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A major purpose of the Techni-
cal Information Center is to provide
the broadest dissemination possi-
ble of information contained in
DOE’s Research and Development
Reports to business, industry, the
academic community, and federal,
state and local governments.

Although a small portion of this
report is not reproducible, it is
being made available to expedite
the availability of information on the
research discussed herein.
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HODELING OF MODIFICATION EXPERIMENTS INVOLVING NEUTRAL-GAS RELEASE

Paul A. Bernhardt

Los Alamos National laborastory
Los Alamos, NN 87343

ABSTRACT

Many experiments involve tLhe injection of neutral
gases {nto the wupoer atmosphere. Examples are
cri:ical valocity experiments, MHD wave geneva-
tion, ieaospheric hole production, plasma stris-~
tion formation, end lon tracing. Many of these
axperioents are discussed in other sessions of the
Actlve Ixperiments Conference. This paper llamite
ity dlscussioa to 1) the modeling of the neutral
gas dynsmics aftar injection, 2) subsequent forma-
tion of ionosphearu holes, and J) use of such holes
as experimsntal toois.

Keywords: Ionospheric Modification

1. INTRODUCTION

A technique for artificiclly dietvrbing the
earth’s plasma enviromment invelves the realease of
neucral gas. Once released, sime gae specles
fonlse via celllsional or photo precesees,
incrsasing the plasma ceoncentration. Other
specied, howvever, react chemically to neutralize
the asblent plassa, decreasing the plasms
concentration. Thus, neutral gae cele.ses may ba
wewd for econtrolled perturbation of the ionized
ateosphars.

A nuaber of nentral and lon gas dynamice probdlems
are encountared during the analyuis of Jonospheric
nodification by neutral gas releasu. After a
vapor ls expelled (nto the rsiefied wpper
atwosphere, it 4Le sudject to che effacts of
condensation, sollietonal hesting, chemical reae-
tiows, diffwsive trensport. The medifiod plosma
regions arve influemced By chemistry, sdero-
inetabilities, fRluid=Cype gradient instabdilities,
and anbipelar ditfusion,

The ebjestive of this apar s to present an
overview of the wmedeling required to dnecribe
fonospherie medification by asutral injection. As
examples, cheni~al relesnss froe the ¥pace BShuttle
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will be considerad. The modeling will be limited
to re.sases which produce plasma holes via
chemical reaction. The theorles enmployed,
however, should be applicable to a wider range of
applications. TPollowing the dliscussion of how
ionocspheric holes are formed, their influence on
high power radiowavas ie describad.

2. NEUTRAL GAS DYNAMICS

The chamicals (ngo. €0y, Nyy My, etc.) found 'n
the rocket exhaust resct with O% and electrons in
the Llonosphere to produce neutrallzstion.
Consequently, the vocket anglnes can be used as
tools for lonospheric modification (Ref. 1). In
this section, the exhaust flow from the Space
Shuttle enginea is described using the results of

gas dynamics theory.
2.1 Condensstion in Rocket Exhanst

Condensation dropleuts may furm as & result of the
rapld expension and cooling of the vapors after
release. In the condensatlon procese, the latent
heat of condensetion I1s liberated. The primary
effect of condensstion is the removal of molecules
from the vapor state. A secondary effect ls the
increase in the vapor temperature, affecting the
rate of gas expansion.

Cetimation of the degrue of condensation 'n vapor
releases is fmportent for several reasons. Firvst,
knowledge of the amount of material whic' remains
in vapor form is nacessaty to predict the
consequances of the release, For example,
agutralisation of lonospheric plasma involvey the
chemical reaction of the released gas vith O lons
in the P=layer. A high degree of condensation
reduces the amount of material {n vapor form and,
consequantly, limits che e«ffect on the lonosphere.

Second, the fate of cthe injected eubstance (s
dependennt of ite physical state. The condensste
may fall to low altitudes to be aevaporated by
radletive und collisional  heating. T™hird,
clussare of injected vapor molecules may act as
condenaation centere for clovd feamation,

In the report by Bernhardt et al. (Rof. 2),
condensation calculations have been done for the
Space Shuttle Main 2ngine (BBME) and the Space
Shuttle Orbital Maneuvering System (OMS) engines.
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The degree of condensation 1s teken to be
tndependent of the number of engines per vehicle.
The amblent buck;round_xrcungro was aasused to be
10" Torr (1.333 x 107 NT/w) which is typlcsl ot
the Earth’s atmosphere at 200 km altitude. The
final condensation will change for different
background pressures. The cluster growth process

stops because of heating of the exhaust vapor by
interaction with the background atmosphore.
Higher background priesures (i.e., lower
sltitudes) vaduce the final degrees of vapor
condensation.
Table I gives the calculated results for the two
engines.
Table I. Exhaust Condenaation
Engine ssee ons
Exhaust Species R0, H R0, H,, N,,
2 2 caz‘ cs 2

