Metal lons in the Atmosphere of Neptune
James R. Lyons

Microwave propagation experiments performed with Voyager 2 at Neptune revealed
sharp layers of electrons in Neptune’s lower ionosphere with densities of ~10* per cubic
centimeter. These layers are reminiscent of the sporadic-E layers in the Earth’s iono-
sphere, and when taken together with data from the other giant planets, these data confirm
the importance of the magnetic field in layer formation. A photochemical model that
incorporates species produced by meteoroid ablation predicts that singly ionized mag-
nesium is the most likely metal to be found in the layers, although laboratory data on the
kinetics of metallic atoms and ions in a reducing environment are lacking. The metal
chemistry discussed here is directly relevant to the abundant metals observed at the
impact site of the G fragment of comet Shoemaker Levy 9 on Jupiter.

With the completion of the planetary com-
ponent of the Voyager mission (1), we now
have spacecraft data for nine ionospheres in
the solar system. These data, together with
the wealth of information on Earth’s iono-
sphere, provide an excellent opportunity for
comparative planetology. Seven of the ion-
ospheres studied are in the outer solar system
(Jupiter, lo, Saturn, Titan, Uranus, Neptune,
and Triton) and have been investigated with
the radio occultation technique pioneered
by Lindal and colleagues (2). The iono-
spheres of Venus and Mars have been probed
by both the radio occultation technique and
in situ plasma instruments (3). Earth’s iono-
sphere has been studied in great detail by in
situ and ground-based radar techniques (4)
but has not yet been probed in detail by radio
occultations (5). I focus here on the lower
ionosphere of Neptune, although much of
the chemistry should be applicable to the
upper atmospheres of the giant planets in
general. Each of the giant planets exhibits
sharp, high-density layers of electrons in its
lower ionosphere (6). The absence of such
layers in the ionospheres of the nonmagnetic
planets demonstrates the key role played by
the magnetic field in layer formation. On
Earth, these layers consist primarily of me-
tallic ions, produced during meteoroid abla-
tion and gathered together by wind shears in
the presence of Earth’s magnetic field (4).
Substantial modeling of terrestrial sporadic-E
layers has been performed (4), but for the
giant planets, only the influx of material
from Io to Jupiter has been studied (7).
The radio occultation experiment at
Neptune (8) was performed as Voyager 2
passed ‘behind the planet as seen from
Earth. Propagation effects along tangents
through Neptune’s atmosphere induced
variations in the phases of the S-band (2.3
GHz) and X-band (8.4 GHz) spacecraft car-
tiers. For a frequency w >> w,, the plasma
frequency, the change in phase relative to a
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vacuum is given by (9)

e
Ad = _Zeome)\u)z
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N.ds (1)

where e is the electron charge, m, is the
electron mass, €, is the permittivity of free
space, A is the wavelength, and N, is the
electron number density. Contributions to
Ad come from all plasma along the ray path
S, including the solar wind and the terres-
trial ionosphere, but principally from Nep-
tune’s ionosphere. Figure 1 shows the S-
band Ad (versus time) measured during
egress occultation when Voyager 2 was
about 76,000 km behind the limb of Nep-
tune. The integration time for each phase
point is 0.1024 s, which, for a spacecraft
velocity perpendicular to Neptune’s limb of
12.8 km s~ 1, corresponds to a vertical res-

1 T T T
0 - -
) /\V
g 4l .
g
£
20 4
-3 Il L 1
32240 32,260 32,280 32,300 32,320
Earth-received time (s)

Fig. 1. Observed S-band phase perturbation
due to passage of the spacecraft signal through
Neptune's ionosphere at the egress occultation
point. The phase, in cycles, is plotted against
Earth-received time in seconds past midnight.
One can convert the time scale to a distance
scale by multiplying by the spacecraft velocity
(perpendicular to the limb) of 12.8 km s=*. There
are four sharp layers between 32,260 and
32,280 s past midnight.
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olution of ~1.3 km. The diameter of the
Fresnel zone, which characterizes the scale
below which diffraction effects become im-
portant, is 6.3 km at S band and 3.3 km at
X band for egress. The sharpest layers are 7
to 10 km in width and are therefore well
sampled and not expected to produce sig-
nificant diffraction, particularly at X band.

