)

Since 0.01 < R < 1.0 we may neglect me/R i with respect to mi .e R1 e ihrsec oi

Defining the Pedersen conductivity

vin neep e R (2.24)

p ± S TBT
i

and noting that I - 2/0 - ,i2/ we obtain

R11 VinVP

a [E. m= MiU VP

_ZJ_ p -:4 e + Vin e -I n

B i i i i

+. "B y:p[] - E, +  -i  g + s, -n-U

-1 ne-1 -L

-in (VPi + Ri VPeJ x I (2.25)
iV ne e)x

Our need for an expression for JL stems from our need for its divergence to

evaluate V • [ ( - 0 by quasi-neutrality), as we shall see in the next

section.

III
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3. Mathematical Model

We shall model our physical system using a simplified model as

depicted in Figure 2. The magnetic field lines are assumed to be straight,

to be aligned along the z axis of our cartesian coordinate system, and to

terminate in insulators at z - + -. The plasma of interest is threaded by

these magnetic field lines, and is divided into thin planes or "layers" of

plasma perpendicular to the magnetic field. Since we have neglected

collisions between different plasma species, we may use the device of

layers to treat multiple ion species at a single point in space simply by

allowing multiple layers to occupy the same plane in space, one for each

ion species. In this way a "layer" consists only of a single ion species

and its associated electrons.

Our quasi-neutrality assumption demands that

+ J + j = 0 (3.1)V • " Jx + y y z

.4..

Integrating Equation (3.1) along z and noting from Figure 2 that Jz

vanishes at z - + we obtain

f V± J dz 0 (3.2)

V, where

.- iT+ (3.3)

%-I
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From our model as depicted in Figure 2 we may approximate the integral in

Equation (3.2) by a discrete sum

K
v "A kAZk - 0 (3.4)

k-1

where the subscript k refers to the layer number, K is the total number of

layers in the system, and Azk is the thickness of layer k measured along

the magnetic field line. Within a layer, both the ion density n and the

ion-neutral collision frequency vin are assumed to be constant along a

magnetic field line. This enables us to introduce the three magnetic-

field-line integrated quantities:

Nk - nkAzk  (3.5)

.Vln ce
rpk -pkhZk - Nk(- Ri~k e (3.6)

Ehk -= )kpk (3.7)

By our assumption of equipotential magnetic field lines and

electrostatic electric fields

* £k(Xy) =E - V 4(x,y) for all k (3.8)

where E. E x + E y is a constant, externally imposed electric field.
-O ox- oy-

Then Equation (3.4) becomes

13
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K K K

ki k-i k-i .k(3.9)

where

Hk ax (EhkWit+7 a (hk

3- a hk + 3  hky x+ -x - (3.10)
ay ax ax ay

ext Em VP +

1 k -pk [i !T+ in - -n -o

9 im mi

B "i -A- (VPI + R 1VP (1

inl

in E _0 x] (3.11)

and the subscript k denoting layer number on terms within parenthesis

operates on all terms within those parentheses.

The system of equations we must solve consists of (3.9)-(3.11) and an

equation of continuity for each layer:

at - 0 k-1, .. , K (3.12)

where is given by Eq. (2.6)-(2.12).
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4. Simplified Two-Level Model

We make the following further simplifications in our model:

a) We find that for ionospheric barium clouds the currents parallel

to B are carried primarily by electrons, and the motion of ions parallel to

B consists primarily of a slow diffusion plus a bulk falling of the cloud

to lower altitudes (since g * B * 0). It is therefore sufficient to

represent the ions as an array of two-dimensional planes or layers of

plasma perpendicular to B, each moving with the bulk "falling" velocity

along B, and hence to treat numerically only the transport of ions

perpendicular to B within each layer.

b) We limit our discussion to a model consisting of only two layers

or species of ions.

c) We assume that the ion neutral collision frequency vn is

constant within a layer.

d) We assume that the only forces acting on the plasma are an

external electric field E and pressure gradients.

