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ABSTRACT

Large Debye lengths relative to detector
dimensions and the absence of confining walls
makas space an attractive laboratory for studying
fundamental theorias of plasma instabilities.
However, ratural space plasmas are rarely found
displaced from equilibrium enough to permit
i3clation and diagnos2:s of the controlling
paransters and driving conditions. PFurthermore,
any plasma ur field response to the departure from
equilibrium can dbe masked by noise in the natural
system. Active expariments provide a technique
for addressing the "chicken or egg" dilemma.
Barly thermite barium releases were generally
conducted st low altitudes fron sounding rockets
to trace electric fields passively or to study
configuracion-space instaLilities. One can also
study velocity-space instabilities with bariur
releases. Neutral barium vapor releasas vherein a
typical spead grestly axceeds the thermal speed
can te used to produce barium ion velocity-space
distributions that should be subject to a number
of wmicruinstabilities. We exanine the f{on
velocity-space distributions resulting from barium
injentions from orbiting spacecraft and
shaped-charges.

Reywords: Active Rxperiments, Barium {njections,
Plasna Instabilities, Velocity=-Space Instabiliti.e

1. INTRODUCTION

Active axperiments in space plasmas can be used to
study the space plasma ervironment per se or to
exploit the epace plasma as a laboratory to
examine fundamental questions of plarma physics.
The space plasma environment can be studied using
passiva techniques such ae small bdarlius tracer
re'eases (Ruf., )  or by using perturbing
techniquew such as vater ‘eleases to depiete the
thornal plaema. In this paper we examine active
experiments as & meane of studving fundamental
plasma ‘notability theories.

Barium releases have heen used to study
configuretion-space {instabilities such as the
Gradient Nrift or BExB instability (Refs. 2,3).
In these ewpariments the integrated prcperties of
the velocity distribution functions are

significant, e.g., the gradients in the plasma
density. Also the perturbations to the ambient
electric und magnetic fields (waves) have time
scales slower than the 1ion gyrofrequency and
spatial scales much longer than fon gyroradii.

Plasma microinstabilities dsriving free energy
from unstable velocity-space distributions may
also be studied using barium releases, especinlly
when the barium is released in a direction
perpendicular to the geomagnatic field, B. Because
of the comparability of Debye lengths and the
characteristic lengths of particle detectors,
particle velocity distribution functions can be
msasured more easily in epace plasmas than in
laboratory plasmas. However, in practice this
capability s difficult to exploit Zor plasma
microinstahility studfes because the natural space
plasma remains near an equilidrium cenfiguration.
In the natural epace environment there is also the
difficulty 4in de%ermininz whether the waves
produced the particie distribution function or the
particle distribution function caused *+he waves,
for exauple, the ":hicken or egg" quesiion of {on
conice and ion cyclotrun waves. We will show that
by using barium release techniques unatabdle
velocity-space {stridution functions can Dde
artificially crected in space plasmas allowing an
investigation of the {nstability theories via the
claseical scientific wmethod of hypothesia testing.

Unstable velocity-space distributions generally
have some non-Maxwellian or non-isotropic features
such as interpenetrating cold beams or different
tesperatures porallel and perpendicular to R,
Free-energy asources may Aaleo act together,
Simons, et al, (Ref, 4) examined the case where
a combination of a configuration-space source (a
density gradient) and a velocity-space source (a
ring-1ike V, distribution) resulted in a lovered
threshold for {nstability turn-on,

In creating artificial velocity-space
distributions one must be concerned that they are
practical, in that they esisulate distributions
1ikely to be found in space or the laboratory. We
will demonstrate that bar‘um injections can
produce velocity-spece distributions similar t.
thosc measured near the earth’s bow shock. These
distributions are also similar to those of the Io



torus fons and those produced in CTR neutral bean
heating experimentuy. One must also be concerned
about the degree to whizh the simulation plasma is
homogeneous in the sense that the microinctabiiity
theory requires. We will show that barium
releases can frequently meet homogeneity
conditions whereas ‘gun-type" injections can
rarely meet them. Another 1important plasma
parameter that can be wvaried in a controlled
manner 1s the plasma beta, the ratio of particle
kinetic energy density to the magnetic fleld
energy density. Near the release and at sarly
times the plasmas can have beta > 1, while at late
times and large distances the beta is swall and
electromagnetic affects should play no signifjcant
role. Releasas at large altitudes may be able to
generate conditions where the released ions have
charncteristic speeds that are super-Alfvenic in
the surrounding plaama, but a discussion of such a
release is beyond the scope of this paper.