Mass Fraction of 964 .236

HyO Ln Supply
Nozszle Exit:

Pressure (Torr) 294.7 7.76

Temperaturs (K) 1278 921
Final Mase Praction

of Condensate (kg/kg) 0.312 0.068
Cluster Redius (10°100)  s6.4 2.02
Standard Deviation ‘f 3.0 0.3

Cluster Radii (10~10n)
Cluster Temperature (K) 158.11 100,77

The relatively large exit oressutn of the SSHE (or
HHLV engies) causes over 30X of the exhaust vapor
to congense into ,0036 micron radiue ice clusters.
This teble i{llustrates that the amount of material
vhich condanses 1is dependent on the initial
tempscature and pressure of the exhaust as it is
injected into the atmosphere.

The detaile of the ice cluster formation and
grovth process are illustrated in Pigures 1-3 for
the Space Shuttle Main Engine. The horiszontal
axies for all figures ie the distance (x) from the
nossle exit down the plume. Pigura 1 {lluetrates
the supersaturation in the engine plume. The peak
supersaturstion occurs 69 meters from the nossle,
IThe homogensous nucleation quickly reduces the
supetsaturation and causes a olight prassure
increase (condensatlion shock). The gar teaper~
ature s elevated by I0°K at the shock (Pigure 2).
The condensed vapor fuius gcroving ice clusters
vhich have temperatures greater than the vapor
temperature. The average vadius of the (rowving
ciuster i illusrveted in Pigure ). The scandard
deviation in cluster sises is also indicated, For
exhaust teleases at 200 km sltitude, the degree of
condansation fs JI1.2% yielding 00564 | wmater
cluaters,

The amount of material which condanses in a rocket
plume 1. a function of 1) the plume constituents,
2) of the thermodynamic properties (i.e., pressure
and temperature) at the nossle exit, end 3) of the
state of the background atmosphere. The condensa-
tion process ptogqggo subnicron clusters. The
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Mmacunt of materlsl which condenses ca~ vary from O
te 15X,

2.2 Collleional Intersction with Backzround
‘tmosphe~e

The molecules which reaain in vapor form are
nearly collisionless until they intevact with the
background atwosphere. A kinetic model of neutral
s8¢ flov has beer. used to wodel the ctransition
from collisonlers to collioion ion dominated
expansion (Ref, 3).

As an example, consider the flow for the CO
component of the Space Shuttle exhsust. The
vehicle is wmoving eastward ac 7.7 kw/s. The
Shuttle eagines are oriented dovnward, ojcctlg’
€O, vith a velocity of 3.1 km/s at & vate of 10
aolecules/s. The engines 153 firing for 10 s,
yielding a total release of 10 molecuies. The
source produces the flov pattern shown in Pigure 4
at a time 10.2 s alcer the etart of the dburn (0.2
s after the 3huttle engines are turned off). Moat
of the vapor is in the free-streexing plume 78 ka
to the eaast of the start of the burn (Pigure 4b).
The free-stresning vapor is wmoving at a high
velocity (Pigure 4c) and will travel for many tens
of kilometars before being collisionally stopped.
Whan the vapor enters a diffusive estate, ite
length will be double that shown in the figurs.
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Figure 4. CO, exhaust
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2.3 Diffusive Expannion

After the {njected gas has thermallgzed with the
background, diffuslon governs the expanslon. A
three-dimensional model has beean developed to

compute the diffusive expansion of several gases
in a wulticomponent, nonuniform, chemically-
reactive atmosphere (Ref. 4). The dlffusion is

more rapid at the top of an Injected gas cloud
because the background atmosphere is less danse at
kigher altitudes. Consequently, the location of
saximum concentration decreases in altitude with
time.

An exampie Of the diffusilvs expansion is shown In
Pigures . A large rockst releasing 2 x 1028 4.0
wolecules/second at 400 km aititude trevels
horizontally at 7.7 ka/sac. At time 25.8 seconds
sfeer_the Stloa-n. the maximun concenirstion ia 6
x 108 ca™3 near 400 ka altitude (Figure 3a). One
half hour after the Trelease, the xinun
concentration 1s teduced to 3 x 197 ex Y. The
sititude of the maximum is 223 ka (Pigure 5b).
The originally circular cross section of the
cylindrical cloud bacome alliptical with a lacge
deneity gradient on the bottowside.