Assuming local spheroidal symmetry in
the horizontal distribution of electrons, Lin-
dal (10) inverted the phase data, obtaining
N, profiles for the ingress and egress loca-
tions. Figure 2 shows an expanded view of
the lower ionosphere for egress; ingress data
are shown in (10). The narrow structures in
the phase (Fig. 1) correspond to the sharp
layers seen in N, at altitudes from ~650 to
750 km in Fig. 2. The high noise level of N,
in the layer region is most likely caused by
deviations from local spheroidal symmetry
(10, 11). The net result is that the N,
values of the four main layers are uncertain
by as much as a factor of 2, but the altitude
of the layers is well determined. Another
potential source of error, multipath propa-
gation, can be shown to be unimportant
everywhere in the ionosphere (12).

The simplest assumption regarding the
origin of the layers is that, by analogy with
Earth, they consist of long-lived metallic
ions caught in a horjzontal wind with a
vertical shear (see below). However, the
terrestrial ionosphere has also revealed that
a richness of plasma structures can exist,
due both to particle precipitation and to
plasma instabilities. The latitude and longi-
tude of the Neptune egress occultation
point is 44°S, 229°W, which according to
the magnetic model of Connerney et al.
(13) corresponds to a magnetic field mag-
nitude of B = 0.65 G, an inclination (or
dip) angle of I = 65° and a declination
angle of D = —65°. Because egress occurred
near the auroral zone, particle precipitation
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Fig. 2. Electron number density profile obtained
(70) from inversion of the phase data in Fig. 1. The
noise level above 1100 km is ~1000 cm~3; below
1100 km, the noise level is significantly higher
(~5000 to 10,000 cm~3). Although the uncertain-
ty in the electron abundance is high in the lower
jonosphere, the altitude of the layers is well deter-
mined from the phase.




must be considered. To form a layer at 700
km would require electrons with energy ~1
MeV, about 100 times the energy of terres-
trial auroral electrons; protons are incapable
of reaching such depths before undergoing
charge exchange or ionizing the back-
ground gas. Plasma instabilities (4) may
contribute to the observed structure, but
given that the topside ion densities are only
~1 X 10° cm™3, instabilities probably are
not responsible for the sharp layers in the
lower ionosphere.

Another potential source of plasma
structure is plasma drift across the termi-
nator. Because of the distance to Neptune,
the occultation points are necessarily both
near the (morning) terminator; that is, the
. solar zenith angle is nearly 90°. Although
diurnal variation due to radiative recom-
bination of atomic ions is negligible, the
low electron densities observed in the top-
side ionosphere suggest that a faster loss
process may be occurring, so that plasma
flow may be important.

To determine whether metallic ions
could be responsible for the sharp layers
observed in Neptune’s lower ionosphere, I
developed a comprehensive one-dimen-
sional model of Neptune’s upper atmo-
sphere. The model extends from 1 to 1071°
mbar, accounts for eddy and molecular dif-
fusion (14), and includes ion and neutral
chemistry of hydrocarbons, water and relat-
ed species, and “metals” (that is, species
that do not contain C, H, O, or N). Metals
are produced in the model by meteoroid
ablation, with volume production rates as
computed by Moses (15) for Neptune. The
meteoroids are assumed to be of cometary
composition (16), with 30% (by mass) wa-
ter ice. The specific metal species consid-
ered are S, Si, Mg, Fe, and Na; in comput-
ing ablation production rates, no attempt
was made to account for the differing vola-
tilities of mineral grains that these species

may occur in. The flux of meteoroids was
taken to be 10 times the Oort cloud particle
flux defined by Moses (15), which is rough-
ly the geometric mean of the two fluxes
considered in (15). Ablation was assumed
to occur between 10 and 0.1 pbar, midway
between the pure water ice and pure silicate
ablation profiles of Moses (15). In the mod-
el, the eddy diffusion coefficient of Romani
etal. (17) was used, with a CH,, mixing ratio
of 10™* at 1 mbar.

Figure 3 shows the number density pro-
files predicted by the model for several neu-
tral species, including four of the atomic
metals. Neutral Si, although comparable to
Fe and Mg in cosmic abundance, is rapidly
consumed in reactions with C,H, and other
hydrocarbons and therefore does not accu-
mulate in the atmosphere. The column pro-
duction rate of Fe, Mg, and Si is 3.0 X 10°
cm ™2 57!, with peak production occurring
from 425 to 500 km. Loss is primarily a result
of recondensation onto dust particles (18),
with a column rate of 2.7 X 10° cm™2 57!
from 300 to 400 km. The condensation time
scale in the model is ~3 X 10° s at an
altitude z of ~400 km, corresponding to a
haze particle number density of ~300 cm™3
for 3-nm particles (15). At a rate about 1/10
that of condensation, loss of neutral metals
also occurs by charge exchange with molec-
ular ions.

