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Lidar Observations of the Meteoric Deposition of
Mesospheric Metals

Timothy J. Kane and Chester S. Gardner*

The mesospheric sodium and iron layers at an altitude between about 80 and 110 kilo-
meters are routinely monitored by atmospheric physicists using resonance fluorescence
lidar techniques because these constituents are excellent tracers of mesopause chemistry
and dynamics. The mesospheric metals are the products of meteoric ablation. Existing
ablation profiles are model calculations based in part on radar observations of the ionized
background atmosphere left in the wake of high-speed (>20 kilometers per second)
meteoroids. Thin trails of neutral metal atoms, ablated from individual meteoroids, are
occasionally observed with high-power lidars. The vertical distribution of 101 sodium and
5 iron meteor trails observed during the past 4 years at Urbana, lllinois; Arecibo, Puerto
Rico; and near Hawaii is approximately Gaussian in shape with a centroid height of 89.0
(x0.3) kilometers and a root-mean-square width of 3.3 (+0.2) kilometers. This directly
measured ablation profile is nearly the same as the mean iron layer profile but is con-
siderably different from existing models and the distribution of ionized meteor trails ob-
served by radars. A lower limit on the influx to the mesopause region from the lidar meteors
is approximately 1.6 x 10® sodium and 2.7 x 10* iron atoms per second per square
centimeter, which corresponds to an annual flux of meteoric debris into the mesosphere
of about 2.0 (+0.6) gigagrams. Because the lidars can detect only the ablation trails left
by the larger meteors, the observations suggest that the actual meteoric influx may be
larger than the more recently reported values, which range between 16 and 78 gigagrams

per year.

For more than 20 years resonance fluores-
cence lidar techniques have been used to
study the chemistry and dynamics of the
atomic metal layers in the height range
between 80 and 110 km. Meteoric ablation
is the major source of these layers, and
photo-ionization in the lower thermosphere
and chemical reactions involving O, O,,
O3, and CO, below the mesopause are the
major sinks. The seasonal variations in Na
and Fe abundances, which are both minima
in summer, are believed to be related to the
temperature dependencies of the sink reac-
tions, which are more efficient at the lower
summertime temperatures of the meso-
pause. The predicted increases of atmo-

Department of Electrical and Computer Engineering,
University of lllinois at Urbana—-Champaign, Urbana, IL
61801.

*To whom correspondence should be addressed

spheric CO, during the next century and
the accompanying increases in radiative
cooling (1) are likely to have major effects
on the concentrations and vertical distribu-
tions of the mesospheric metal layers. In
fact, Clemesha et al. (2) recently reported a
long-term decrease in the height of the Na
layer at Sao Jose dos Campos, Brazil, which
averaged 49 (£12) m year™! from 1972 to
1987. These researchers suggested that this
change is consistent with long-term cooling
trends detected by other techniques and
predicted by models that incorporate the
expected increases in middle atmosphere
CO, and CH, concentrations.

