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ABSTRACT

Electrostatic ion cyclotron waves are investigated in a charge-generated barium-shaped
plasma directed parallel to the earth’s magnetic field. The barium plasma is generated as a
result of a barium shape charge release in the upper F; region of the ionosphere undergoing
photoionization. Using a differential velocity distribution given by Stenbaek-Nielsen et al.,
[1984], this situation has been modeled based on the condition of collisionless plasma. The
instabilities were studied for cases v‘vith and without an ambient oxygen ion background.
It was concluded that fast ionization in excess of photoionization due to the excitation of
electrons by electrostatic ion cyclotron waves was not feasible for the ejection directed along
the earth’s magnetic field nor would there be any contribution to Alfven’s critical velocity

mechanism if the injection was directed perpendicular to the magnetic field.
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Chapter 1: Introduction

Alfven’s critical velocity mechanism for the ionization of a neutral gas streaming
through a plasma across a magnetic field has been the subject of interest since he first pro-
posed it as part of a process in the formation of the planets [Alfven, 1954]. The mechanism
was given further credibility when Danielsson and Brenning, [1975] obtained laboratory

evidence to confirm an enhanced ionization that followed Alfven’s critical velocity relation

(2690) %
Ver = | ——
. m

where v,, is the critical velocity, m the mass, e the charge, and ¢ the ionization potential

—~~
—
~

of the particle.

The importance of active space experiments was later pointed out by Mobius, [1983].
He stated that all laboratory experiments differ from astrophysical situations in two basic
features besides the scaling of dimensions and plasma parameters. First, in the laboratory
the magnetized plasma is always driven by an external electromagnetic force rather than
having the free energy available in the neutral gas and second the walls and electrodes are
always present thus leading to unsuspected side affects. Efforts were then concentrated to
verify Alfven’s critical velocity mechanism by active experiments in space.

In 1980, Haerendel carried out an experiment where barium gas, which has a low critical
velocity v., = 2.Tkm/s, was injected into space. The experiment revealed the existence of
an enhanced ionization process consistent with the critical velocity mechanism [Haerendel,
1982|. Experiments were then designed to specifically test the critical velocity mechanism in
space. In March 1983, two such space experiments the star of Lima [Wescott et al., 1986a]

and the star of condor [Wescott et al., 1986b]| were carried out. The star of Lima was set




up to inject barium vapor perpendicular to the earth’s magnetic field in a conical shaped-
charge at an altitude of 430 km. The star of condor injected strontium vapor perpendicular
to the earth’s magnetic field in a radially shaped-charge at an altitude of 571.11 km. In
both experiments the Alfven process failed to produce an enhanced ionization that was
visible from the ground.

It was later noted that the most rapid ionization appeared to take place in releases
nearly parallel to the magnetic field [Hallinan, 1985]. But, after more rigorous scrutiny
Hallinan notes that the appearance of most jets were found to be consistent with the slow
process of photoionization. Some injection experiments did produce a thin confined jet
that was suggestive of fast ionization. However, by comparison of intensity profiles through
the jet for various assumed time constants, it was determined that the measured profile
was consistent with any time constant of photoionization in excess of 20 seconds and was
inconsistent with fast ionization in excess of 1% of the barium [Hallinan, 1988].

It has been suggested that a possible mechanism for enhanced ionization could be due
to the streaming of the photoionized ions through the plasma leading to the heating of
electrons that would cause fast ionization. In 1987, Wei Xin investigated the hypothesis
that rapid ionization is caused by electrons heated in an ion cyclotron wave excited by the
field-aligned streaming of barium ions through the ambient ionospheric plasma. The model
used assumed an ionosphere background plasma with a Maxwellian velocity distribution
and a drifting Maxwellian distribution in the direction of the magnetic field to represent the
photoionized barium. It was found that electrostatic ion cyclotron wave near the barium
ion cyclotron frequence was dominant. It was proposed that the electrons can be heated

by the doppler shifted waves via Landau damping of motion parallel to the magnetic field.




The purpose of this study is to include additional information for a revised model of a
barium injection for the investigation of electrostatic ion cyclotron waves. This model shall
take the injection to be parallel to the magnetic field and use a background of oxygen ions
and electrons to represent the ionosphere. Upon injection of the neutral barium vapor a
portion will become ionized due to photoionization. This seed population of ions produces
a ring type distribution that gives rise to free energy in the system. The free energy is
then transferred by plasma waves. In Chapter 2, expressions will be derived for the number
density of the injected neutral barium vapor, the barium ion distribution function, and
the barium ion number density. Chapter 3 will deal with the derivation of the dispersion
equation in which we shall make use of the derived expressions in Chapter 2. In Chapter
4 the roots to the dispersion equation will be shown for specific cases and be discussed.
Finally, this thesis ends with an assessment of the likelyhood that the ion cyclotron waves

excited could lead to anomalous ionization in Chapter 5.
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Chapter 2: Derivation of the Neutral Barium and Barium Ion Number
Densities

In this chapter, expressions will be derived for the neutral barium and barium ion
number densities caused by the release of barium vapor by a conical shaped charge directed
at small angles to the earth’s magnetic field in the ionosphere. The barium shaped charge
is an explosive device lined with barium metal. The geometry of the device is such that
when detonated it projects the barium in a particular direction which we shall refer to as
the burst direction [Stenbaek-Nielsen et al., 1984].

2.1 Number Density of the Neutral Barium Atoms

It is assumed that the neutrals are release from a point at time ¢ = 0. The particles
then follow straight-line trajectories, traveling radially outward from the shaped charge
explosion. Also, we assume there are no collisions with ambient particles . The neutral

density will be calculated from the differential velocity distribution

&N
= dvdd (2.1)

which is the number of particles with speeds v and v+dv and with polar angles 8 and 6+ d6,
where 6 is the angle between the axis of the conical burst direction and the radial vector.

Rotational symmetry is assumed about the burst direction. Specifically we assume

n = uNF (v)exp [— (—323] (2.2)

where N is the total number of neutral particles injected; u is a normalizing constant, and
O the angular width of the burst which is taken to be 15°. The velocity distribution, F (v),
was taken from television observations of an ion jet and has been given by Wescott et al.,

[1975b], and Stenbaek-Nielsen et al., [1984].



The neutral barium number density is
Ny = —= (2.3)

where AN and AV are incremental changes in the number of neutrals and the volume,
respectively. We can obtain an expression for AN by multiplying 7 with a small change in
spherical velocity space

AN = n2wrsinAfAv (2.4)

where Av and A# are incremental chénges in velocity and polar angle 8. Using the assump-
tion that the distribution started from a point at ¢ = 0, we get a relationship between the

velocity and the distance form the release point

-
v=-
t
and thus for a small change in distance
Ar = tAv
The incremental volume is described by
AV = AAtAv (2.5)

where A A is a small element of area. Since there is azimuthal symmetry, AA in spherical

coordinates becomes

AA =277’ sin 6AG (2.6)

Substituting this into eqn(2.5)

AV = r’t2rsin 0AvAS (2.7)




Now with the substitution of eqn(2.4) and eqn(2.7) into eqn (2.3) the neutral number

density becomes

n - AN  n2wsinfAvAf (2.8)
T AV r2t2wsinfAvAl )

and thus

Np = —= (2.9)

It can be seen that 72 comes from the conservation of flux and that ¢ is a dispersion term
for the velocity.