With the above assumptions we have

VP
ext i

-1_k pk' -0 ne )k

B in-o ~i -VVl(41
-i - / rVP i + RVPe'I x zi (4.1)

ITB Q i ne v in i ie)k

If we assume B is along the positive z axis then B/lBI - 1 and we get

iI
*i.. VP -

ext i
-ik 7 . " rpk-o - ne kJ

*rl E x + H (4.2)

15
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where

H V (VP1 + R VP x (4.3)Hpk - I "[ pne inRI

Now

_ _in n c ep ne v1ink " iRn T Az vne k

" [Ri c AZ~ (4.4)

which is a constant within a layer if vin is constant within a layer (one

of our assumptions). Then

Rk. -V (constant V(PI + R e x F 0 (4.5)

(since V * (VC x z) - 0 for any scalar field C).

Our final equations to be solved are then

" 3Nk
3 k + 1, [NkJ - 0 k-1,2 

(4.6)

V [(rp + E 2 JV,¢] + H - E VI(E 1p + r p21

L ~ ~ i (:P pJI-2 2

7, (r~ ~ (4.7)

16
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where

H + r E

[[ hl Zh 2)[ -Ey

H '4 [+(hl + rh2) - Eox)

Looking at Eq. (4.7) we notice that * may be separated into two parts:

* " E + (4.9)

Ef P

1 " [p+ zp 2)Vi*El + H E Vj)p + Ep2J (4.10)

VPii + r (4.11)

L • I +p2)VJp - VIpl nl--- e p2 n e
1 2

For reasons which shall become clear as we progress, we shall regard E as

that part of the potential field which tends to drive the cloud toward

bifurcation. In fact, Eq. (4.10) coupled with (4.6) Just form the basic

inviscid two-level equations [Scannapieco et al., 19761. We shall regard

p as that part of the potential field which tends to diffuse or anti-

diffuse the edges of the cloud. First let us look at solutions to

(4.11). if VP and VP vanish at our boundaries, the unique solution

il 12

consistent with zero Neumann boundary conditions (vanishing of the normal

derivative of p at the boundary) gives:

qil 1~2
- tEl + + p2 (4.12)

In general, the motion resulting from the forces proportional to

7) VP ii and VP1 2 will be quite complex, not describable as the simple

17



superposition of a shear and a diffusion. However, in the special case of

one of the layers being uniform, e.g., N2 and Ti2 (Ti ion temperature)

hence Zp2 and Pi2 uniform, then

-E VPp+ Z ne (4.13)

We shall now treat this special case. One may conveniently think of level

1 as representing the barium cloud and level 2 the uniform background

ionosphere.

We now use the equation of state

P a nT

where Ti is in energy units (Ti is the product of Boltzmann's constant and

the temperature in degrees Kelvin), and assume thermal conductivities high

enough such that Ti is constant and hence

VP - TVn (4.14)ii

Then

-Z T Vn
*p1 ill1VP p + 

7  nle

18
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The velocity in level 1 resulting from the combined action of VPi and t is

i
c _ Rnc Z I "

+ [Ri -eV T Vfj] n z (4.15)

V--liP i I

* Now

Vn
[eV Ri T -) I

Vn1  p
.1 T - I +.E -2

Vn
1 p2  (4.16)

1l- p1 +-p2)

Thus

np2 - R c Ti VN
- eV p + Ti  S1l " ""

=T pl + p2 -"

Vn.

+ (Ri c T VN (4.17)

n VN

It is convenient to divide vjp into two parts:

V-.-

- 1uP i-D 1 + .s)

with the subscripts i and P suppressed but understood.
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p'2.. - _in c VN

D Dl + Zp2 i  e-- Ti N 1 (4.18)

______p2 c VN

v p + Ri T1 --Jl x z (4.19)
-Sl z + Z i B ,I

pl p2

That ySI represents shear flow at plasma gradients can be seen by noting

that the velocity is always perpendicular to VN, and is largest where

.p2 V is a maximum, decaying in magnitude away from the region. The
Z + E N
p1 p2

quantity IS is of interest because it is a shear flow and hence may be

stabilizing in certain cases (see Perkins and Doles [1975], Huba et al.

[1982]). We do not consider the effects of v further in this paper excepth--tiv

to note that for the special case of a uniform layer 2 being considered

"" .here, 7 - Ys, - 0 and VN1 " ms, - 0 which together imply V • (NI I O0,

which is to say that vS has no effect on the time evolution of N1. Since

this breaks the feedback loop, it is difficult to see how a shear

stabilization mechanism could be active in this case.

