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I. Introduction

HE launch of powerful rockets, the maneuvering of spacecraft

vehicles, and the special modes of rocket-engine operation in-
ject into the atmosphere large amounts of combustion products.!
These products can affect the ionosphere by generating strong per-
turbations, such as the large-scale holes in the ionosphere reported
by Ref. 2, can induce luminous chemical reactions and lead to op-
tical phenomena caused by the scattering of sunlight on dispersed
components of the gas and dust clouds.! The nature of such dis-
persed components depends on the type of rocket engines (solid or
liquid propellant) and can have the form of solid particles (e.g., Al,
aluminum oxide) or ice particles, with sizes ranging from nanome-
ters to microns.? In the ionosphere, the gas-dust formations resulting
from rockets’ exhaust can have expansion speeds of the order of a
few kilometers/second (depending on the altitude) and can reach
sizes on the order of 100 km or more (proportional to the breaking
distance as presented by Ref. 3), at altitudes ranging from 100 to
700 km and above.

If the dust becomes charged in the background plasma, instabil-
ities may arise because of the relative streaming of the dust and
the background ionospheric plasma. Such instabilities might affect
radar backscatter from the clouds, when the wave satisfies the Bragg
condition for backscatter, 2k, = k,,, where k,. is the radar wave num-
ber and k,, is the wave number of the wave.*

In this Note, we revisit an instability that Ref. 5 had earlier sug-
gested might play a role in explaining the enhanced radar backscat-
ter from space shuttle exhaust observed with the Arecibo 430-MHz
radar as reported by Ref. 6. The instability is a lower-hybrid (LH)
instability driven by a beam of charged dust streaming across the
geomagnetic field with a speed larger than the ion thermal speed.
In this Note, we extend the analysis in Ref. 5 to a wider range of
parameters and also take into account the effects of charged parti-
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cle collisions with the background atmospheric molecules. For the
parameters that we consider, we find that the instability can lead to
short wavelength unstable waves, on the order of tens of centime-
ters to a meter. We note that recently D’ Angelo’”-® has considered
the excitation of longer-wavelength dust modes in the ionosphere,
driven by charged dust moving under the action of gravity.

The paper is organized as follows. Section II gives the dispersion
relation for the instability, and Sec. III gives numerical results ap-
plied to plasmas with solid larger (~0.1 wm) or icy smaller (~5 nm)
streaming dust particles at altitudes in the upper E/lower F regions
of the ionosphere. Section IV summarizes the results.

II. Dispersion Relation

We consider a plasma composed of electrons, singly charged ions,
dust of uniform size, and neutrals embedded in a uniform magnetic
field By = Byz. The dust is assumed to be negatively charged as a
result of the collection of plasma currents. The condition of overall
charge neutrality is

e+ Zang=n;

¢y

where n, is the number density of species «, witha =e, i, d, and n
denoting electrons, ions, dust, and neutrals, respectively, and Z; is
the charge state of the dust. We assume the charged dust streams in
the y direction with speed V.

We consider waves at the LH frequency range, with w4 < ¢ <K
o K we (here w., is the gyrofrequency of species «), and assume
the electrons are magnetized, while the ions and dust are unmag-
netized. For the equilibrium, we assume the electrons and ions are
described by Maxwellians and the dust by a drifting Maxwellian.
‘We consider the excitation of electrostatic waves with E; ~— V¢ (x)
expli(kyy + k.z — wt)]. We assume the charged particles collide pri-
marily with neutrals at the rates v,. The resulting kinetic dispersion
relation for a LH hybrid instability driven by a charged dust beam
streaming across the magnetic field is given in the Appendix.

For purely perpendicular propagation with k, =0 (so that the
waves are not subject to Landau damping®), cold ions with w > kv;
(but with kv; > w,;), and cold dust with | — kV;| > kv,, we obtain

from Eq. (A1)
AT WY AUV WY SRR WU
1) w? 1) Q2 Q

1—To(b.) < |
(kApe)?