In dealing with the derivation of n,, we have not included the loss of neutral barium by
photoionization. Photoionization will cause a fraction of the barium neutrals to be ionized
after a certain amount of time and then a fraction of the atoms not previously ionized
will be ionized. This continues until all the barium atoms are ionized. Thus, we take the
photoionization of the neutrals to be described by an exponential decay. Including this into

the neutral barium number density we have

n t
n=—exp|-—— 2.
n 77 €XP [ To] (2.10)

where the exponential represents the loss of neutrals to photoionization and 7, is the pho-

toionization lifetime. Substituting eqn(2.2) into eqn(2.10) we obtain

np = —pNF(v)] o * 2.1
w= N F (1) g exp |- exp |- (211

which we write as

1 6?
n, = Fz—t-f (%) exp [—@] exp [—Tio] (2.12)




where f (%) = pN F (v) was obtained from Stenbaek-Nielsen et al. ,1984 and is plotted in
Fig.1.

2.2 Calculation of Barium Ion Velocity Distribution and Density

The calculation of the barium ion distribution and density assumes that barium ions
are created by photoionization of the injected barium neutrals. Once an ion is created,
its motion is constrained by the magnetic field. Its velocity along the magnetic field stays
constant while its perpendicular velocity with respect to the magnetic field causes cyclotron
motion. We assume there is no electric field present and effects of gravity are negligible.
Thus the ion behavior may be described in terms of a distribution function fgq, (x,V,t)

that satisfies the equation

afBan + v afBao

afBao _ _];_ 3 =
ot ax + (V X ﬂ) . —3V_ = Tln6 (V —_ ) (213)

where €, the cyclotron frequency, is in the direction of the magnetic field. This states that
the total time derivative for the ions with velocity v is given by the rate of decay of the
neutrals present in a given volume element.

Since we assumed radial symmetry for the injection of the barium we wish to solve for
the zero order barium distribution function in cylindrical velocity and configuration space
coordinates. This should help simplify our expressions. The transformation from cartesian

to cylindrical coordinates are

z=2z T =pcos¢p y=psing
V=V Uy =vLCcOsY vy =vysing (2.14)

p=(a? +y2)% vy = (vs? +vy2)%
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VELOCITY DISTRIBUTION FOR THE BARIUM
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Figure 1: Distribution of the number of particles associated with velocity
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where z and v, are the magnitudes of the vectors along the magnetic field, p is the magnitude
of the vector perpendicular to the magnetic field, ¢ the angle between p and z,and ¢ the
angle between v, and v,. Also, the angles ¢ and ¢ are related by a phase difference . The
transformation from the coordinates of n,, to those just mentioned depends on the direction
of the burst relative to the magnetic field. Since the axis of the burst is along the magnetic
field, we take it to be in the z direction. The transformations from spherical to the above

cylindrical coordinates for n,, are
TP = 4 /p2 + 22

tan @ = g (2.15)

We now proceed with the transformation of the third term on the left hand side of
equation (2.13) into cylindrical coordinates. Since we took the magnetic field to be in the

z direction, the third term can be written as

Ofpsy [ 0 . 8
(vx ) v Q <vy Fo. Vg va) fBa, (2.16)

where Q is in the z direction. The transformations of 5‘3— and 5‘%— are accomplished by
z v

making use of the chain rule. Since v, and v, are functions of v, and ¢ we have

9 _ 060 w0
dv, Ov, 0y  Ov, Ovy

(2.17)

0 _649 8 v 0
Buy ~ v, 0% | Bu, OvL 2:18)

and we determine from the transformations that

Ov, Vg

o, L Y

6v_L Vy .

Fv, o sin ¢ (2.19)

g Vol B Lot gy o
R J A SRR
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tany = —

Uz
We may get expressions for 8¢/8v, and 8vy/8v, by taking the derivative of the tany with

respect to v, and v, and employing the chain rule

(91,b 0 31,1) 0 (v
Bv,, 8y (tany) = Bv, By ( >
%’f’- sec? ) = 52— (%) (2.20)
4 2 YUy
Bo. sec o
_59_1)2 _ 1/2 c 821,1)

With the substituting from the transformations of v, and v, we get

oy 1
— = ——si 2.21
Bo. o sin 7 (2.21)
and by the same means we have
oy 1
5_1;; =0 cos (2.22)

Substituting equations (2.17), (2.18), and the appropriate transformations into eqn

(2.16) we get

(vxﬂ)o—(‘a—(‘g%-_—ﬂ[m_sind)(al’b 9 -(?l)—l——a—>

Ovy 6—1/; Ovg Ovy

68 0 5 (2.23)
v.L
— vy cosy (8 ED i 3o, 3vl>] fBa,
which by rearranging we have
afBa ( al»b 0
Q) —>== —
(vx Q)= Q[ va> 59
(2.24)

. 6'!)_1_ 3‘UJ_ 3
+ vy ( avz — CO S¢—> "'9_] .fBan
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and with the substitutions of equations (2.19), (2.21), and (2.22) we arrive at

(vxQ)—/— afBa" =0 (sm2 ¥ + cos® ) —E + v, (siny cos 1P — cos Ysin 1,/1) fBa,
(v x ) % — —Q%‘?J—" (2.25)

The equation for the zero order distribution function is

3fBa0 +'U COS'I/) fBao +‘U SlIle fBaU +v|6,giao _ Qag?;o
1 z\ 1 p
= Sy Nn (Z,p,t)6 (‘U” - ;) ;16 (‘UJ_ - ?) 6(‘([1 — ¢) (226)

Now, with the assumption that the distribution is not affected by the particles’ gyromotion,

we take 8fpa,/0z and 8fp,,/0y to be independent of 1. Averaging over ¢ we have

afBao afBﬂ() _ 1 i 1 B
5t + v 5 21r-r°n" (z,p,t)6 (v” - t) v¢6 (vl - t> (2.27)

The left side of the above equation is a total derivative along a straight-line trajectory. The

solution is therefore given by the integral expression

1

‘ ’ g z'\ 1 '
fBa, = 21"0/(; dt'n, (2',p',t') 6 (v“ - -t—’> —1;1-6 (vJ_ - -;;) (2.28)

where
2 =2z- Y| (t — tl) (2.29)
p=pr
The implicit assumption is that the gyroradius is small compared to p.

The barium ion number density is found by integrating the zero order distribution

function, fp,,, over velocity space

3
nBao = /d vaa()



n’Bﬂn -

L /tdt'/21rv dvl/dvn(z'p’t')i6<_l_—£, ) v—z—’ (2.30)
2r1e ) o * WA= Pt T, t’ = '

With the substitutions for 2z’ and p’ the delta functions become

=5(£(w-1)) (231)

and

5 (u _ ’:—,’) -y (vJ_ - -t’i,) (2.32)

putting these back into np,, we obtain
z
NBay, = dt’/dv_'_/dv“—nn z—y(t-t'),p,t )5(1,_L - .’3) 6(”" _ ?)