There have been very few laboratory
studies of the kinetics of the reactions of
metal atoms with hydrocarbons. Defining
M as one of Mg, Fe, Si, Na, or S, it is
possible that species such as MH and MCH,
are produced during reactions of M with
larger hydrocarbons. It is likely that MH
and MCH; will react with H to yield M and
H, or CH,, thus returning atomic metals to
the system. Bond strengths have been mea-
sured for some metal hydrides (19), yielding
values of ~2 eV, so that reactions with H
and CH; would indeed be exotliermic for

the metals considered here. Except for Si
and S, reactions of M with hydrocarbons are
not included in the model. The model col-
umn densities of Mg and Fe are ~6 X 10!
cm ™2, and the column density of Na is ~3
X 10 ¢m™2. These column densities were
not large enough to be detected by the
Voyager spacecraft.

Ion profiles predicted by the model are
shown in Fig. 4. The topside ionosphere is
dominated by H*. On the basis of recent
measurements of the rate coefficient for
dissociative recombination (20), H,™ is
more than an order of magnitude less abun-
dant than H*. Water produced during me-
teoroid ablation reacts with H* to eventu-
ally produce H;O™ by a sequence of reac-
tions described elsewhere (6, 21). The mod-
el topside electron density is roughly five
times the observed electron density (Fig. 2).
There are several possible reasons for the
discrepancy, which have been discussed
elsewhere (22).

[ predict that the lower ionosphere will
be dominated by the metallic ions Mg™
and Na* (Fig. 4). Metal ions are formed
primarily by charge exchange with hydro-
carbon ions and H;O™; solar ionization of
neutral metals contributes <10% to the
metal ion production rate in the model.
The formation of hydrecarbon ions is driv-
en by solar ionization of CH, and C,
hydrocarbons and proceeds along a com-
plex path (6, 23) that leads to the forma-
tion of C; and C4 hydrocarbon ions, here
denoted as C;H,,* and C,H,*. The kinet-
ics of hydrocarbon ion-molecule reactions
have been well studied in the laboratory,
and most rate coefficients are known (24).
The principal formation pathway for met-
al ions is

CGHI+M—>M*+CH, (2)

The rate coefficient of this reaction is as-
sumed to be 1 X 1072 cm?® s™!, by analogy

1500 T T T T T 1500

~-3.0
S g g
Eotooof TN 2 g 1w T 2
= e Hy0 e - [0 S
g DN £ :
= \\\ 5-’ < - E,
2 = L 10 "~

.:*‘:d‘
N { 500 00
Fe' Mg 3 B 10
10 100 1000 104 105 105 107 108 10° 10 10°
Number density (cm) Number density (cm™3)

Fig. 3 (left). Model number density profiles for several “‘metal”” species, water,
C, and H. The calculations are for a meteoroid flux ~10 times the Oort cloud

for the lower ionosphere.

particle flux at Neptune (75). The meteoroid composition is assumed to be
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cometary with 30% water ice (by mass).

Fig. 4 (right). Model ion profiles
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with the reaction CH;* + Mg — Mg* +
CH, + H (24). Because most of the metal
species have high proton affinity (25), spe-
cies such as MH™ are also likely products.
The large abundance of H ensures that MH™
will be converted to M* by the reaction

MH* + H—->M"* + H, (3)

analogous to the reaction MO* + O —
M* + O, in the terrestrial ionosphere
(26). Theoretical estimates (27) of bond
strengths in metal hydride ions shows that
Eq. 3 will be exothermic for the metals
considered here. In the model, charge ex-
change to form M™ is assumed to form
MH™* with equal probability, and the rate
for Eq. 3 is assumed to be 1 X 10710 cm?
s7!. Because of reactions with CH,, C,
hydrocarbons, and water, Fe*, S*,.and C*
are not present in Fig. 4. Similar reactions
with C; and larger hydrocarbons may occur
for Mg* and Na™, but apparently these
have not been studied in the laboratory.

Clearly, the model lower ionosphere
shown in Fig. 4 does not account for the
observed electron layers. However, there is
sufficient Mg" abundance predicted that
the Mg™ could be compressed into sharp
layers. The short chemical lifetime of mo-
lecular ions makes them unsuitable as can-
didates for layer formation. According to the
mechanism proposed to explain sporadic-E
layers in the terrestrial ionosphere (28),
compression of ions into layers can result
from a horizontal wind with a vertical shear
acting on the ions in the presence of a
magnetic field. Such wind shears are usually
produced by atmospheric gravity waves and
tides.