Here Q, = w — kVp; w,, and A p,, are the plasma frequency and De-
bye length, respectively, of species «; p, is the electron gyroradius;
and I'y(b) = Iy(b) exp(—b), where I, is the modified Bessel func-
tion of zero order. To obtain Eq. (2), we have also assumed that
the electron and ion collision frequencies v,, v; are much smaller
than w and that the dust collision frequency satisfies the condition
Vg K Qp.

When collisions can be neglected (this condition will be given
next), Eq. (2) becomes

1—wpy [0 — oy [ P(o—kVo)* ~ 3)

where the ion lower hybrid type frequency (modified by finite b,) is
given by win = wpi/+/ P, with

P=1+[1-To(b)]/(krne)* =140

Note that Q ~ wp, /@, when b, < 1.
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Equation (3) has the form of a dispersion relation for a beam-
plasma instability; here, the charged dust comprises the beam,
which excites ion lower-hybrid-type waves. Accordingly we take
w=xkVy+iy, with y <kV,. The maximum growth rate can be ob-
tained by solving Eq. (3) at the beam-plasma resonance condition
kVy ~ wLy, which gives

v Jorn~ (V3 /2) (@pa/20p) T @)

The two-stream condition for instability is given roughly by
kVo < wpn.

As can be seen from Egs. (2) and (4), the neglect of electron (and
ion) collisional effects on the instability would be justified as long as
roughly (wpa/@pi)*? > v, /w. When this condition is not satisfied,
the instability becomes a dissipative-type beam instability. To obtain
the maximum growth rate in this case, we retain electron and ion
collisions in Eq. (2) and again take o ~kVy +iy ~ wyy + iy, with
y < wry. We then obtain the maximum growth rate in this case as

= (de/\/E)[(Q/P)(Ve/wLH) + v,-/a)LH]*% )

We note that we have neglected dust collisions because vy < wpq,
whereas maximum growth rates are larger than wpq.

III. Numerical Results and Applications

In this section we show numerical results obtained by solving
the full kinetic dispersion relation, Eq. (A1), applied to a plasma
at 1) altitude ~240 km, containing larger 0.1-um streaming dust
grains, and 2) altitude ~160 km, with small ~5-nm-sized streaming
ice particulates.

1) As a first case, we consider the altitude region above
~200 km, where Ref. 3 has reported the observation of large-
scale dynamic phenomena associated with the shutoff of solid-
propellant rocket engines. We consider an altitude 4 ~ 240 km
and assume B~1/2 G, n,~4x10° cm™3, average molecu-
lar weight w~20, n; ~10° cm™, and T, ~2000 K~ 27;. The
electron-neutral, ion-neutral collision frequencies are given by*
Ve ~5.4x 107, T,(K)?s L and v; ~2.6 x 107 n,, //u s~ re-
spectively, where n,, is the neutral density in cm~>. The correspond-
ing ion plasma frequency is @, ~ 1 x 10° rad/s, and the ion Debye
length is Ap; ~0.7 cm. Dimensionless parameters for the plasma
are wpi/we ~ 370, p =20, v;/wy =2 % 107, v,/wp= 8 x 107,
and 7,/ T; ~2.

For the dust, we assume spherical grains of radius @ ~ 0.1 wm that
have mass density ~2 g/cm?, which yields a dust mass m,; ~ 4 x 10°
times the proton mass m,. The relatively large dimension of dust
particles associated with this class of phenomena is related to spe-
cial modes of operation of solid rocket engines (shutoff phase) that
occurs usually at altitude above 150 km. During this process, a large
quantity of long-lived, large-sized particles (e.g., Al, Al,O3) can be
expelled along with the exhaust creating the large-scale dynamic
phenomena observed by Ref. 3. If the dust is charged negatively by
plasma collection currents, the dust charge state would be Z,; ~ 50
(estimated using'® eZ, ~ 4aT, /e and assuming isolated grains). To
estimate the dust-neutral collision frequency, we use the hard-sphere
collision rate v, ~ 4a’n,v,m,/m,, where v,, m, are the thermal
speed and mass, respectively, of the background neutrals,'! which
yields v; ~ 1073 s~!. We assume the density of negatively charged
grains is about n, ~ 0.006 n;, so that the fraction of negative charge
carried by the grains is about 0.3. We also assume that the dust tem-
perature T, ~ T;(~T,) and that the dust is ejected with a speed of
about V; ~ 2 km/s into the background plasma perpendicular to the
magnetic field, so that Vy/v; ~3.5.