' P
== ) dt /dvl < —,p,t ) § (v_l_ - t’) (2.33)
1 t
dt —,p,t'
=y ) <zt,p,t>

n = —}-/tdt' t—l 4 ({T) ex 0" ex ¢ (3.34)
Do = 20 ), % e P T [P [T '
since
1'"2 — p/2 + ZIZ
2,412
AL
= p* + 5
and
/
tan g’ = £
Z,
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which for small 6’

o P pt

']
z! £ zt!

the barium ion number density is described by

2 2
p JVEER) 1oy 4 (3.35)
NBe, = — [ dt - exp | ——2=—| ex [——] 3.35
dy Tol 0 pz + ___z“'tl; z & @2 P To
Due to the singularity at ¢ = 0 in eqn. (2.35), we shall treat the lower limit as 7 = nz;,.

instead of zero, where Qp, is the gyrofrequency of the barium ions, which has the numerical

value of 7 = 0.180s~! . Thus

W EE) 8] 4]

1 /
np = — dt .
ao Tot - pz + 2_2'5_2

2.3 Calculations and Results of Number Densities

(3.36)

In the calculations for the number densities we set the angular width, ©, to be 15°
and the photoionization rate, 7,, to be 20 sec [Drapatz, 1972]. Fig.1 shows the differential
velocity distribution taken from Stenbaek-Nielsen et al., 1984.

Fig.2 shows contours of the logarithm of the neutral number densities for the times
of 1, 2, 5, and 10 seconds. The plots have the z-axis parallel to the magnetic field. Fig.3
shows contours of the barium ion number densities at the same times and presented in the
same manner. The distance scales in Fig.2 and Fig.3 are different for the various times.
The distribution of the ions are greatly elongated in the z-direction. Note the difference in
the p-scale and z-scale. Also, the plots at five and ten seconds show that the ion number

density is greater than that of the neutrals within a kilometer of the z-axis.
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Figure 2: Number density contours of the barium atoms at times 1, 2, 5, and 10

seconds after detonation. The ejection is directed parallel to the magnetic field.




CONTOUR PLOT BARIUM ION NO. DENSITY CONT
LOG 10 conua:neuic:eecmnmed by .5
mes=

00 1.0 2.0 30 40 30 6.0

CONTOUR PLOT BARIUM ION NO. DENSITY

LOG 10 contours incremented by .5

p (km)

ume=3 gec

7.0

2?.0

0.0

0.0 2.0 4.0 6.0 B.0 10.0 12.0 14.0 16.0

o (km)

Z(km)|

OUR PLOT BARIUM ION NO. DENSITY
LOG 10 contours incremented by .5
ume=2 sec

0.0 2.0 4.0 8.0 8.0 10.0
p (km)

CONT%’R PLOT BARIUM ION NO. DENSITY

G 10 contours incremented by .5
ume=10 sec

4.0

300
N

0o

0.0 3.0 6.0 8.0 12.0 15.0 18.0 21.0 24.0
P (Km)

15

Figure 3: Number density contours of the barium ions at the same conditions as

in Fig.2.
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Chapter 3: Derivation of the Dispersion Relation
In the following discussion we will derive the electrostatic dispersion relation that will
be used to analyze instabilities that arise from the injection of barium ions in the ionosphere.

The behavior of the barium plasma can be described by the equation

a.fDa (X,V,t) dBa v 1 3 X '
ZJBa )\ ¥a7) « X o Fia M Vo fBa = —nn _= 1
5 +v-Vefpa+ - (E+ . x B) V.fB Ton § (v t) (3.1)

where fp, (x,v,t) is the distribution function associated with the barium ions. Eqn(3.1)
states that the total time derivative of fp. along a particle orbit is equal to the decay of
the neutrals present in a given volume element.

Since we’re dealing with electrostatic waves the only Maxwell equation needed is Pois-

son’s equation

V-E = 4np (3.2)

In solving the equation above we partition the distribution function

fBu & fBa“ + fBal (33)

into a zero order solution, fp,,, and a small perturbation, fp,,, associated with small
amplitude waves.

We have assumed that there is a background magnetic field but no background elec-
tric field present. Thus, with the electrostatic approximations we have only a zero order

magnetic field

B =B, (3.4)

and a perturbed first order electric field
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The electrostatic approximation is justified due to the 3, the ratio of the plasma pressure

to the magnetic pressure, in the F region having the order of 10~°, which is much smaller

than 10~2 where electromagnetic effects become important [Hasegawa, 1975]. Also, since

the effects of gravity are small compared to the electro-magnetic interactions we have not
included gravity in this model.

Substituting equations (3.3), (3.4), and (3.5) into (3.1) and collecting the zero order

terms we get the equation that describes the motion of the zero order particles.

afBao + v

0fpay . 0fpay 1 s(. X
= 220 4 (v X ) T2 = (2,0,1) 6 (v - t) (3.6)

ov

which is the same as eqn. (2.13). It was shown in Chapter 2 that fp,, was described by
eqn(2.88). With the substitution of eqn(2.31) and eqn(2.32) into eqn(2.88) we can write

the zero order distribution as

1/t 1 1 p
fBay = /(; dt'n,, (2',p,t') 6§ (27 (vyt - z)) -1-5 (UJ_ = F) (3.7)

2T,

We now proceed to do the integration with respect to t'. Using the identity [Jackson,
1975]

5(f@@)=Y ma(z —z) (3.8)

i

where f (z) has only simple zeros located at z;, eqn. (2.32) can be written as

t p ;%— T!PI <t
/ dt’& (‘UL - —,) = (310)
0 t L St

vy
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from eqn(2.29) we have

Since there is a delta function on v = £

and the zero order distribution function takes the form

fBa, = : Nn (ip— p ﬁ‘) _p56 (E’J; (th - Z))

b b
vt vy ) vy P

1 2 p\ P z
_ P 5 ( _ _) 3.11
21r‘ron"<vJ_t P ‘U_L> 'UJ_4t ‘UH t ( )

We have plotted fp,, with respect to velocity in Fig.4, where t = 1s, p = lkm, and

z = 5km. This distribution function describes the perpendicular velocity distribution of
the ions at a particular point in space and time. We note that the distribution function
resembles a delta function plus a slight spread in velocity space.

With an expression for fp,, we continue our derivation by solving for fp,,. The first

order terms upon substitution of eqn.(3.4) and eqn.(3.5) into (3.1) give the equation

6 a a a
UBes v Vafpey + LBy Vo fpu, + 22 (L By) - Vofpe =0 (312)
ot mpg mpq \C

because we assume an electrostatic perturbation , V X E = 0, the electric potential can be
used to represent the electric field

E, =-V,p (3.13)
With this substitution the first order equation is

0fBa, . 0fBa,
ot ox

RO T (3.14)
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BARTUM I1ON DISTRIBUTION
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Figure 4: Distribution of barium ions associated with velocity for a position of

z = 3km, p = lkm, and a time of 1 second after detonation.
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where 25, is the cyclotron frequency of the barium ions in the direction of the magnetic
field. The left side of eqn. (3.14) is a total derivative along helical orbits and can be written

as

dea1 _ 4Ba ?_f . a.fBao
dt ~ mp,O0x Ov

(3.15)