The metal layers are also of interest be-
cause they serve as tracers of the thermal and
dynamic state of the upper atmosphere. Nar-
row band Na lidars are now being used to
measure mesopause temperature and Dopp-
ler wind profiles (3) and the technology
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exists to make similar observations by prob-
ing other metal species. The Na layer is also
of considerable current interest to optical
astronomers who are now developing laser
guide star technology for adaptive image
compensation in ground-based telescopes (4,
5). In this technology, powerful lasers are
used to create bright artificial stars in the Na
layer, which provide the reference wave
front for the adaptive imaging systems.
Knowledge of the meteoric source distri-
bution of the mesospheric metals is essen-
tial for understanding their chemical evolu-
tion. The high vertical and temporal reso-
lution achieved with modern high-power
lidars facilitates the observation of what are
apparently trails left by ablating meteors.
These trails are very thin [~100 m full
width at half maximum (FWHM)] and
short-lived, remaining in the lidar system’s
1-mrad field of view (FOV) for typically less
than 30 s. The peak atomic densities in
these trails can be quite large, reaching 10*
cm ™3 for Na and 10° cm ™3 for Fe. The most
likely source of these events is the recent
ablation of a metal-rich meteoroid. To
date, various lidars operated by our group
have observed 101 Na and 5 Fe meteor
trails. The altitude distribution of these
events is considerably different from that of
theoretical models of the meteoric ablation
profile and the distribution of ionized me-
teor trails observed by radars. Trails ob-
served by the lidars contribute at least 10%
of the commonly accepted value for the
total Na and Fe influx to the mesosphere.
Most of the data reported here were
obtained at the Urbana Atmospheric Ob-
servatory (40°N, 88°W), with a tunable dye
laser that was capable of making nighttime
measurements of the altitude distributions
of mesospheric Na, Fe, Ca, and Ca™ (6, 7).
This system typically operates with a vertical
resolution of 37.5 or 48 m (depending on
computer configuration) and a temporal res-
olution of 30 s for Na observations and 3 min
for Fe, Ca, and Ca* observations. This lidar
was used to study the mesospheric Na layer
at Urbana in 1988 and 1989 and at Arecibo,
Puerto Rico, in the spring of 1989. This
system was also used to make airborne Na
lidar observations in Hawali in-March and
April 1990. During the past year the system
has been used for Fe, Ca, and Ca™ observa-
tions at Urbana. The Na Doppler-tempera-
ture lidar is a narrow band system that can be
used to measure line-of-sight winds and tem-
peratures at mesopause heights by probing
the fine structure of the Na D, resonance
line (3). Only the Na density profiles ob-
tained by this system, with its resolution of
48 m and 1 min, are reported here. All of
the University of Illinois lidars have a full-
width beam divergence of about 1 mrad.
The lidars are thus probing a patch of the
atmosphere about 100 m in diameter at an
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Fig. 1. Density profiles of (A) Na and (B) Fe
measured simultaneously on 25 November
1991 (2254 LT) at Urbana; Az = vertical reso-
lution. The thin dense layers near 86.5-km alti-
tude are believed to be meteor ablation trails.

altitude of 100 km. During a total observing
time of 1084 hours with these various sys-
tems, 106 meteor trails were observed.

Density profiles of Na and Fe obtained
simultaneously on the evening of 25 No-
vember 1991 at Urbana exhibit meteor
trails at nearly identical altitudes (Fig. 1).
Both trails were within the FOV of the
receiving telescope for less than 2 min and
were ~100 m thick FWHM. We believe
these Na and Fe trails originated from the
same meteoroid. However, Fe meteor trails
have been observed on several occasions at
Urbana when Na meteor trails were not.
This is not surprising because the Na con-
tent in certain iron meteorites has been
found to be extremely low (8).

If the Na and Fe trails shown in Fig. 1
originated from the same meteoroid, the
ratio of the Na and Fe abundances in the
trails should yield the relative abundances
of these metals in the meteoroid of origin,
provided that the data are corrected for the
different integration times. For the Na Dop-
pler-temperature lidar, each Na profile re-
quires a 60-s acquisition time and then the
laser is tuned to a different frequency within
the D, fluorescence spectrum. The total
tuning time before and after the profile in
Fig. 1 was collected was 40 s, so that the
total duration 7 of the Na meteor trail was
less than or equal to 100 s. The observed
density of the Na meteor trail equals the
true density only if T > 60 s. The observed
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Fig. 2. Altitude histogram of 106 lidar meteor
trails in 2-km range bins plotted along with a
theoretical model of the meteoric deposition
profile and the distribution of radar meteors at
Urbana.

density equals 7/60 s times the true density
if 1 < 60 s. The Fe integration time was 180
s, and the Fe meteor trail duration was less
than this value. The ratio of the observed
abundance of Fe to Na was 10.6. By taking
into account the different integration
times, we calculate that the ratio of the
actual Fe abundance to the actual Na abun-
dance in the meteoroid was between 19 and
32. The average atomic ratio of Fe to Na in
chondritic meteorites is about 17 (8, 9).