A consideration of yD is really the heart of this paper. The quantity

vn is the source for ion diffusion in level 1. More importantly, it is the

source for the diffusion of the total integrated Pedersen and Hall

conductivities if level 2 is sufficiently incompressible (i.e.,

if Vin /0 in level 2 is sufficiently small), as we will show. Let us look

at the effect of _ D on the ion continuity equation for level 1:

*I - - Nv-ij

Z p2 R"' ... + V v[ R 7NP2
p + eB J (4.20),... Ip2 i
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This is just a diffusion equation for N1 with diffusion coefficient

D vip2 f~n R -]Tril-,"
D ( -7 T (4.21)o pl + E p2 Q i ' e

(It should be noted that this diffusion coefficient is similar to that p

derived by Goldman et al., 1976, and Vickrey and Kelley, 1982.)

For a barium cloud (level 1) at 180 km altitude we take Ti 10000 K,
yin

- 0.06, B 0.5 g, and get

4'-°

D p2  (100 m2 /sec) (4.22)o pl +  p2 i'!

*.oo

In the less dense regions of the barium cloud where p is small compared
-p1

to E the ion diffusion coefficient is quite large indeed. By contrast Sp22

ambipolar diffusion rates induced by electron-ion and electron-neutral

collisions yield diffusion coefficients on the order of I m2/sec. Thus our

neglect of these collision terms seems justified. Unfortunately, N1 is not

the relevant quantity if one is interested in the effect of Y on barium

cloud dynamics. A look at Eq. (4.10) will convince the reader that if one

wants to affect the time evolution of OE' the quantity which determines the • I
bifurcation process, it is necessary to change the quantities p p1 +

rp2 and rh = rhl+ lh2' the total field line integrated Pedersen and Hall

conductivities. Again we assume an initially uniform distribution of Zp2

and N2 . We can only show the effects of yD in the first instant of time

here. Once images form in level 2, the problem yields only to numerical

techniques. We need the velocity _.2 in level 2. .

21
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...VR -n 5c (pT 7N (4.23)
-D2 Q R02T I I + p2

As a check, let us see the effect on (N1 + N2 )

9N2

t- - V (N2VD2)

" " 2 7-21)1

p: e z-+ F- (Ti1  S (4.24)
I +?p2I

3N

-+ p2 E e- 2 T 7NI1

pl + Ep2  1

N- N2  (4.25)

at

So we see that

3(N1 + N2)""" -0 (4.26)
at

* which when combined with quasi-neutrality, is simply a statement that

electrons can't diffuse. This is consistent with our neglect of electron-

ion and electron-neutral collisions.

0 Now let us look at the effect of on p = z + A similar
p l p1  2*

analysis can be performed for Fh with similar results. However the

bifurcation effects of 7h are small compared to those of ,p and we shall

not consider them here.

22
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S(in Ri)  ce (4.27)
i':-'? t Sl 1 TB at (-! J • 1Vp) (.7

3zp2 in ce a 2  (4.28)
at Q 02 -tB = V (.!D2Fp2)

but

" 1  2 BI -n Ri l 1p2 (4.29)

at at ce Qa

PIi p2
. p - p2______ -(4.30)
at at. .( in R

+1 p2) 3ZPl (jfin(4.31)
____________ R 1 1 )I(n R,)]at at(S7-. R/(Q

-i":

Now

atP- V. L (.D1zPl) (4.32)

We note that in Eq. (4.18) we may set VN/N I = VEp/F so that

* alp1  Ep2 (Tin Ri B T) pl1 (4.33)

at E + E p2 Q j eT .)4 P

Now since
* *1

7E =0 (4.34)
p2

we have
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VZpl + =VE (4.35)

and

,+[pl + p2) •[V R, RZ
:'?" 8t 71 -()in i ai 2/["in i/ i l [ +ppl zp2

,,-,-~ { in cV
. R - Tijl + Z 2 j] (4.36)

so we see that for E we again have a diffusion equation, but this time our
p

nominal 100 m2/sec diffusion coefficient is not only multiplied byV .% 

Z p2 /zpl + Zp2J, reducing its effectiveness in the dense portions of the

cloud, but it is further multiplied by the factor F where

F mu 2 (4.37)