We can solve for fp,, by integrating along the trajectories that satisfy the equation x =

v X g4, thus

¢
ga 8¢ 0fpa
fBﬂ1 = ‘/_ dt’ mpa 5‘; b 6v 2 |u=vl(t!) (316)

In choosing the magnetic field to be along the z axis the paths of the ions are described

by [Hasegawa, 1975]

g (t')-—z= S;);—a {sin[Qpa (t' — t) + ¢] — sin¢}

v (¢) -y = o {eos[pa (¢ = 1) + Y] - cos ¥} (3.17)
Z(t')—z=v(t' - t)
and
vl (t') = vy cos[Qpa (t' — t) + ¥
vy, (t') = vy sin [Qpa (' = t) + Y] (3.18)
v, (t) =7
the final position at ¢’ = t is chosen to be 2’ = z, y’ = y, and 2’ = z while the corresponding

velocities are v, (t) = v, cos ), v, (t) = —v siny, and v, (t) = v). The sense of rotation is

left-handed for the ions with respect to the magnetic field.
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Now consider a perturbation of the form exp [ (k - x — wt)], take the direction of prop-

agation of the wave to be in the z, z plane such that

k-x:klz+k”z (319)
¢ =@exp i (kyz + k2’ — wt)] (3.20)
and

Voe(t) = ike(t) (3.21)

this gives the equation

) dBa - ¢ I} afBao afBao . ] k I
fay (v,t) =i77=¢ [ dE{ Ky + k1 lo=v(ery exp [i (ky 2" + k12’ — wi)]

Ba Ov Ovg
(3.22)
since
V1 =4/ Uzz + vyz
then
@i| —l)i—cos[ﬂ (t' —t) + ¥ (3.23)
dvs, v=v'(t') — v, = Ba -

Substituting eqn. (3.17) and eqn. (3.23) into eqn. (3.22) yields

t
_ .949Ba . . . ’ 6fB(lo afBﬂo r_
fBa, = sza exp [i (k « x)] /_oc dt [k” du; + k. B0, cos [Qpa (t' — t) + 1,11]]
exp {i (k“v” (t'—t)+ kivy sin [Qpq (t' — t) + 9] — kLol sin ¢ — wt' (3.24)
QBa QBrz

where v) and v, are constants of motion. Using the identity [Hasegawa,1975]

exp (izsing) = Y Jn(2)exp(iny) (3.25)

n=-—oc
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we can write fpq, as

6fBag

’ a.fBa
expli (k- x — wi)] / ] k22, ZLbes
= l

6’0_L

fBal = z:l
L (exp i (¢ =) + )] + exp (2 ¢ )+ 9)])

i i J"(%Z:)J'c;;:)exp[ i (ko + nQpa - w) (' — 1))

n=-—0ol=—-o00

exp [i(n — 1) ]

(2.26)

Since we are interested in plasma instabilities, where the imaginary part of w is positive,
we can evaluate the integral over ¢’ by using the fact that -(%L and 5Qf— are independent of
1] vy

time and shifting the indices of the Bessel functions up and down by one [Xin, 1987].

_ 4Ba S kiv, exp [i(n — 1) ]
fpar = mBa‘P(t) 2 _Z‘J' ( Qpa ) (ko) + nQpa — o]

0fBa, kivy ki 0fBa, kiv, kﬂu)
{k_L Ov v J (QBG > * 2 avJ_ Jn—l QBa +Jn—+—1 nDa (327)

Finally, with the use of the identity

2n
Jn—1 (Z) + Jnt1 (Z) = 7.]" (Z) (328)
the first order distribution function is described by

_ 9B, kivy kivy
fBa1 - mp Z Z Jn ( QBa > < QBa )

n=-ool=-oc

(3.29)

k” fBu + nfQdpg 9JBag 8fBa
k"‘vn +nlp, —w

D o
- e ] exp [i(n — 1) ]
The first order barium ion number density, npa,, is calculated by the integration of

fBa, over velocity space

NBa, = / d*vfpa, (3.30)
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where

d*v = dypdvjv dv,

thus

2w 00 oo oo 0o
dBa kivy kiv,
ay = t d / dv / v, dv i E In ( > J < )
S B mBaSD( )~/(; ¢ 0 I % + + QBa ! QBa

n=-o0l=-o00

12 4 naa2fie
il "t Y expli(n— )Y (3.31)

k”v” +nflp, —w

Since

” dyexp(i(n—1)¢] = 276m (3.32)
0

the integration over ¢ yields [Hasegawa,1975]

OfBa nfl ﬂa.fl?a
n = 27rqBaSO(t) zoo: /Ocdv /oo” dv, J,? <klvl> - 0"110 S e
o mp, Lde T e T g, kv + nflpa —w
(3.33).

In proceeding with the derivation of np,, we split up the integration into two terms

such that
— 20 S (T, 4T 3.34
nB(ll - m w(t) L ( n” + ﬂJ_) ( ol )
Ba n=-—00
where
afBuQ
g > kle_ k” Ov
T, =2 d d J2< > I 3.35
Il W-/() ‘U”/% viav,y Jy, QBG k”’l)” 4+ nQBa —w ( )
and
0 o0 by nQpg 9fBag
T,, =2« dv vidv, J,’ ( = i) vy Ovy 3.36
B /o ; /9 = Qpa ) kv + nQpe —w (3.36)

In order to avoid integrating over the derivatives of the discontinuous distribution functions,

we integrate by parts and cast the partial derivatives onto other portions of the integrand.

o0 k o N
P 27r/ viduy Jy? ( Q““) / duy IBe, s (3.37)
£ Ba 0 [v“ _ (w—;:lllla,)]




24

and
Ty :LTI—'-’&/ dU_Laa [J,{(’””)]/ dyy —J B2 (3.38)
R AR A ]

Substituting fp,, into Ty, and T5,, yields

> kJ_v_L ) t :
T, :27r/ vy dv, J2 (———)/ dv)
Il n 4
£ QBa 0 [U” _ (w-n()h) vlt

T”_L _ _27rnQBa/ de 0 I:J,zt (klvl)]/‘ dv” 2?!"7'9 g 4
k” 2 0v, WpBa 0 [v" _ (w—zﬁlg,)] vit

(3.40)
Doing the integration with respect to the parallel velocity we obtain
1 1 > k .
Tn” = = 3 / va_J,,ZL < lvl) Uz <£7p7 -p—> pT (3-41)
To [5_ (w-—nnn,)] 2 QBa vit’ vy ) vt
t ky
el ()] (e )
T, =— — — dv) |=— o |l =— || —po— )
L k"‘ro [% _ (W_—Zl:'%au)] L vy QBa vyt v v‘j_t
(3.42)
Now to simplify the form of T;,, we note that
0 2 kJ_vJ_ 2k.l. ’ kJ_v_]_ k_L'U_L
T .4
av Jn ( QBG QBa Jn QBa ¢ QBa (3 3)
and by using the identity
’ 1
J1(2) = 5 Un-1(2) = 41 (2)] (3.44)
we get
‘ana k_]_ chv_L
T, =— d JIn
+ k”To [% _ w n() / v'L < QBa

kJ_vJ_ k_]_‘!)_]_ p zp 14
J'IL— — Jn 2 . 0tn \ T/ - .
[ ! ( DBa ) nta (QBa v'j_tn vt Py (3.45)




25

Finally for the first order barium number distribution we have

dBa
nB(u = m (t) [Tn" + Tnl] (334)
where
1 o k 2
Tn” - — 1 5 / dv‘LJrzx < .L'U_L> P L on, <£,P,L) (341)
To [5 _ (w—nﬂa,)] £ QBu J_t vyt v
__nky kiv,
T'rl_L - _k”‘ro [£ B w n” ] / d'UJ_J" < QBa
t .
kivy kivi\] A zp p
n-— —Yn o .00\ /Py — 4
[J ' < Qpa ) s < Qpa Uj_tn vyt B vy {349}
and where

2

2p P vy o 2 {2£2) [ p ]
n "V — '+' o=y ex - ex e 347
" (‘U g v‘L> (1+ Pyl tz)f ( " tz) B [ @2 P V] To ( )

The integrals for T"u and T, , must be calculated numerically since it is not possible to
integrate them analytically.