The bulk of the meteor trail data present-
ed here is from our ground-based Na lidar
studies. The high aircraft velocity for the
Hawaii airborne data and the long integra-
tion time of the Fe lidar inhibit the detec-
tion of meteor trails with these systems.
Figure 2 is a histogram showing the height
distribution of the meteor trails. We calcu-
lated the centroid height [89.0 (£0.3) km]
and the root-mean-square (rms) width of the
distribution [3.3 (£0.2) km] using the indi-
vidual event data (not the histogram).

A model meteor ablation profile (10)
and a distribution of radar meteor echoes
from Urbana (1) are also plotted in Fig. 2.
The model is for the deposition of meteoric
debris, including dust and molecules as well
as individual atoms and ions. The altitude
distribution of this model is a function of
meteoroid velocity with faster moving me-
teoroids ablating at higher altitudes. Mete-
or radars “observe” the ionized background
atmosphere in the wake of a meteoroid.
The ionization efficiency of a meteoroid
increases considerably above velocities of 20
km s~! (12). The bottom edge of the radar
meteor distribution shown in Fig. 2 cuts off
where the meteoroid velocities drop below
the ionization threshold of 20 km s™!.

Most of the metallic atoms ablated from
a meteoroid are neutral (13). Diffusion and
chemical reactions will disperse and deplete
the atomic meteor trails within a few min-
utes after ablation. The molecular diffusiv-
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Urbana.

ity at mesopause heights is on the order of 5
m? 57!, whereas eddy diffusivity is approx-
imately 100 m? s=!. The scale height of the
observed meteor trails is on the order of 50
m. Thus, the effective diffusion velocities
are on the order of a few tens of centimeters
per second to a few meters per second and
could spread the meteor trails by 1 km in as
little as 10 min, making them difficult to
detect. We believe that the thin trails we
have observed ablated only seconds or at
most a few minutes before they were detect-
ed by the lidar. In addition to undergoing
diffusion, the metallic atoms are quickly
incorporated into molecules through vari-
ous chemical reactions. For Na, the perti-
nent sink reaction is

Na+0,+M—->NaO, + M (1)

which is considerably faster at lower alti-
tudes, where the atmospheric density is
greater, than at higher altitudes. The time
constant of this reaction is a few minutes at
90 km but only a few seconds at 80 km
(14). Consequently, meteor atoms deposit-
ed near 90 km have a far greater chance of
being observed by the lidar than those
deposited below 80 km. This behavior is
apparent in the lidar meteor trail distribu-
tion of Fig. 3. The Na atoms ablated below
80 km react quickly to form compounds
that cannot be detected by the lidar. Me-
teoric deposition and ionization still occur
below 80 km, as seen in the ablation
model and the radar meteor distribution.
The top side of the lidar meteor trail
distribution, which is similar in shape to
the model, may actually be the ablation
profile as determined by the velocity dis-
tribution of incoming meteoroids. The
radar meteors are observable well above
either the lidar meteors or the ablation
model. It is believed that, although the
meteoroids can ionize the atmosphere at
such high altitudes, it is only in the
denser, lower atmosphere that there is




Table 1. Comparison of average Fe and Na
layer profiles to the meteor trail distribution.

Centroid ~ Width ~ 0un
Value height (rms) (10°
(km) km) T
Meteor trail 89.0 3.3
distribution (=0.3) (£0.2)
Average Fe
layer profile 88.1 3.4 10.6
Average Na
layer profile 92.1 4.4 5.4

sufficient friction to actually result in ab-
lation (13).