Figure 1 shows the real part of the frequency w, and the growth
rate y normalized by wy; vs kApi. As can be seen, there can be growth
with a growth rate y ~2-40 s~! for a wavelength range spanning
about 15 cm—1 m. During a growth time, an artificial dust cloud
expanding at the rate of 2 km/s would expand by less than 1 km.

The charging time for the dust grains can be estimated as the
timescale for the grain to reach its equilibrium charge, obtained by
balancing the electron and ion currents to the grain. This yields a

ENGINEERING NOTES

-
<
N
Rl ey v

PRI IRCEERTTTT ERCEERTTTT MACERTTTT RETIT §

10—5....|....|....|....|..
0.1 0.15 0.2 0.25 0.3

kA

Di

Fig. 1 Real and imaginary parts of the frequency normalized by
wpi VS kApj, obtained by solving Eq. (A1). Parameters are wy;/w.; =
370, m;i/m, =20, T, =2T;=2T4, k; =0, vi/wpi=1Xx 1074, Velwpi =4 X
1073, Z; =50, mgim, =4 x 10°, ng/n;=0.006, vglwpi=4 x 10-3, and
Volvi=3.5.

rough estimate for the charging time as 7., ~ Api/@pia, and using the
preceding parameters yields 7., ~ 1 s. During this time, the cloud
could expand to a radius of about R ~ 2 km from its initial injec-
tion point, assuming an expansion speed of 2 km/s. For the dust
parameters used in Fig. 1, the mass of dust in a cloud with R ~ 2 km
would be on the order of nym,R? ~ 40 kg. This value is consistent
with the mass of material that is injected into the atmosphere under
special modes of rocket-engine operation, such as shutoff of solid
fuel rockets, which can be on the order of hundreds of kilograms or
more.! If the dust density were larger, the instability might persist
for a few seconds as the cloud expands.

2) Here we consider a plasma at lower altitude ~160 km with
streaming nanometer size icy grains. Ice particles can condense in
rocket exhaust by the process of water vapor condensation as a
result of a rapid expansion of the combustion products.'? Optical
phenomena associated with gas formations containing ice particles
have been observed at high altitudes.>!* Reference 3 suggests that
similar optical phenomena might develop also at lower altitudes
~150 km, but could be hidden by the luminosity of twilight or
other brighter optical formations. We suggest that if a dusty plasma
instability can occur, perhaps radar backscattering from the unstable
waves might be a diagnostic of such artificial ice particles clouds at
lower altitudes.

For the plasma, we assume B ~ 1/2 G, n, ~3 x 10'° cm~> an av-
erage molecular weight i ~ 23, n; ~5 x 10* cm~3, and 7, ~ 800 K
~T;. The corresponding ion plasma frequency is wy; ~ 2 x 10* rad/s,
and the ion Debye length is Ap; ~2.5 cm. Dimensionless parame-
ters for this plasma are wpi/we ~ 80, =23, v;/wy =1 x 1073,
Ve/wyi=3x10"%, and T,/ T; ~ 1.

For the ice particles, we assume spherical grains of radius
a ~ 5nm that have mass density ~1 g/cm?, which yields a dust mass
my ~2 x 10° times the proton mass m ,. Assuming the ice grain is
charged negatively by plasma currents, the charge state would be
about Z, ~ 1. The dust-neutral collision frequency is vy ~ 1/2 s,
and we assume the density of negatively charged grains is about
ng~ 0.6 n;, so that the fraction of negative charge carried by the
ice particles is 0.6. We again assume that the ice grain kinetic tem-
perature T, ~ T;(~T,) and that the dust flows with a speed of about
Vo ~ 2 km/s perpendicular to the magnetic field, so that V;/v; ~3.5.