Now we consider the background plasma of electrons and oxygen ions. The zero order
distribution function for the background plasmas are assumed to be Maxwellian distribu-

tions

3 2
fay = My, (\/—'Uth ) exp [—;:T] (3.48)

where vy, = ,/ 2L s the thermal velocity and T, involves the boltzmann constant. Sub-

stituting eqn. (3.48) into eqn. (3.33) we get [Xin, 1987]

2w o e} 0o
Ng, = / d‘(,[l/ dv” / 'UJ_d'U_j_fgl
0 -~ 00 0

q _2 1 3 oo o0
- L
ey = o L2 ( ﬁvth) Y onha

n=—ocl=-—o00
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* kv + nQd, vi
dv A
/_ Yl kjv +nQ, —w °xp vZ,
> kJ_vl kJ_vJ_ vﬁ_
/(; vidv,Jn ( . ) Ji ( 0. exp _v—”: (3.49)

o0

s —2 1\
s — 2
n 1 7rn80 3 v'h < ‘\'/_-vth‘ ) Z

n=-—oc

* kv + nfl, v
dv _
/ Yl k"v” +ndy —w o ‘Ufh,
> 2 [ kLvy vy

vidv, J, | —=—— | exp | ———
0 , Q, Vth,

The integral with respect to v, can be evaluated as

> kiv, v v}) k% v}, k% v},
d 2 _ L — Ly " 3 _ 24T .
/0 vidvy J) ( 0 ) exp [ "fh,] > I 202 exp ETE (3.50)

While the integral with respect to vj can be evaluated by making use of the plasma disper-

sion function which is [Hasegawa,1975]

1 > exp (—:cz)

2=z | = (3.51)

setting ¢ = -,;Zﬂhl— we obtain
¢ 2
/°° doy—1o T
Moy +n0t, —w ih,

w

= Uth, / dz |14 — S0k exp (—z?) (3.52)
- ()

w—ni,
ki ven,

w —nflg
= vgp, 1+ Z
t */—[ k”vm ( kjvihs )}

Bringing these results together we have [Xin, 1987]

2n-"0q730 kzl Uth kivfh, w w — nQ,
81 2 S 1 .
n m, v, Z ( 202 exp 2Q§ t k||'vth, < k”vm‘ )] (3 53)

n=-—oc
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Substituting E = —Vy into p’s equation gives

~V%p = 4mp (3.54)
We assumed that at the start
nBao + n()() = nP.o
thus eqn. (3.54) becomes
kp = 4me (npa, + no, — Ne,) (3.55)

Upon substituting eqn. (3.34) and (3.53) into eqn. (3.55) and dividing by k®¢ we obtain

1 e w w—nn(‘
-_— n \Me —He Z -
1+ 5Y [1+ > Ln(pe)exp [—pe] ey ven, ( ey Ve, )]

n=-—oo

1 — w w—nQo
— |1 I, (pc — Z 3.56
+k2A3) [ +n=}_:w (ro)exp [—po) e ( . )] (3.56)

dme? &
" k2mp, ZT"H t T, =0

where

and T, and T),, are described by eqn(3.41) and eqn(3.46), respectively. Also, we have

made use of the identity
Z In (IJ's) exp [‘_IL.!] =1

The above equation, (3.56), is the dispersion relation that we shall analyze.



28

Chapter 4: Calculation of the Dispersion Relation for a Particular Model

In this chapter we will choose parameters for the dispersion relation to model the
barium ion injection into the ionosphere. The derived expression will be solved numerically
to determine ion cyclotron growth rates for two cases. The first case does not assume
an ambient oxygen ion background and the second does assume an ambient oxygen ion
background.

4.1 Parameters

The shaped charge barium release experiments of [Wescott et al., 1975a), [Wescott et
al., 1975b], and [Wescott et al., 1986a] have taken place in the upper F; region, charac-
teristically between 400 to 600 km. The experiments were oriented such that the injected
barium would be directed nearly parallel to the magnetic field of the earth. Our model is
for such a case.

It is known that the major ion constituent of the F, region is monatomic oxygen (o).
Thus our model will consist of streaming barium ions with background distributions of
monatomic oxygen and electrons [Banks and Kockarts, 1973].

In the ionospheric F region the number density of the oxygen ions varies with the time
and altitude in the range of 10® to 10° per cubic centimeter. The oxygen ion tempera-
ture varies from 1000K to 2000K and the electron temperature is characteristically higher
by a factor of two [Banks and Kockarts, 1973]. We have taken the monatomic oxygen

temperature and number density to be

To = 1200K

no, = 1000cm™°
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charge neutrality requires we set
Ny = MO, + NBa,
The temperature for the electrons is
T. = 2400K

The barium number density is determined from equation (2.36) in Chapter 2 by numerical
integration. We take the magnetic field to be 0.5 gauss.

In a previous study Kindel and Kennel, [1971] showed that electrostatic waves could
be excited by field-aligned currents. These waves could be electrostatic ion acoustic and
ion cyclotron waves depending on the streaming velocity and the plasma temperature. In
their paper they dealt with the case of electrons streaming along a magnetic field through a
background of oxygen ions. It was shown that when the temperature ratio of the electrons to
ions reached .02 to 20, the critical drift velocity for the electrostatic ion cyclotron instability
was smaller than for the ion acoustic instability. They went on to point out that when a
heavy ion is introduced into a light ion plasma it should increase the range of —;,-1 for ion
cyclotron wave dominance.

Xin, [1987] studied the case where barium ions were streaming along a magnetic field
through a background plasma composed of electrons and ions. It was shown, that for
conditions where the temperature ratio I,_,‘?—“ = i, %‘1 = 1.0, and the ratio of the drift
velocity to the thermal velocity of the barium ions u/vs,,, = 23.5, the first harmonic ion
cyclotron wave was dominant and that the maximum growth rate occurred when the oxygen
number density equaled the barium number density. Also, the growth rate was found to be

sensitive to the electron temperature.
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The cases studied by Xin, [1987] and Kindel and Kennel, [1971] assumed Maxwellian
distributions drifting along a magnetic field to characterize the beam species. This gave
each system an unstable distribution in velocity space parallel to the magnetic field. The
present study differs from these in that the free energy that arises is due to the barium’s
motion perpendicular to the magnetic field, as shown in Fig.4. It should therefore be
expected that the roots will differ some from the above studies.