Figure 3 shows the same lidar meteor
trail height distribution as Fig. 2 but plotted
with the average Na and Fe density profiles
at Urbana (15). Table 1 lists the layer
parameters for these profiles. The back-
ground Fe layer shape is remarkably similar
to the incoming meteoric flux, but the
average Na layer is a few kilometers higher
in altitude. Although the observed lidar
meteor distribution is composed primarily
of Na trails and altitude-dependent chem-
istry will affect the detectability of trails
composed of different species, it is reason-
able to assume that the Fe and Na ablation
profiles are similar in shape. Vertical trans-
port caused by eddy diffusion will redistrib-
ute the ablated atoms during their mean
lifetime in the mesosphere. The mean life-
time of a metal atom in the mesosphere is
defined as the average time between mete-
oric deposition and subsequent precipita-
tion to lower altitudes as part of heavier
molecules. If the mean lifetime of the metal
species is long with respect to the time
scales associated with the vertical transport,
the observed distribution of the species
could be quite different from the source
distribution in Fig. 3. The separation in
altitude between the average Na layer and
the source distribution from Table 1 is
about 3.1 km. To achieve this type of drift
from the source would require a mean Na
lifetime of ~30 hours, if we assume the
source distribution scale height is ~3.3 km
and the typical eddy diffusivity at meso-
pause heights is ~100 m? s~ 1.

The Na lifetime has been estimated by
another approach to be about 50 hours

- (15). Although diffusion transports the Na
downward as well as upward, the sink reac-
tion (Eq. 1) quickly depletes atomic Na at
the lower altitudes. If the mean lifetime of
the metal species is short with respect to
vertical transport effects, the species will be
distributed much like the source. This ap-
pears to be the case for mesospheric Fe. The
mean lifetime of this constituent is approx-
imately 6 hours (15). Diffusive transport
during the lifetime of an Fe atom is estimat-

. cm-
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Table 2. Characteristics of several long-duration lidar meteor trails; LT, local time.

Initial Peak . Vertical
Date Location time ﬁb&ng;rlcz? density Dtﬁg?n velocity
(LT) (cm~9) (ms=7)
3/4/88 Urbana 2117 2.5 2400 35t045 —-4.4
3/4/88 Urbana 2257 3.2 3000 1to2 +5.1
4/16/88 Urbana 0116 3.3 2500 2.5t03.5 0
7/28/88 Urbana 2320 1.8 1500 1to2 -3.4
3/26/89 Arecibo 2044 3.0 2500 2t03 -4.7

ed to be about 0.7 km. The mean Fe layer
is actually 0.9 km lower than the observed
meteor trail distribution.

Because the meteor trails are generally
within the FOV of the lidar for less than the
profile integration period, little can be said
about their abundances and vertical mo-
tion. There are occasions, however, when a
meteor trail is observed in adjacent lidar

profiles. Because these trails are within the

lidar’s FOV for at least one integration
period, we know that the observed density
is equal to the true density. Listed in Table
2 are the characteristics of four such events
observed at Urbana and one observed at
Arecibo. The average .abundance and peak
density of these long-lived meteor trails are
2.8 x 107 (x£0.6) cm™2 and 2400 (=500)
3, respectively. The average magnitude
of the apparent vertical velocities of these
trails is 3.5 m s~ 1.

An estimate of the meteoric input of
metals to the mesosphere can be calculated
from the above results. Because longer in-
tegration times decrease the sensitivity of
the lidar to meteor detection, we shall
restrict our attention to the Na lidar data
acquired at 30-s integration periods. A total
of 89 events were observed in 450 hours of
total operating time, yielding an average
observation rate of 0.20 (+0.05) meteor
per hour. Multiplying the average trail
abundance by the average event rate yields
an input flux of atomic Na from lidar
meteors (observed with 30-s integration
periods), of approximately 1600 (%500)
atom s~ cm™2. This is smaller by about a
factor of 10 than the typical Na influx
quoted in the literature [~1.3 X 10* atom
s™! cm™2 (14)]. Assuming that Na makes
up about 0.5% of meteoric debris by mass
(8), we calculate that the annual flux of
meteoric debris into the mesosphere is
about 2.0 (+0.6) Gg, which is smaller than
the values of 16 Gg calculated by Hughes
(16) and 78 Gg calculated by Wasson and
Kyte (17). Because the ratio of Fe to Na in
meteoroids is ~17, the lower limit for the
total Fe flux due to meteors is 2.7 (£0.9) X
10° atom s~! cm™2.