In wmost cuses, aZfects of the ioncsphure such as
ion drag and lomn-neutral chemical reections have
negligible effect on the releaesad neutral gas
cloud. Consequently, the neutral gas flow can bde
computed independenily of the fon species. The
plasma flow and cowposition, however, is wusually
dominated by the neutral vapor.
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trail produced by the
Space Shuttle woving at

7.7 wm/e,

firing 1te engines downward with an
exhaust velocity of 3.1 ka/s. T’,
engines burn for 10 a releasing 10
molecules per second.
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Figure 5. Horiszontal burn depositing 4 x 1030
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cloud.
3. ION GAS DYNAMICS lone. During the time that the lon=neutral
collision frequency {s much greater thar. the lon
'°$y.t°.‘c positive lons such as uzd*. 0,*, Not, gyrofrequency, tha negative ions will move acroes
CK" ave produced by O reacting with Ha0, 502. Ny the magnatic field.
and Hjy, respectively. These positiva lons rapidly -
reaact with electrons ylelding neutral product Results of computations for the negative lon

specles. Folyatomlc negative lons such as SF,.~
ave produced by electrons rescting with SPg, .
negative ion subsequently reacts with the ambient
o', ylelding neutrals. In all cases, large
density gradiante in tha plasma concentration are
formed.

3.1 High 8 Dynemico of Negative lons

The eignificant chiemical resctions stimulated by o
87 release Into the Y-reglion are listed f{n Table
11 \l’v.'l 5)-

Riectrons are converted into negative dons which
eventually veasct with fons to produce neutral

spacien.
As au example, consider the relaamse of B8F, with
orLitel wvelocity at 30O ke sltitude. For the

ficat fav seconds, tha neutral l?° cloud will move
horisontally, unimpaded by the background
atmosphera. On the osurface of tha cloud,
electrone will te convertud into heavy, negative

concentration at 0.1, 1.0 and 10.0 seconds after
the release of 100 kg nt 5P, is shown (n Figure 6.
The absciessa on the phcto is s/¢ = Vg Where = s
distance from the poinct of release in ka, v  ls
the Injection velocity (7.7 km/sec) and t s time
in caconds. The release occurs at 300 kw sltitude
with & background alectron and chemistry, lon-
eiactron diffusion and tha bulld up of 3 plasma
layer on the froat of the sr6 cloud, The Sr; +
8?2 ion concentrgtion increases to over & factor
of ten above the agbient electron concentratlon.

Once nagative fon clouds are formed, they can
produce electric currvents and flelds which affect
their motion. The nature of these effects depends
if tcthey are high-p or low-f plasma clouds. The
ratlio of the kinetic enargy density to magnetic
energy density is

;ntl(v |ln¢)z
’-
I!/2u°



Table II
SFg Chemistry for the F-Region

Reaction
SF, + e + SPg + F
SPg + 0% » SFg + 0 or SF, + OF
sr, + 0" » sPf + oF
SF{ + e + SF, + F

SFY + SFy + SF, + SFg

where n; = negative ion concentration, m is ion
mass, v Is velocity, a 1s the angle between v and
5, 3 “is magnatic flux density and . is the
sagnetic permeability of fres space. Por the
release of SP., ald2s) = 127 amu, v = 7.7 ka/sec,
a = 65°, and B LIS 1 3 Using thess parasgters, to
have B > 1 requires then a; > 9.4 x 10! ions/w.

The eulc*&attonl 3§vo a peak ion concentration of

1.4 x 10 ions/w”’ which corresponds to f = .15
for 3?;.
A factor of threes incceass in initial release

could yileld a high B plasma. Tha ion cloud mo-
tion, for conditiors of high B, has been discussed
in Raf.(6). The moving plasma cloud builds up
electric fIa1ds due to charge accumulatlon at tha
sides cf the cloud. The electric field s
perpendicular to the plane containing both the
magnatic fleld voctor and the cloud velocity
vector at tha point of relesse. The polarication
current arieing from this electric flelc
accelerates the ambieat plassa. & diamagnetic
cavity is formed. Thaie disturbance ia transamitted
along the magnetic fleld at the AlLfvén velocity.
At lower altitudes, in the E-region, the electric
fleld produces Paderson and Hail currcnt. Here,
somentum fis transferred to the neutral atmosphere
via lon-neutral collisions. The ion cloud i

decelevrated as womentun {is transferred to the
background plassa aid neutral atmosphere.
Observablas include the retardation of the

injected cloud and the magne”!c fleld fluctuations
vhic* may result from magnatic field fluctuations
which may tesult from currents Lnduced 4in ths
ionosphere by the injected cloud.