Note that if vinRi/ni is the same for both layers, the diffusion is reduced

to zero. Furthermore, if (Vin R I/)2 > Cv nRi/Qi)l (a compressible

background plasma, e.g., an E region) the diffusion coefficient is

negative. That is, gradients in Z will actually be steepened, rather than
p

smoothed. For this reason we conclude that unless some rather fast

recombination chemistry is taking place in the E region, the presence of a

background E region is destabilizing, in accord with the findings of

Francis and Perkins [1975].S

The opposite extreme of (vinRi/ni 12 << (viR/,,i (background F region

. - ionosphere) is more interesting since it closely approximates the

* conditions of most barium releases. It also yields the full nominal 100

m2/sec diffusion coefficient, since F 1.0, giving us some hope of

24
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stopping the bifurcation process at scale sizes of hundreds of meters.

Note that in this case the diffusion rate for Z is the same as that for
p

NI. Also note that the case of , Ri/ iJ2 small is the case where the

Pedersen mobility and hence compressibility of the background is extremely

low, meaning that only minimal images will be formed. It is a good

approximation to take Zp2 to be uniform for all time. One might well ask

how this is possible given that the electrons can't diffuse, and that the

barium ions are being allowed to diffuse in level I. The answer is that

there are (small) images: the electrons lost to a field line in level 1

are "soaked up" on the same field line in level 2. But the number of

electrons N2 in level 2 is extremely large. (N2 must be large In order to

*- contribute a significant Pedersen conductivity and yet have
=.,

small vinRi /i (see Eq. 2.24)). Thus the electrons that are soaked up in

level 2 induce only an extremely small percentage change in Zp2.

5. Diffusion Characteristics for a Simplified Two-level Model with a

*Nearly Incompressible Background Layer

In the last section we demonstrated that when the background

ionosphere (layer 2) is nearly incompressible ((vinRi/i)2 is small) then

0 the primary effect of a finite barium ion temperature is to introduce into

, the continuity equation for both N, and for Zp a diffusion term with

diffusion coefficient Do given by Eq. (4.21). For parameters appropriate

to a barium cloud at 180 km altitude we get Eq. (4.22):

D p2  (100 m2 /sec) (4.22)
0 p1 p2pl Ep2

0.

Since level 2 is nearly incompressible, we may regard F. 2 as a constant.
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Since it is proportional to N1 , the integrated barium cloud density, pl

is larger in the center of the cloud and decays toward zero at the cloud

edges. This means that the diffusion coefficient approaches 100 m2 /sec

near the cloud edges, but may be considerably less than that value near the

cloud center if Z p>>

Previous attempts to explain the persistence of scale sizes of

hundreds of meters for long periods of time after barium releases have

inevitably encountered the following problems: I) The diffusion

coefficients required to stop the bifurcation of plasma clouds several

hundred meters in diameter were higher than one could explain

theoretically; 2) assuming the existence of such large (ordinary) diffusion

coefficients, their effect would not only be to stop the bifurcation of the

cloud, but also to diffuse the cloud away entirely in several minutes. The

form of the diffusion coefficient given by Eq. (4.22) would seem to offer

us some hope of overcoming both of these problems. Its success depends on

the accuracy of the following qualitative picture of barium cloud

pbifurcation: We postulate a barium cloud such that Zpl 5 rp2 so that the

diffusion well inside the cloud is considerably reduced over that at its

edges. We further postulate that bifurcation is a process which, in the

absence of diffusion, starts at the edges of barium clouds and works its

way inward. Our diffusion then satisfies the needed criteria perfectly:

1) It is very effective at the edges of the cloud, stopping bifurcation

before it starts; 2) it is very ineffective at the central core of the

cloud, giving it a long lifetime. Note that if this picture is correct

then the barium clouds commonly known as large M clouds where

26

[.'5 : . .. .. .. . . _ - .. . . - -. .. .. .. ...