Figure 2 shows the real part of the frequency w, and the growth
rate y normalized by wy; vs kAp;. The magnitude of the growth
rate in this case, y ~2-200 s~!, is comparable to or larger than
that in case 1 just considered. However in this case the unstable
waves have longer wavelengths, ranging from about 30 cm to 1 m
(which might lead to Bragg backscattering of waves with frequency
~150-400 MHz).

For these small grains that are singly charged, the charging time
can be estimated as the time for a grain to collect a single electron.
This yields roughly 7, ~ (wa’n.v.)~'. Using the preceding param-
eters yields 7., ~ 10 s. If one assumes that the cloud expansion speed
is 2 km/s, the cloud would expand to a radius of about R ~20 km
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Fig. 2 Real and imaginary parts of the frequency normalized by wy;
vs kApj, obtained by solving Eq. (Al). Parameters are wp;i/w,; =80,
milmy =23, Te=T;=Ty, k;=0, vilwyi=1x1073, vwyi=3 x 1072,
Za=1,malmy, =2 X 10°, na/n; = 0.6, vyl wyi =2 x 1075, and Vy/v; =3.5.

during the time that the grains get charged. For the parameters of
Fig. 2, the mass of the dust in a cloud of radius R ~ 20 km would
be on the order of nymyR> ~ 8 kg.

IV. Summary

In this Note we investigated the conditions for a LH instability
driven by charged dust particulates (associated with rocket exhaust),
streaming across the geomagnetic field in the upper atmosphere. We
considered two different sets of possible dusty plasma parameters in
the upper E/lower F region (at altitudes ~160 and ~240 km). These
involved situations where the dust, which moved across B with
speed ~2 km/s, carried a significant fraction of the negative charge
density. For the parameters we considered, we found unstable wave-
lengths ranging from tens of centimeters to on the order of a meter,
with instability growth times a fraction of a second. The presence
of such unstable waves may create plasma density oscillations that
could reflect radar signals, provided that the unstable wave satisfies
the Bragg condition for backscatter, namely, 2k, = k. If the stream
speed of the dust were larger (smaller), we would expect the un-
stable spectrum to shift to somewhat longer (shorter) wavelengths,
according to the condition for two-stream instability. We suggest
that radar backscatter from such unstable waves, which propagate
perpendicular to the magnetic field, might have application as a
diagnostic for lower-altitude ice/dust—gas formations arising from
rocket exhaust.>!?

We note, however, that we have used sets of nominal back-
ground plasma parameters and possible dust parameters. Further
work should include more detailed evaluations involving ranges of
gas, dust, and plasma parameters that might occur in such rocket
exhaust clouds at different altitudes.

Appendix: Dispersion Relation

The dispersion relation for a lower-hybrid instability driven by
charged dust grains streaming across a magnetic field Byz with ve-
locity Vpy has been given in Ref. 5. Including collisions, the disper-
sion relation becomes

I+ x.+xi+x:=0 (A1)
where

Xe=[1/Gcxpe)* | 11+ L Z(£)To(be)]
x [1+ (ive /V2heve) ob) 2(20)] (Ala)
xi=[1/Gro)J0+ G Z@O [1+ (ivi /V2kv) Z2(c)] ' (Alb)

xa =1/ Gro)® |11+ 6 Z @1 [1 + (iva /v2kva) Z) ]
(Alc)
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Here, Ap, = (4mn,Z2e?/T,)~/* is the Debye length, v, =
(T, /mg)'/? is the thermal speed of species a, v, is the collision
frequency of species &, b, = (k,p.)* with p, being the electron gy-
roradius, I'y(x) = Iy(x) exp(—x2), where I, is the modified Bessel
function of zero order, and Z is the plasma dispersion function'*
with the arguments

w+1iv,
\/ikzve
é‘ _ a)—|—ivl»
l \/zkvi
a)—kyV()-’-l.Vd
by =———
V2kv,
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