The motions of ions and neutrals are
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Fig. 5. Magnesium ions in the lower ionosphere
are compressed into sharp layers by a sinusoidal
vertical ion wind. The wind was applied from 630
to 770 km for a total of 5000 s, in steps of 500 s.
The vertical resolution of the model has been en-
hanced to 2 km over this altitude range; elsewhere
the resolution is one-third of a scale height. The
lower ionosphere was first raised ~150 km by an
upward ion wind of 1 m s~*, applied from 400 to
1000 km for ~108 s. The upward wind is assumed
to result from E X B drift and requires an electric
field E of ~0.1 mV m~1,
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coupled through ion-neutral collisions.
However, in the presence of a magnetic
field, ion motion is further influenced by
the Lorentz force. By balancing the
Lorentz force with the rate of momentum
exchange due to collisions with neutrals,
an algebraic expression may be derived
(29) for the vertical ion velocity, w;, in
terms of the neutral wind components.
The ratio of the ion-neutral collision fre-
quency to ion gyro frequency, n;, = v, /Q,,
characterizes the dominant influence on
ion motion. At an altitude for which m;
>> 1 (valid for ¥ < 800 km) and, if we
assume that the zonal wind u is the dom-
inant neutral wind component, it can be
shown (29) that w, o« u/n,. Thus, changes
in the horizontal wind are translated into
changes in the vertical ion velocity.
Compression of the ions requires a con-
vergent vertical ion wind, dw,/dz < 0. Dif-
ferentiating the equation for w; with respect
to ¢ yields an expression relating the diver-
gence of the vertical ion wind to the verti-
cal shear in the zonal neutral wind (29).
Figure 5 shows the result of applying an
alternately convergent and divergent ion
wind to the lower ionosphere shown in Fig.
4. [The lower ionosphere was first raised
~150 km, bringing the model profile into
better agreement with the observations
(30).] The prescribed wind was a sinusoid,

w; = wp sin [m (z — 2)] 4

where m = 2m/d for a layer spacing d ~ 33
km, 7, = 633 km, and w, = 3 ms~!. This
form of w, results in the four layers seen in
the lower portion of Fig. 5. The maximum
vertical gradient of the ion wind is dw,/dz ~
0.6 m s™! km™!, which at an altitude of
.~700 km corresponds (29) to a maximum
u/dz ~ 30 m s~! km™!, a substantial but
not implausible wind shear.

The choice of a sinusoidal ion wind field
was motivated both by the occurrence of
multiple ion layers in the lower ionosphere
and by the likelihood of vertically stratified
zones of wind shear associated with atmo-
spheric gravity waves. Earth-based stellar
occultation data (31) of Neptune’s upper
atmosphere suggest the presence of convec-
tively unstable waves at pressures as low as
0.1 to 0.03 wbar, with vertical wavelengths
comparable to the ion layer spacing (~20
to 30 km) (32).

Laboratory data on the kinetics of neu-
tral and ionized atomic metals, particularly
Mg, in two-body, three-body, and cluster
reactions with hydrocarbons and H, are
crucial to a more complete understanding of
the lower ionospheres of Neptune and the
other giant planets. The detection (33) of
abundant Mg and Mg™ at the impact site of
the G fragment of comet Shoemaker Levy 9
makes clear the need for further study of
metals in reducing environments.
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Stress-Induced Vortex Line Helixing Avalanches
in the Plastic Flow of a Smectic A Liquid Crystal

Richard A. Herke,* Noel A. Clark,T Mark A. Handschy

Dynamic surface force measurements of the response of a smectic A to layer normal
stress exhibited time dependence for topological events in which single smectic layers
were added or removed. Single layer-sized jumps in .sample thickness had a rapid
component of duration of ~1 second that produced most of the change in separation,
but that was heralded by a slow precursor acceleration in separation, which began up to
a few hundred seconds before. This avalanche-like dynamic signature is consistent with
a relaxation mechanism based on the Glaberson-Clem-Bourdon instability of vortex lines
(screw dislocations) in the smectic order parameter.