2, DESCRIPTION OF EXPERIMENTS

We have examined the barium ion configuration- and
velocity-space distributions produced by two
bartum injections. In both experiments the barium
1s 1injected with near 90° pitch angles and
prhotoinnization with a 20 second time constant is
assumad to be the sole ionization mechanienm.

2.1 Satellite-borne Barium Releac)

We first consider a thernite barium rnleass from a
satellite similar to ths CAMEO releases (Ref.$).
NASA’s Chemical Release Module (CRM) {s designed
to relesse t(wo 5 kg or 20 kg thermite barium
cannisters. We consider an experiment wherein two
20 kg carnisters are released over the ionospheric
observatory at Arecibo, Puerto Rico. We have
assumed that about 10X of the bariur would be
vaporized in the releace. Therefore, the two
cannisters would release a total of about 30 moles
of bvarium neutral atoms. We have assumed that the
CRM would be moving at about 7.% km/s in a 23°
inclination orbdbit at 450 km altitude. Total
particle kinetic energy for this experiment would
be over 100 Megajoulew.

2.2 Rocket-borne Righ Explosive
Injection

The second example models the Los Alamos-sponsored
Buaro shaped-charge injection conducted in 1976,
4%0 km above the MHawaiian Islands (Refs. 6-8).
In this experiment high explosive shaped=charges
compress conical barium liners vaporiszing abdout
10% of the baium metal and producing a metal
vapor Jet with a cone-shaped velocity
distribution. The liners each contain 14350 grams
of barium metal. BSeve. of these high explosive,
conical 1liner ussemblius were simuitaneously
detonated producing about 7 moles of fast barium
matal vapor., The total particle kinetic energy
was about 30 Megajoules.

Shaped=-Charge

3. THE SOURCE MODEL

We have developed a Monte~Carlo computer model of
the phenomenology of a barium vapor release in the
earth’as ionosphere. Our model i designed to
model the velocity distribution of the neutral
barfum atome as they leave the thermite cannicter
or the shaped-charge. The atomic barium velocity
distribution is modeled very simply. A conical
velocity distribution 4{s sswumed with a

haif-angle, 8. Within the conical shape all
valocities between a minimum velocity, Vll . and a
naximum velocity, V.., are equally likely, i.e.,
a flat distribution. Tharmite releases fron
sounding rockets are modeoled with s large
half-angle, scy 179° a.d a minimum speed of zero
and a maximum specd of the tharmal speed, say
! ka/s. Shaped charge injections area modeled with
a half-angle of 15° and a minimum speed of 5 km/»
and a maximum speed of 15 km/s. A thermite
release at orbital velocity cun be modeled by a
half-angle of about 7.6° and & minimum speed of
the orbital velocity minus the barium thermal
cpeed, #.2., 6.5 km/s, and a maximum speed of the
orbital velocity plus the harium thermal speed,
Q8o 8.5 km/s.

The barium atoms are assumed to follow ballistic
trajectories until tney are either photoionized or
undergo a collision (see below). The only foice
in the ballistic trajectory is gravity. The atoms
are followed until they are thermalized via
collisions or .o & prespecified time. If the
atoms are moving above the solar terminator they
are subject to photnionization. When the random
nunbers indica’'e photolonization the particle 1is
coavarted to an don moving (initially) with tha
same velocity vector as the atom. Photoionization
is the only 4{onization mechanism essumed to he
operating. We ansume that the barium atoms do not
shield each other from the photoionizing solar
radiation. Once ionized the barium must follow
the more complicated trajectory of an ion in a
magnetic fiald. Thia trajectory 1is gyromotion
plus guiding center mction, Forces are due to
gravity and an {nhomogeneous nmagnatic field
("mirror Zorce"). Barium ions with perpendicular
speuds in axcess of about 6 km/s will rise {n
altitude because the mirror force exceeds gravity.