Roots are now sought that satisfy the dispersion relation for the above described pa-
rameters.

Since this study is only interested with instabilities, roots are sought in which Im(w) >
0. This is due to the assumption that the wave behaves as exp[k - x — wt]. When the wave
number k has real values the frequency takes the form w = w, + #y and the exponential
expression becomes exp[ik « x — iwt + 7t].

In determining roots for the dispersion relation we must stay within the framework of
our assumptions. Since the dispersion relation is dependent upon position and time after
detonation we must choose these variables such that the time is long enough to average
over the gyrofrequency and the position if far enough away from the magnetic field axis
compared to the gyroradius. For these reasons a time of 1 second and a position of z = 5km,
p = lkm has been picked. Where the z represents the distance from the detonation site in
the direction of the magnetic field and p the distance in the direction perpendicular to the
field. This time and position corresponds to a barium ion number density of 1618.cm 3.
Another reason we picked the above position was to be within the neutral beam half angle

© = 15°.
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4.2 No Ambient Plasma

The interest of this study is in looking for electrostatic ion cyclotron waves. In or-
der to determine values of k corresponding to growing waves, zero frequency instabilities
perpendicular to the magnetic field are sought for a plasma consisting of barium ions and
electrons only. These instabilities should be expected since our transverse velocity distri-
bution somewhat resembles a delta function [Crawford and Tataronis, 1965].

The pure imaginary roots found had a maximum growth rate of y = 22.09 57! for a
wave number of k = 1.98 x 1073¢cm™!. These roots have a first peak at (EQL:;L) ~ 2.25 and
subsequent peaks occur at intervals of A(%;”;‘-) ~ m. In Fig.5 the growth rate divided by the
barium ion cyclotron frequency (ﬁf;) versus the perpendicular wave number multiplied
by the gyroradius (%l-;{:'-) has been plotted. The second peak has the highest growth rate
and as the wave number is increased further the peak growth rates diminish.

From the peak growth rates of the zero frequency instability waves are sought propa-
gating a little off from the normal of the magnetic field. Using the wave number of the first
peak k = 9.4 x 10~*em ™!, roots were then found for the angles between 89.9 and 89.995
degrees from the magnetic field and over a range of wave numbers.

Plotted in Figures 6a-7a and 6b-7b are the growth rates and frequencies associated
with the first and second harmonics of the barium gyrofrequency Qp, = 35.12 for the case
where there is no oxygen ion background. The growth rates, Fig.6a-7a, have been plotted
against the propagation angle ¢ and the quantity -%;";'- The frequencies , Fig.6b-7b, have
been plotted against the same arguments, but note that the axis for 1 has been reversed,
in order to give a better view of the surface. Each curve in a plot represents a particular

magnitude of k and the graph on the back wall of each plot is the curve associated with the




32
largest growth rate for that plot. In Fig.6a the most striking feature is that there are two
peaks in some of the curves for the finite growth rate as a function of ¢, while in others
there is only one. This is a consequence of the way the terms for the electron and barium
expressions in the dispersion equation in (3.56) behave. For the five curves that only have
one peak, the first, n=1, term of the barium expression is dominant through the range
of angles; this term is balanced by the electron term. In the curves with two peaks, the
same is true except that as the frequency decreases closer to zero and the angle approaches
90° the electron term becomes small due to the parallel phase velocity being much greater
than the electron thermal velocity. The first, n=1, barium term of eqn.(3.46) then interacts
with the higher gyroharmonic terms of the barium expression Ty,, of eqn.(3.46) to give the
perpendicular propagating roots. The T}, expressions of eqn.(3.41) do not influence the
roots for wave numbers with angles near 90°. The apparent discontinuity in the roots of
Fig.6a is actually where the second harmonic roots, shown in Fig.7a-7b, take over. Fig.7a-
7b shows the continuation of the features from Fig.6a-6b. The plot of the second harmonic
shows the same pattern as the first harmonic but now the curves start with the second, n=2,
barium term in the expansion of eqn.(3.46) dominating. For those curves that have the
real part of the frequency decreasing to zero with a finite growth rate as the wave normal
angle of propagation tends to 90°, the electron term of the dispersion equation becomes
small. The second, n=2, barium term dominates at first then at the beginning of the next
peak the first, n=1, term dominates. Finally, when the frequency approaches zero and the
angle is nearly 90° we get the zero frequency instability of Crawford and Tataronis. The
second harmonic term also has finite frequency perpendicular propagating roots. One of

these roots is shown quite well in the curves on the back walls of figures 7a and 7b. These
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curves start with the second, n=2, barium term dominating and it continues over the range
of angles. The reason we obtain the finite frequency perpendicular instability is because
the electron term becomes small as we approach 90° for this particular k. The second,
n=2, term in the expansion for the barium expression is then balanced by other terms in
the barium expression . If we continue our examination for the third harmonic we would
see a continuation of still higher growth rates. We find that our roots for perpendicular
propagation indicate higher growth rates for larger wave numbers which agrees with the
results of Crawford and Tataronis, [1965].

4.3 Effects of Ambient Plasma

In the figures 8a-11a the growth rates for the first four harmonics associated with the
barium gyrofrequency for the case with an oxygen ion background have been plotted. These
plots have similar labels for the axes as before but note that the %ﬁ:‘- axis has been reversed
to show a better view of the surface. Figures 8b-11b are the same as before but with the
%ﬁ-"- axis reversed. The curves on the back walls are the curves associated with the largest
growth rates and each curve still represents a particular magnitude of k. Fig.8a shows that
the maximum growth rate of the first gyroharmonic occurs for k = 8 x 10~* propagating at
an angle of ¢ = 89.97°. The waves corresponding to the peak are being driven by the n=1
barium term. We note that in comparing Fig.6a with Fig.8a that we have no zero frequency
growing modes of the Crawford and Tataronis, [1965] type at 90° in Fig.8a. This is due to
the effect of the ambient oxygen background. The n=0 term of the oxygen expression is
dominant and has little change over the range of angles plotted. The reason for this is that
the main contribution to the oxygen term is from F,{—OT[l — Io(po) exp(—po)], where po

and Ao are described in eqn(3.56). Expanding for small po we note that the oxygen term
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for wave normal angles near 90° is roughly equivalent to -g—%, where II) represents the O
ion plasma frequency.

It can be seen that there is a decrease in the growth rates when the ambient oxygen
background is included. In Fig.6a the first harmonic growth rate for k = 9 x 10~* propa-
gating at ¢ = 89.970 was v = 18.15 with a frequency of w = 31.52 while for the same wave
number in Fig.8a the growth rate was v = 11.92 with a frequency of w = 32.60. In Fig.9a
the peak growth rates associated with the second harmonic have been decreased by about
half compared with those of Fig.7a.” The third and fourth harmonics are decreased even
further. In Fig6a-7a it can be seen that the growth rates are increasing with the increase
in k whereas in Fig.10a-11a the peak growth rates are decreasing. Also, the inclusion of
the oxygen eliminated the mixing that occurred in Fig.7a-7b. This is because the second,
third, and fourth harmonics are being driven by the n=2, n=3, and n=4 terms of the bar-
ium expression just as in the first harmonic. Thus the frequency of the roots tends to be
tied more closely to the gyroharmonics. Comparing Fig.8a-11a and Fig.8b-11b., the spread
of the peak growth rates with respect to k increases for increasing gyroharmonics as well
as the spread with respect to the propagation angle 1. These roots associated with the
ambient oxygen background had the maximum growth rate of v = 16.08 propagating at
89.955° for k = 1.2 x 103 with a frequency of w = 62.55 appearing in the second harmonic.