M pl p2  (5.1)

p2

will have extremely long lifetimes. In fact for M > 100, the decay of the

core is probably determined by ambipolar diffusion rates. The accuracy of

this picture is best determined by numerical simulation techniques, to

which we turn in the next section.

6. Numerical Simulations Using a Simplified Two-level Model with a Nearly

Incompressible Background Layer

In this section we attempt to answer numerically the question posed in

the last section: if we consider a barium cloud whose background

conductivity is due primarily to high F region plasma (nearly

incompressible plasma), is the diffusion coefficient given by Eq. (4.22)

sufficient to stop the bifurcation of that cloud at a diameter of several

hundred meters? In order to isolate the effects of this diffusion

coefficient, we will make some further simplifications in our two-level

model: 1) We assume that N2 and hence Ep2 remain uniform during all times

of interest. This is completely consistent with our assumption of a nearly

incompressible background plasma, as discussed at the end of Section 4; 2)

We neglect the shear component yS of the pressure-induced ion velocity as

defined in Eq. (4.19). Again this is consistent with our assumption of a

nearly incompressible background plasma which in turn implies a

uniform Ep2 as shown in the discussion following Eq. (4.19); 3) Ie

neglect the "Hall term" H in Eq. (4.4) and hence in Eq. (4.10). This is a

good approximation as long as v /Q < 0.1; 4) We neglect Pedersenin i

convection. That is, for all terms except those causing ion diffusion, we

approximate the ion velocity with the electron velocity (see Eq. (6.4)

27

.d% .r gL

;4".'

='.+ -. • = - . o- ".- .- + • • -. ". " " . " +. . + - . '. j ' -.- . " J . +. . o .. " . - . . . • - . + - . . o % .. + - " + . .' % %

-""+' "+"+' "' "- ".'- • ' "'"" °'"'"" """ " ''° '" + "" """ +" "J "+-" "' °.+'" +- '- " •"'+++ '% '" 'm 
'

'"m" + '-4 " 
%

"""4."



below). We know from our previous study [Zalesak et. al,, 1983] that the

Pedersen mobility of the ions in response to (E - mE) can have an effect

on the "freezing" phenomenom, and it is our desire to isolate the effects

of the pressure-induced diffusion. Hence we neglect ion Pedersen mobility

* except in the diffusion term.

- The final equations to be solved numerically are then

aNaS-- +  V.I. .(N1.11 )_  V .(DVN 1  (6.1)

S--2 0 
(6.2)

V L((Epl + Zp2) Vp) - E V1 (pl + p2 (6.3)

C

-B-7 (E - VOE) x B (6.4)

p2+ Dp (6.5)

yin ce
Epk -(1+(in/(i) 2Jk ce (6.6)

The initial conditions for the simulations were as follows

.p2 1.0 (6.7)

= 4.0 exp (-r4 /r-) (6.8)
p1  0

r2  (x - x )2 + (y _ y) 2  (6.9)0 0
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L
r 0 (250 m) (1 + 0.001 sin 80) (6.10)

0 - arctan ((y-yo )/(x - 0o)) (6.11)

B - 0.5 gauss (6.12)

CE /B - 100 m/sec (6.13)
50

where xo  and yo are the coordinates of the cloud center and

the E x B velocity (cEo/B) is in the negative y direction.
-O 0

The above equations are solved numerically on a finite difference grid

in an x-y cartesian geometry perpendicular to the magnetic field, which is

assumed to be aligned along the z-axis. The 83 x 60 grid is stretched in

all four directions, with the central 56 x 32 portion of the grid, which is

centered on the steepening backside of the cloud, having a grid spacing of

10 m in both directions. The grid stretching allows the boundaries to be

placed 4 km away from the edges of the central uniform mesh in all

directions. The potential equation (6.3) is solved using a vectorized

incomplete Cholesky conjugate gradient algorithm due to Rain (1980), which

is an extension of the algorithm of Kershaw (1978). The continuity

equation (6.1) is integrated forward in time using the fully

multidimensional flux-corrected transport algorithms of Zalesak [1979].