While the particies are following either the
neutral or ion trejectories chey may sufler
elastic, hard sphera ccllisions with neucrel air
atoms or molsculaes (represented by s mean mass of
26 amu) that can give them randomly assigned, new
velocity vectors. Inelustic coilisions are not
included in the computer code. Charge—exchange
collisions are included. o collective affects
are calculated for tha assembly of particles,

The computer code can produce configuration- and
velocity-space presentations of the particle
positions. The configuration-space presentations
are the integrated, or column, density as observed
from & particular obssrvation station. The
velocity space presentation ia calculated by
exanining the velocity vecto.s of each particle in
a box located sdme dis:ance, D, in front of the
relesse. Tha »5x has sides of dimension, S. Care
must be exercisad to insure that the box is
smaller than the beam size.

The velocity vectors are onrted into components
parallal) and perpendicular to B. The pervendicular
component; are furrher sorted into componants in
the magnetic East direction, V - and & component
perpendicular o that, V__. Bolnt plots are then
conatructed showing the dgxntty of particles 1in
velocity-space in thess coordinate systems,

Yor the cases studied for this paper the parallel
component of the harium velocity is generaily very
small so the density in (V_., V.,)-spasce contains
the mora {important LR’orngllon. Typical

distributionns are aither boan=-ghaped,



cresent-shaped or ring-shaped. Note that the
barium ions tend to be about .en times faster than
the tharmal speede of the asmbient ot 1tons.
Therefore, as they are created, the bariua ions
may be aubject to fast-growing (y ~ u‘ﬂ)
two-stream instabilities that could thermalize t
heans. On the other hand {nstabilities feeding
freae energy to cyclotron mode waves probably do
not ygrow fast enough to disrupt the initial
formation of ring-shaped distributions.

4. CALCULATED INITIAL CONDITIONS
4.1 Satellite-borne Rarium Release

We have calculated the barium nreutral and ion
densities as a function of the downrangs distance
from the release, D, and time after the relaase.
The size of the box, S, was varied kaeping the S/D
ratio constant. We also tave plcts showing the
velocity-space density. The velocity-space plots
tend to exhibit beam-, cresent- or ring-shaped
distributiones depending upon the ratio of the
barium ion cyclotron period, T to the arrival
time difference, t,, given by

ty = D/(Vpax = Vmin)

When t, < 1, the distribution 1is beam=shaped.
When t, > 1, cthe distribution {is ring-shaped.
When t, ~ tq, & cresent-shaped distribution 1is
predicted.

Table 1 shows the temporal evolution of a one mole
barium flon plasma at a downrange distance of 5 km.

TABLE |

Time Ion gcnltty Distribution
(s} {em™ -mole” Shape
0.65 5.3x100 Cresent
0.7% 1.0x10 Cresent
0,85 1.5x108 Ring

0.95 1.9x106 Ring

1.00 1.3x108 Ring

1.2% a.9x103 Ring

Note that the censity decresses after reaching a
maximum because the mirror force moves the barium
upwards out of the box.

Table 2 shows the peak barfum {ion densities per
mole of released vapor and the time the peak
density occurs for a relesse over Arecibo.