In comparing roots with those obtained by Xin, [1987] note that the maximum growth
rate is a factor of ten larger and that the second, rather than the first, n=1, harmonic term is
dominant. Also, the bropagation direction of these roots is closer to 90° and the frequencies
are closer to the cyclotron harmonics than Xin’s results. We might have expected this since

Crawford and Tataronis, [1965] analysis of a transverse velocity delta function distribution
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showed that the first harmonic did not dominate and that the propagation occurred in

frequency bands centered on the cyclotron harmonic frequency.
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ZERO FREQUENCY INSTABILITY
Kpar=0. p= 1Km z= 5km time=! sec
Ba no. den.=1618. Oxy no.den.=0. {cm)™’

L0
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1

(growth rate/omegab)
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0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
(kper vper/omegab)

Figure 5: Zero frequency instabilities, perpendicular to the magnetic field, for the

case with no ambient oxygen ion background
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IMAGINARY PART OF ROOTS TO DISP. EQN.
first harmonic p=lKm z=5km time=lsec
Ba no. den.=1618. Oxy no. den.=0. (cm)’

AN
0
‘ »

Figure 6a: Plasma instability (electrostatic ion cvclotron waves) corresponding to

the first harmonic for the case with no ambient oxygen ion background.
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Figure 6b: Frequency associated with the first harmonic for the case with no am-
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Figure 7a: Plasma instability (electrostatic ion cyclotron waves) corresponding to

the second harmonic for the case with no ambient oxygen ion background.
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REAL PART OF ROOTS TO DISP. EQN.
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Figure 7b: Frequency associated with the second harmonic for the case with no

ambient oxygen ion background
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IMAGINARY PART OF ROOTS TO DISP. EQN.
first harmonic

Ba no. den.

p=lKm z=5km time=isec
=1618. Oxy no. den.=1000. (cm)"’

AN
. (9

=

Figure 8a: Growth rates corresponding to the first harmonic for the case with an
ambient oxygen ion background. The largest growth rate for the first harmonic was

v = 12.53 sec™! for wave number k£ = 8 x 10~ % ¢ —? propagating 89.97° from the

magnetic field with frequency w = 30.19 sec™!
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Figure 8b: Frequency associated with the first harmonic for the case with an am-

bient oxygen ion background
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Figure 9a: Growth rates corresponding to the second harmonic for the case with an
ambient oxygen ion background. The largest growth rate for the second harmonic

was v = 16.08 sec™! for wave number k = 1.2 x 10-2 em ! propagating 89.955°
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Figure 10a: Growth rates corresponding to the third harmonic for the case with
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Figure 11a: Growth rates corresponding to the fourth harmonic for the case with
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was v = 12.22 sec™! for wavenumber k = 2.0 x 10~3 ¢m ! propagating 89.925° from
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Chapter 5: Conclusions

In this thesis a barium shaped charge release directed nearly parallel to the magnetic
field in the F5 region of the ionosphere has been modeled for the investigation of electrostatic
ion cyclotron instabilities. Established in Chapter 2 were expressions for the barium ion
and the neutral number densities, where the barium ions were created from the decay
of the neutral barium by the process of photoionization. The expression for the neutral
barium number density was derived from the differential velocity distribution given by
Stenbaek-Nielsen et al., [1984]. In Chapter 3, using the velocity distribution that was
derived in Chapter 2, the dispersion relation was developed. It was then analyzed at a
specific position in the barium jet and at a specific time after detonation for two cases in
Chapter 4. The first case assumed no ambient oxygen ion background and in the second
case an ambient oxygen ion background was assumed. In the discussion that will follow the
results from Chapter 4 will be briefly stated as well as considerations how the electrostatic
ion cyclotron waves would be affected by changes in the oxygen ion temperature, oxygen
ion density, electron temperature, and position within the barium jet. Finally, this thesis
ends by considering whether electrons can be accelerated sufficiently by electrostatic ion
cyclotron waves to cause enhanced ionization of the barium neutrals.

It was found that in the case with no ambient oxygen ion background the growth rates
increased with increasing wave number and frequency. The roots had considerable mixing
with other modes and Crawford and Tataronis, [1965] type instabilities, which have wave
normals exactly perp.endicular to the magnetic field, were found.

The addition of the ambient oxygen ion background caused the decrease of the growth

rates. Real roots were tied closer to the barium gyroharmonics. The Crawford and Tataro-
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nis, [1965] type instabilities were eliminated, along with the mixing of the modes. Lastly,
we found the second harmonic to be the dominant mode.

The introduction of the oxygen ion background had a considerable effect on the prop-
agation of the plasma waves. In analyzing the oxygen ion term in Chapter 4 it was deter-
mined that the term was approximately %;‘j— for small po in eqn(3.56). Thus, the oxygen
ion term was mainly dependent upon the density of the oxygen ions. Since including the
oxygen ion density caused the frequency to be closer to the gyroharmonics and the growth
rates to decrease, increasing the oxygen ion number density should further decrease the
growth rates and tie the real roots even closer to the gyroharmonics. The oxygen term was
not influenced by temperature unless p) ~ 1, which corresponds to a thermal velocity of
Vth, = 3.5 X 10° em/s and a temperature of Tp = 12000 K. This temperature far exceeds
the typical ion temperatures of 1000K to 2000K in the F; region of ionosphere. Thus, the
contribution of the oxygen ions is like that of a dielectric background which is only depen-
dent upon the density. Whether increasing or decreasing the oxygen number density would
cause a different harmonic to be dominant can not be said without further calculations. It
is expected that increasing the electron temperature should also decrease the growth rates.
The reason is that with the instabilities having parallel phase velocities greater than the
electron thermal velocity, increasing the electron temperature would allow more electrons
to Landau damp the wave.

In the analysis of the dispersion relation it was noted that we analyzed a case appropri-
ate to only one point.of position at a specific time in the barium jet. In order to determine
what might be expected to occur at other locations we must consider the spatial depen-

dence of the barium ion distribution. The distribution in velocity space perpendicular to
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the magnetic field broadens for points close to the center of the barium ion jet. It narrows
as we approach the edge of the jet. The other consideration is that the density of the bar-
jum jet decreases relative to the Ot density the farther we get away from its center. The
appearance of the barium distribution stays similar to Fig.4 though the number density
and the transverse velocity range can change. R.A. Dory et al., [1965] showed that abso-
lute instabilities like that of the Crawford and Tataronis, [1965] type can be suppressed by
the broadening of the transverse velocity distribution. Therefore, we might expect points
approaching closer towards the center of the jet to have decreased growth rates. Thus, we
would propose that the area within the barium jet where electrostatic ion cyclotron insta-
bilities can exist may be limited to a band where the density is suitable and the barium
velocity distribution has a thin enough spread in velocity. Considering the time dependence
of the barium ion distribution, we would expect the area where the instabilities occur to
change along with the barium jet density and velocity distribution.