In Figure 3 we show isodensity contours of F for the initial

conditions for all of the calculations we shall show. We have performed

three calculations, varying the value of Do from zero up to the physically

realistic value of 100 m2/sec. The purpose of this sequence is to show

first that the diffusion does have an effect on the evolution of the cloud,
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and second to show that this effect is much larger than that due to any

numerical diffusion which may be present in the calculations. In Figure 4

we show the results for D = 0 • Note that even at the very early time of
io

14 seconds, bifurcation has already started. By 24 seconds, the main

portion of the cloud has completely sheared in two. In Figure 5, we show

2
the results for D 25 m /sec , one fourth of the physically realistic

lo

'.. value. The development of the cloud has slowed considerably, showing that

even at one fourth its physically realistic value, the physical diffusion

is dominating the effects of whatever numerical diffusion may be present.

At 14 seconds the cloud has not clearly begun to bifurcate. At 25 seconds,

_ bifurcation has occurred, but is qualitatively and quantitatively different

from that which took place when Dio =0. In Figure 6 we show the evolutionio
S..%. of the cloud with the full, physically realistic value for Dio of 100

m2/sec. Bifurcation has now been halted. Rather, the cloud evolves into a

streamlined "bullet" or "tadpole" shape in time, and then undergoes a slow

diffusive decay. Even at the latest time calculated, 75 sec, there is no

hint whatsoever of imminent bifurcation. Noting that for this cloud

"" M E + E )E2is 5 in the center of the cloud, which yields an

effective diffusion coefficient of 20 m2/sec there. This is still enough

to result in substantial decay of the central core on time scales of

minutes. Clouds with larger values of M in their centers would of course

be longer-lived.
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7. Conclusions and Future Work

The primary conclusion of this paper can be stated simply: Under

realistic ionospheric conditions (where the plasma cloud couples to an

incompressible background i.e., in F region), barium striations hundreds of

meters in diameter can be long-lived, quasi-stable, non-bifurcating

structures. These structures may resemble "tadpoles", with a dense head,

steep density gradients at the front, and a long, less dense tail. If what

one means by the term "freezing" is the above phenomenon, then we have

shown that freezing does indeed exist.

The next obvious step is to test some of the -pproximations we have

made in our preliminary numerical simulation model. Pedersen convection

should be put back into the model, as well as the "Hall terms" in the

potential equation. Finite images should be accounted for. Also we would

like to test the combined effect of the presence of both a relatively

incompressible F region background and a compressible E region on the

dynamics of the cloud. Recombination chemistry must be included in this E

region if it is to be modeled accurately (see Vickery and Kelley, 19821.

Another of our approximations which should be studied in detail is

that the barium cloud and background ionosphere are being driven by an

externally imposed electric field, or equivalently, by a neutral wind which

doesn't vary in altitude. Were we to address an altitude-dependent neutral

wind as a driver, some of our simple results would become less so. The

most important factor would be that one could no longer argue that the

bifurcation of the cloud depended only on Z and 2 since the potential

equation (4.10) would then contain terms which depended explicitly on N1

and N-. Although this would not change the results for the incompressible

background ionosphere considered here, it would appear to allow for the
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possibility of this end-shorting-induced diffusion being an effective

bifurcation inhibiting mechanisir even when the background ionosphere is

compressible. We shall consider this case in our future work in tnis area.

It is also clear that we must address the validity of the perfect

mapping of the electrostatic potential along B. Given that we are now

dealing with structures only a few hundred meters in diameter, with

-". gradient scale lengths of a few tens of meters, it seems likely that we

will have to deal with the question of how far the polarization field

produced by the barium cloud maps along the magnetic field (Goldman et. al,

*. 1976, Glassman and Sperling, 1983). One possible effect might be that the

- effective value of M would be increased, since the barium cloud could no

longer "see" background plasma that was far from the cloud position along

B.
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NEW CLOUDS

CLOUD SPLITS

STRIATIONS
BEGIN

INSTABILITY

STEEPENING
ON ONE SIDE

INITIAL CLOUD $NEUTRAL WIND

U.6

(ARROWS DENOTE EP)

t=0 t>O

_ Figure 1. Sketch of the time evolution of a typical barium cloud in a

plane perpendicular to the magnetic field, subject to an upward

directed neutral wind or equivalently to a rightward directed

external electric field. Lines demarking the cloud denote

plasma density contours, with the highest plasma density in the

center of cloud.
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INSULATOR]