TABLE 2
D t Peak ny Nistribution
[ ka | Y‘:kl (em”™ 1-:010 L Shape
1 0.18 1.5x107 Bean
3 0.65% 2.4x10 Cresent
5 0.9% 1.9x108 Ring
10 1.50 4,910 Ring
20 3.2% 1.1x103 TMng

The peak density as a function of D can be fit by

i - 11651107 D -1'590

For a 0.3 Gauss magnetic field, 5 magnetic
energy density is approximately 3.5x107~ ergs/cm”.
For this releasc scenario the kinetic energy per
barium i?“ relative to ths magnetic field is about

6.4x107%" ergs/ion (40 eV/ion). Therefore, the
barium 4{on plasma beta, the ratio of kinetic
anetgy density to magnatic field energy density,

is lbo’t 3n1cy vhen the 1on density 1s
~ 5.6x10 « For a 30 mole release this
condition ;hould hoid for D < ~ 3,9 km. The
barium ion plasma beta would be greater than 0.1}
for D < 15 kms Note that our singie particle
computer code predictions do not consider high
beta effecta.

To what extent is the barium ion plasma
homogeneous in the direction parallel to the
magnetic field? Must a theoretical description of
the potential 1instabilities consider boundary
effects or finite k, offcctn? Thc barium plasma
hes an advantage ovor "gun-type" 1injections in
that some barium atoms expand parallel to B rrior
to photoionizetion. Assuming that a cloud extent
of at least ten gyroradii parallal to B serves as
a coudition of homogeneity, we can find the time
it takes for a barium cloud to expand enough to
satisfy this condition, The thermite barium
expands about 1 km/a 1in each direction along B.
The barium 4on gyroradins i4s about 0,36 km.
Thervefore, in 1.8 s the cloud has axpanded to
about ten ion gyroradii in length parallel to R.

rigures l-4 show the barium 1ion velucicy=-space
dietribution that would be measured by a detector
onboard the satellite. Note that the d{nstrument
vould get a snapshot nof the distribution at a
given stage in {te evalution. Figure 5,
reproduced with permission from Paschmann et al.
(Ref. 9), shows the evolution from a beana to a
cresent to a ring of ion velocity distributions in
the Vl plane measured by the ISEE | satellite as
it penetraies the earth’s bow shock. Note that
although the origina of the velocity distributions
are different in the two cases, the eubsequent
evolution due to microinctabilities may be
similar. DNiagnosis should be simpler in the
active axperiment tecause the environment ehould
be wmore nofse-free and temporal and epatial
effects are better measured .

4.2 Shaped-Charge Injection

We have also calculated the velocity-space
distributions to e.pect for a shapud-charge
tnjection as a function of D and time. The
results, per sole of vaporized barivm, are shovn
in Table 3.

TARLE 3
n toeak Ponk Distribution
{ km ] pee {em™ Jmole" N Shapa
b 1.00 2.5x103 Lumpy Ring
10 2.00 7.2x10% Ring

15 3,00 3.ax10d Ring
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Pigure 1. Calculated barium 1on velocity
distribution in the (V ., )~plane at
D= )] km and C.13 s afcer the r¢12¥. For a
30 wmole release, the, calculated bariu- ion
density 1s 3.0x103 ca™d and the beta 1s 5.3.
The crose=hairs mark the (0, 0) values for V
and V The bariuam {ons have a beam=-rhape
noving through any thermal icns at about
7.5 k‘/.l
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Figurs 3. Calculated barfum ion velocity
dietridbution 1ian the (V )=plane at
Dw 6 km aud O.A0 o after tgc r.18!. For a
30 wole release_ the_  calculated barlun ifon
dennity 1s 3.9x167 cn™3 and the beta 18 0,69,
The crose-hairs mark the (0, 0) values for Vv,
and V Tho Sarium fone have a cresent-gha

in (8 y)-tpace. Typical ton speeds are
sbout 715 h?