Xin, [1987] examined ion cyclotron instabilities associated with the field-aligned motion
of barium plasma through a background plasma of oxygen. The purpose of the study was
to investigate how the instabilities may be related to the process of fast ionization reported
by Hallinan, [1985]. Although the parallel phase velocity of the waves were less than the
electron thermal speed, the parallel phase velocity could be Doppler shifted to speeds high
enough for electrons to cause an ionization cascade. The doppler shift was associated with
an E X B drift generated by the finite divergence of the injected barium neutrals.

We now wish to éxplore the possibility of electrostatic ion cyclotron waves accelerating
electrons to the ionization velocity of barium. In Chapter 4 the dominant root had a wave

number of k = 1.2 x 1073 propagating at 89.955°. The parallel wavelength for this root,
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A = 67 km, is much greater than the 12 km for the length of the barium jet. The longest
wavelength that can likely be excited in our jet would be 24 km, which corresponds to a half
wavelength. The root with the largest growth rate that has a parallel wavelength within
24 km is the fourth harmonic which has a growth rate of ¥ = 12.2 sec™!, a frequency of
w = 134.5 sec™!, and a wave number of k = 2 x 103 propagating at 89.925°. We shall
investigate this wave. The largest potential that a wave can have is limited to the energy

available from the cyclotron motion of the barium. Thus

1
ePo < EmBa”i

ep, < 1.14 X 107 2ergs
where ¢, is the potential of the wave and v; = 1km/s. We defined earlier
¢ = doexpli(kLz + kyz — wt)]
E=-V¢
So we take the maximum parallel electric field of the wave to be

Ew| = ¢ok

where k| = 2.6 X 107 6. The velocity needed for an electron to ionize a barium atom is

v; = ,/M =1.381 x 10® cm/s
Me

where the barium ionization potential ¢ = 5.19 eV [Hodgmann, 1949]. Using Newton’s law
we have

eE| = m.a
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_ By _ edok

me me
Accelerating an electron from rest to the ionization velocity we use v; = at, thus the time

needed is

v; v;m,

= .039sec

a edok|

The distance that the particle has to travel is
1
z = Eat2 = 2Tkm

A rough estimate of how far an electron would travel if trapped in the wave based on
the size of the plasma cloud would be 10 km. It would take 3 trappings with increasing
velocity increments of v;,. = 4.6 X 107 cm/s to accelerate an electron from rest to the
ionization velocity. This corresponds to a time that the electron is trapped by the wave
of t, = .013sec. Since an electron trapped by a wave can undergo either acceleration
or deacceleration, there is an inherent randomness associated with its acceleration. The
central limit theorem states that a stochastic process will reach a gaussian distribution as
the number of velocity change events increases to a suitably large number [Kittel, 1958].
The standard deviation of a gaussian distribution goes as the square root of the number
of iterations. Thus, a reasonable number of random trappings would be the square of
the number of cumulative velocity increments it would take to reach the ionization velocity.
Thus we estimate the actual time needed for the acceleration of an electron to the ionization
velocity to be

tact = Nztp = .117 sec

where N is the number of accelerating trappings. In a computer simulation study by

Bennett, [1987] the escape of hot electrons from a region of enhanced plasma density was
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investigated. It was found that electrostatic coupling of electrons to slowly moving ions
significantly inhibited the escape of hot electrons. The escape time appears to depend upon
the replacement of a hot electron by a cold electron. The simulation results showed that a

reasonable estimate for the containment time was given by the equation
t
N(t) = N(O)exp[—;]

where N(t) is the number of hot particles remaining in the enhanced plasma after time t

has elapsed and 7 is the decay constant. The decay constant is described by

Liny

Vo No
where the subscript 1 refers to the hot region, the subscript 0 refers to the cold region, and
L is the length of the enhanced region [Bennett,1987]. In our model we have ny and n;

being the same, thus the decay constant takes the form

Iy L,

T T 27 x 107

where vy is the electron thermal velocity. The decay constant for the first second after
detonation would have a value of ¥y = .044 sec. This decay constant is smaller than our
trapping time of .117 sec. Thus, it is unlikely that the electrostatic ion cyclotron waves
would accelerate electrons to the ionization velocity. Electrons would escape well before
reaching the ionization velocity and a cascade of ionization would not develop.

If the barium jefc had been projected perpendicular to the magnetic field the energy
available from the cyclotron motion of the barium would increase by two orders of magni-

tude. The wave number of the root scales as

kivyg
QBG

=5.7
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Using a velocity of vy = 1. x 10° cm/s we have kj = 2.6 X 10~ 7 and
~10
ep, < 1.14 x 10 ergs
The acceleration for an electron by the parallel electric field of the wave would be

a = 3.49 x 10'%cm/s?

_ Eboky
iy
The time for accelerating an electron from rest to the ionization velocity becomes
-
t = — = .00395 sec
a
and the distance needed to obtain the ionization velocity

z=—at’ =2.Tkm

DN | =

The time constant for the replacement of a hot electron by a cold electron for this scenario

we estimate at

L

= m = .011 sec

5

where we take L; = 3km the field aligned extent of the enhancement to be less than the
previous case since the electrons will traverse the width of the barium cloud. The calcula-
tions for this scenario show that larger electric fields are possible in which electrons can be
accelerated to the ionization velocity in an appropriate time and distance. But, we have
not considered the geometric constraints imposed on the wave. The longest parallel wave-
length that can possibly propagate is twice the length of the enhanced area which is 6 km.
The parallel wavelength of this case is A| = 240 km which is much greater. Therefore, we
conclude that electrostatic ion cyclotron waves for this case would not accelerate electrons

to the ionization velocity causing an ionization cascade of the barium.
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In this chapter arguments have been presented on how various parameters should
affect the electrostatic ion cyclotron instabilities found in Chapter 4. It was noted that
the oxygen ion temperature would not affect the instability. The increasing of the oxygen
ion density would have the effect of decreasing the growth rates and tying the frequencies
closer to the gyroharmonics. The increasing of the electron temperature would cause a
decrease in the growth rates. Considering what might be expected at other positions
within the barium jet, it was concluded that the instability would be confined to a band
where the density is suitable and the transverse velocity distribution has a thin enough
spread in velocity. Calculations were done to determine if these instabilities could cause an
ionization cascade of the barium. It was determined that, for the instabilities considered,
an ionization cascade would not develop for the barium jet when it is injected in a direction
parallel to the magnetic field. We then considered the situation where the injected barium
jet was directed perpendicular to the magnetic field. In this case it was determined that
the instability would not be present due to the geometric considerations of the parallel
wavelength of the instability being much greater than the barium jet’s width. So, these
waves would not cause a cascade of ionization to occur for a barium jet injected in a
direction perpendicular to the magnetic field nor help contribute to Alfven’s critical velocity
mechanism. The author wishes to note that computational considerations allowed only a
particular point of position at a specific time to be evaluated. It was not possible to obtain
the maximum growth rate associated with the barium jet. The arguments presented seem
to dictate that the electrostatic ion cyclotron instabilities within the barium jet would not

promote an enhanced ionization.
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