Stectic A’s are liquid crystal phases hav-
ing rod-shaped molecules organized into a
one-dimensional (1D) stack of planar two-
dimensional (2D) liquidlike layers, as
shown in Fig. 1A. This hybrid 1D solid-2D
liquid structure produces a variety of exotic
elastic, hydrodynamic, and thermal effects
(I). One of the most interesting of these is
the phenomenon of oscillatory plastic flow,
observed when the liquid crystal is confined
between solid surfaces in a spherical wedge
formed by the crossed cylinders of a surface
force apparatus (SFA) (Fig. 1A). In re-
sponse to the application of a constant rate
of layer strain, the smectic A can exhibit
oscillatory layer normal stress, apparently
the result of events in which single molec-
ular layers are either added or removed
(2—4). These ‘events are similar to those
observed in isotropic liquids when confine-
ment of the liquid between two closely
spaced solid surfaces induces layering (5).
We present here a study of the dynamics
and mechanism of single layer jump events.
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Such layering events are intrinsically to-
pological in nature, which can be seen with
the smectic A-superconductor—superfluid
analogy of de Gennes (I, 6) in which the

" smectic A layering is described by the two-

component order parameter WY(r) =
[P (r)le’®™. Here IW(r)l gives the local mag-
nitude of the layering density wave; and the
phase ¢(r) advances by 27 on traversing a
layer (where r is position). In the SFA, a
constant ¢(r) boundary condition is im-
posed on each solid surface so that changes
in the layer number, for example, n —n —
1 as in Fig. 1A, correspond to phase slip-
pages of ¢(r). Phase slippage with ¢(r)
fixed on the boundary must necessarily be
mediated by vortex lines, the topological
singularities of the field ¥(r). In the smec-
tic A these are edge or screw dislocations
(7). Although the nonuniform gap between
the cylinders requires the presence of edge
dislocations, our analysis indicates that in
the macroscopic limit studied here (closest
spacing of the cylinders, d_; , >2 wm), they
are pinned and not involved in the layer
jumps in a significant way.

This leaves screw dislocations to medi-
ate the layering events, and the avalanche-
like dynamic signature found in our exper-
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iments is consistent with a relaxation
mechanism based on the Glaberson et al.
(8)-Clem (9)-Bourdon et al. (10) helical
instability of vortex lines found in W(r)
systems. The helical instability of screwlike
vortex lines was first discovered by Glaber-
son et al. while they were studying the effect
of net fluid flow on quantized vortex lines
in superfluid Helium II (8), and by Clem.
(9), who calculated the response to applied
current of vortex flux lines in a type II
superconductor. Bourdon et al. (10) showed
that in a smectic A under either compres-
sive or dilative strain, a previously straight
screw dislocation line deforms into a helix
to eliminate or add layers, respectively. Us-
ing the Oswald-Kléman analysis of this in-
stability in the smectic A (11), we generat-
ed a computer simulation of the collective
behavior of an array of screw dislocations
under strain and found that a cascade of
screw dislocation helixing instabilities did
indeed reproduce the principal dynamic
features that we observed.

As is typical in SFA studies, our sample,
4’ n-octyl-4-cyanobiphenyl (8CB) (12), was
contained in a spherical wedge made from
crossed molecularly smooth. cylindrical sur-
faces of radius R and closest spacing d_;,
with d_;, << R. Layering jumps are observ-
able for d_, as large as:sevéral microns in
8CB (1). We used a SFA of our design that
enabled us to dynamically measure the force
and surface separation (13). The cylindrical
surfaces (R = 1.2 cm) were overlaid with
thin pieces of mica (2-5), which were then
coated with a monolayer of hexadecyltri-
methylammonium bromide (HTAB) to pro-
vide a smooth surface that enforces homeo-
tropic orientation (layers parallel to the sur-
faces). Motion of each of the surfaces was
detected with a differential capacitance mi-
crometer of sensitivity ~0.05 A and an ab-
solute accuracy ~10%. The position of the
lower cylinder was servo controlled with a
piezoelectric stack in conjunction with the
capacitance micrometer. The upper cylinder
was also attached to a spring of spring con-
stant K = 2.1 X 107 dynes/cm, which was
mechanically in series with the effective
spring of the liquid crystal layer between the
cylinders, but which had a much smaller
spring constant at low applied force. Dis-
placement sensitivity was limited by elec-
tronic noise in the servo to ~ 0.02 A
over short time periodsand by mechanical
relaxation of ~0.2 A/min over long peri-
ods. The time resolution of the SFA was
intrinsically limited to ~0.03 s by the
damping due to air flow in the capacitors
and to ~0.4 s by analog-to-digital conver-
sion. The SFA was contained in a temper-
ature-controlled oven.

Data collection began with the place-
ment of a drop of the smectic A 8CB in the
gap between the cylinders. The surfaces

651