py

Pigure 2. Calculated blriu- ion velocity
distribution in the )=-plane st
D= 3 km and 0.40 s after tgo rQIEXl Por a
30 onole releate_  the calculated b.rlu- ion
density 1s S.1x107 cn™3 and the beta is 0.91.
The cross-hairs mark the (0, 0) values for V
and V The dbarium ions have begun to ovc.ec
from B beau-shape to a cresent-shape. Typical
ion speeds are about 7.5 ka/s.
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Pigure 4. Calculated bcrtu- lon velocity
distribution in the )-plane at
Nwe 9 km and 1,20 s after tgo r.;fl. For a
30 wmole rclcnol the_ calculated bcrtun ion
deneity is 7, 8x10% ca™3 and the beta e O0.14.
The cross-hairs mark the (0, 0) values for V

and pr. The barius ions have a ring-shape tn

(Vpx. )-lpn ‘es  Typical 1ion epeeds are
about 7. g km/a,
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Figure 5. lon velocity distributions, spanning tine range from the pure eolar
wind to well downstream of the shock ramp, as measured on 7 November 1977. The
relative positions of the measurements are indicated by the soiid dots on the
plasma density profiles shown as {csertps. To emphasisze the evolution of the
distributions only every other one is shown, as indicated by the progression of

uriversal time.

The distridutions are shown as coantours of equal phase spice

density in two-dimensional velocity space. Adjacent contours represext & jump
of one decade in phavc space density. The (v, v;:-plnno is parallel to the

ecliptic, with v, pointing towards the sun. The + &

bcl represents the origin

of the coordinate system, fixed with respect to the satellite, and also

approxinstely with respect to the shock.

The velocity scale 1is indicated 1in

the upper right-hand corner of “he first frame. The first frame also shows the
orientation of the shock frent (dashed line). The astcrisk in the o' cond frame
indicates the (redicted velocity of the gyratinz ions at their turaing point.
A circle of constant epeed is sarked in freme numbar 8.

The peak densities as & function of D can te
expressad as

ng = 3.3x10% p ~1.89

The shaped-charge ions avarage asbout 1.1x10"10
erge/don (70 eV/ion). The density nocdsd for beta
to exceed unity 1o about 3.2x107 ca”™3. For the
Buaro shaped-charga injection (7 molee), bdeta

aoxceaded unity for D < 1 km and bata exceaded 0,1
for D ¢ 3.7 kam.

For a shaped-charge inlection the neutral bariua
expands parallel to B with a typical upeeds of
about 10 km/e times the tangeni of 13°, the
half-angle. Again ueing a length of 10 gyroradii
parallel to B as a condition of hemogeneity we
find that for the shaped-charge gyroradius nf
0.48 ka the plasar masts this =ondition in adone
1.8 8.

We have also calcvlated the barium plasma dencity
gradient (in the direction parallel to the
{ajuetion) as a function of tize at a distance, D.
of 10 kme Table 4 shows the results.

TABLE 4
Time Gradient lLangth Gradient Langth
(o) (km) (gyvoradii])
1 2.3 4.8
2 5.6 11.7
3 8.5 17.8

Note that as time increacses, the contiruing
photojonization of barfum atoms acts to smooth the
rather steep gradient. Simons, et al. (Ruf, 3)
caiculated that the presence of a gradiunt would
acc to lowar the threshold for an {nstabilicy
driven primerily by the frec euergy in a
ring-~ehaped velocity distridbution. The
inetability has bdeun postulatced to explain the
prompt onsst of field-aligned striations in the
Buaro plasaa.

Por both the satellite and shaped-charge
injections the Ddarium ion velucity-space
dietributions exhidbit large ratios of the
perperdicular temparature to the paraliel

temparaturs, TL » 20 Ty
S. DISCUSRION

Rasulte of the Buaro and CAMEO experiments confirm
saveral assumptions of our wmodel. Firet,
anvmalous isnization processes may operate, but
photoionizazion accounts for the production of the
bulk of the barium ions. Second, some pitch-angle
diffusion and/or velocity-space diffusion may
oceur, but the observations of the barium tons
wrving upwards against gravity suggests that the
ions ratain a eignificant enough fraction of their
initial perpendicular velocity to provide a airror
force.



6. SUMMARY

We have demonstrated that barium injections should
produce ion velocity-space distributinns with free
energy in a variety of forms. The barium {un
plasmas ahould have a range of plasma betas.
Becatuse the initial conditions can bz predicted
these active experiments shouid permit teating
plasna instability hypotheses.
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