B

PLASMA

z

AZk ~_ LAYER k

- - -- - - (MORE THAN ONE LAYER
- __ MAYVOCCUPY THE SAME

PHYSICAL SPACE IF
- - - - - - MULTIPLE ION SPECIES

PRESENT)

0 INSULATOR

Figure 2. Model of plasma and magnetic field geometry used in this

paper. Field lines terminate on Insulators at z - + oo. Plasma

is divided into "layers" along z for mathematical and numerical

treatment. Each layer consists of a single ion species and its

associated electrons. Multiple collocated ion species are

treated by having multiple collocated "layers".
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7_77-7 7 -_7 7- 7V *7*

0.32CLUD 
0 SEC

0.02

-0.29

-0.S9

-0.19 8 ! I
-0.39 0.00 0. 39

X IKH)

Figure 3. Isodensity contours, with areas between alternate contours shown

cross-hatched, for the barium cloud used for the three numerical

simulations shown in this paper. The center of the cloud is

located at the point (0,0). The boundaries in x are located

at + 4.9 km. The boundaries in y are located at -4.0 km and

+5.3 km respectively. The cross-hatching is done at every other

grid line, so that one rectangle of cross hatching represents a

2 x 2 array of computational cells. Contours for this and all

other plots in this paper are drawn at values for of 0.31,

0.71, 1.24, 1.92, and 2.82 (logarithmic spacing for total

Pedersen conductivity).
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CLOUD 14 SEC CLOUD 24 SEC
G. 32 C. 34

3. 02 0. 03

-0. 29 -0. 27

-0.5S9 -0.59R

-0.139 I-0. 9
-0. 39 0. 00 0. 39 -0.139 0. 00 0.9

X (KH) X IKI)

Figure 4. Time evolution of the cloud depicted in Figure 3 for the

case D =0 . Shown are isodensity contours at a) 14 sec, b)
io

-:24 sec. Contour values are as given in Figure 3.
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0. 32 1

-0.~~. 29..2

-0. S9 0. 57

-0.299 -0.269

-D. 3 0.00 0.13 9 0 .0A 9
X (K(M) X 1KM)

Figure 5. Time evolution of the cloud depicted in Figure 3 for the

2
case D i - 25 m /sec . Shown are isodensity contours at a) 14

sec, b) 24 sec. Contour values are as given in Figure 3.
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CLOUD 14 SEC CLOUD 2S SEE

0. 02 0. 03

-0. 29-0. 27

* -. 59-0. 58

-0.89 I (a)(b
-D. 89-0.89

-a 90 9-0. 39 0.'0 .39
X IF.M) X IKM

Figure 6. Time evolution of the cloud depicted in Figure 3 for the

2
case D o 100 m /sec (the physically realistic case). Shown

are isodensity contours at a) 14 sec, b) 25 sec, c) 39 sec, d)

50 sec, e) 64 sec, f) 75 sec.
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CLOUD 39 SEC CLOUD 50 SEC
C.so 0.40

0. 06 0

-0. 2S -0.24 1 1
z-,z

-0.$7 .- 0.56
.4C

(c) (d)
1 -0.81

-0.59 0.00 0. 5 -0. 9 .Q,. S%
X IKM) X IKH)

Figure 6, cont'd. Time evolution of the cloud depicted in Figure 3 for

2
the case Dio 100 m /sec (the physically realistic case).

io

Shown are isodensity contours at a) 14 sec, b) 25 sec, c) 39

sec, d) 50 see, e) 64 sec, f) 75 sec.
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CLOUD I64 SEE CLOUD 7S SEC

0. 10 DII

-D. 23 -0. 22

0. 5 -0. SS

(e)(f

-. 90.00. 39 -0.359 0.30 9
X 1KM) X RNM)

Figure 6, cont'd. Time evolution of the cloud depicted in Figure 3 for

the case Di 100 m2 /sec (the physically realistic case).

Shown are isodensity contours at a) 14 sec, b) 25 sec, c) 39

*sec, d) 50 see, e) 64 sec, f) 75 sec.
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