3.2 Plasms :nls Formaclion

Ionogspheric hole formation and recovery has baen
described in detail in a numbar of theoreticul
papers (Refs. 7, 8, 9). The interactions betwaen
neutral and fon conceatrations, ion veloecities,
and alrglov {intensities following a CO, release
are shown {n t;uu 7. The diffusing coz ; )
rescts with 0' to produce the moleculsr ion O

(The wmolecular ion is denoted by in ¢

figure.) The and electrons species recnabine,
neutrelising the plassa. The chamicel reactions
are!

o* +CO, » of+co 8, . 1.2%10~9 cad/s

Of+e™ + 00" 4,=2.21077(300/7,)0'8 cul/e
where T {s electron temparatute. The * indicates

excited states of oxygen, 0('D) and 0{'8), which
radlate at 630.0 and 337.7 nm, respectively. The

Rate
-7
. 1
ky = 2,2 :3 0 c”3/.
[1 + 1.56 x_10"3 exp (4770/T))
kg ~ % x 107" cm’/s

1.5 x 1077 cnd/s
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a
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figure 6. Nega:ive ion concunttation, elactron
concentration and nautrel SF-
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moving to tha right at 7.7 km/s.
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net effect of a CO, relesse is the reduction of 0%
and electron concentration and the enhancement in
the airglow, The recovery of the lonosphere is by
plasma transpert  and, during the Jday, by
photolonization. Under certain conditions,
ionoapheric holes can stimulate fluid inscabili-
ties (Ref, 10). The use of man-made plasma holes
for tle intansification of high power radiowaves
is described in the next section.

4. PLASMA HOLES AND IONOSPHERIC FOCUSED HEATING

Many uses have been found for artificlally created
ionosperic holes. Diffusive transport is studied

by flow into the wmsodified region. The plasnma
thermal heat balance 1{s upset in the depleted
ionosphere producing large enhancements In
electron temperature during daytime. Alrglow

stisulation and quenching is studied by ol.erving
optical raiiation from species excited by the
nodification ‘hemistry. ionospheric holes have
been esmployed to modify currents in the aurora and
to aeed instcbilities at the equator. Some of
these topics are discussed Lin other papers of the
Ac;lve Experiments Syaposium [Refs. 1, 11, 12,
13).

In this section, ve present an application which
combines ionospheric modification by high power

radiowvaves with ionospheric modification by
neutral gas releases. Existing ground based CW
transaittars illuminate the P-region ionosphere

vith, at most, 100 uW/mZ, In order to study
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phenomens such as  parsmetric instabllities,
aeutral breakdown, and alirglow excitatioun, a new
method of beam intensificatlon has been devised.
This method is called ionospheric focused heating.

Ionospheric focused heating enploys an
artificially generated hole in the plasma to act

1ike a convergent lens, focusing the high power
radic beam. Simulations of the focusing process
have been conducted using computer models
previously described 1in _..efs. (8,14). The

ionosphetric hole {is formed by releasing 73 kg of
CO2 at 250 km altitude., Chemical reactions
between 002 molecules, O ions and electrons
produce a localized reduction in the plasma
corcentration.

A 5.19 MHz radio_ beam with an effective power
density of 100 uW/m? launched from the ground by a
transaitting antenna having a radiation psttern
with & two degree half angle is passed through the
ionospheric hole. the resulting perturbation in
the alectron density is illustrated with contour
in Figure 8, The concentration minimum of 4 x 10
electronn/cns is due to the chemical release. The
narrow hole in the ionospheric peak at 320 ka
altitude is the radiovave beam burning through the
plasma.

of 10
Contours

The 4{onospheric hole produces a factor
increase in the radiowave power density.

of logarithmic power density are fllustrated in
well

Figure 9. The ionospheric  hole produces a
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formed besm extending from 280 km to above 400 ka
altitude, The width of the beam is four km. A
cross. section at 349 km altitude of the focu'.ed
bean (8611d line) s compared with the unfocied
beam {dashed 1line) in Pigure 10. Due to linita-
tions in computer memory, only a two dimensional
simultation of ionospheric focused heating was
conducted. The radiowave and the plasma are
assused to be infinitely extended in the ecast—west
divection. Adding the third dimension to the
simulatfion would have increased the power gain
from a factor of 10 to a fartor of 100.

Tacreasing the power density in the radio beam by
two orders of magnitude will stimulate new inter-
actlons between the high power radliouvaves and the
space aenvircament. The threshold for the two-
plasmon decay instatility will be exceeded for the
first time. The thresholds for the parametric
decay, stimulated Raman, stimulatad Brillouin and
oscillating two stream instabilities will be
exceeded by factors of 100 to 1000. The elactron
temperature in the i{onnsphere will be elevated
above 10,000 K and the rtadiowave beam will be
outlined in airglow. Urder conditions of strong
ionospheric focused heating, the neutral breakdown
threshold may be exceeded. The ionospheric
focused heating experiwant may slso excite plasma
phenomena not previously predicted.
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