Because the telescope FOV is extremely
small (100-m diameter at 100-km altitude),
only a small fraction of the total meteor flux
is observed by the lidar. The detection
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threshold for Na trails is about 500 atom
cm 3. Horizontal advection of a meteor trail
by the background wind field can substan-
tially reduce its detectability. Horizontal
winds at mesopause heights average about 30
m s~ L. If the wind is oriented normal to the
trajectory of the meteor trail, the trail will
remain in the lidar FOV for only a few
seconds so that the apparent density will be
significantly less than the true density. If the
wind is oriented along the trail, meteors
with entry trajectories near nadir will appear
to have high vertical velocities and will be
advected through many range bins during
the integration period. Four of the five trails
listed in Table 2 exhibit moderate apparent
vertical velocities. On the basis of the char-
acteristics of these long duration trails, we
believe that the lidars are observing primar-
ily those meteors whose trajectories are with-

‘in about 30° of the horizontal and oriented

approximately in the direction of the mean
wind. The initial mass of many of the me-
teors contributing to the influx may be too
small to permit the ablation trails to be
detected by the lidar, regardless of their
trajectories and the data integration time.
Therefore, we believe the lidar observations
provide an extreme lower bound on the
calculated influx.

These data on lidar meteor trails provide
new insights into the origin of the atomic
metal layers in the mesosphere. A thorough
understanding of the chemistry and dynamics
of these layers can be realized only if the
meteoric source distribution is known. The
lidar measurements challenge current esti-
mates of both the amount and altitude distri-
bution of the influx of the meteoric metals.
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Isomers of Small Carbon Cluster Anions:
Linear Chains with up to 20 Atoms

Gert von Helden, Paul R. Kemper, Nigel G. Gotts,
Michael T. Bowers*

The structure of small carbon cluster anions, C,~ (4 < n < 20), was investigated with
the use of ion chromatography. With this technique, both the existence and the relative
amounts of possible structural isomers can be determined. More than 99% of the ions
C,~ to C,~ were found to be linear under these experimental conditions. Starting with
C,0~» @ monocyclic isomer was observed, and linear and moncyclic structures co-
existed from C,,~ through at least C,,~. This result is in contrast to previous work on
positive ions, which showed the existence of linear isomers from C,* to C,,*, with
linear and cyclic isomers coexisting only from C,* to C,,*. Above C,,*, no linear

clusters were observed.

During the last several years, consider-
able research effort has been directed to-
ward understanding the structures and
properties of small clusters. Small carbon
clusters are especially interesting because
of their possible importance in combustion
and pyrolysis processes (1), their impor-
tance in astrophysical processes (2), and
their role in the formation and growth of
fullerenes. Because of their high reactivi-
ty, most carbon clusters cannot be isolated
in macroscopic quantities and analyzed by
traditional means. As a consequence, lit-
tle is known about the structure of most
clusters. Some structural information has
been deduced from size distributions in
mass spectra (3) and metastable reactions
in mass spectrometers (4), reactivity stud-
ies (5), computational studies (6-8), and
various spectroscopic techniques (9). Pho-
toelectron spectroscopy (10, 11) shows
the presence of linear clusters for cluster
anions with as many as nine atoms and
suggests that larger clusters have monocy-
clic ring structures with the possibility of
both linear and cyclic structures being
present in C,,” and C,;”. Even with
these results, it has remained unclear if
cyclic cluster anions exist with less than
10 atoms or if linear clusters exist with
more than 11 atoms and if there is a region

Department of Chemistry, University of California, San-
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where linear and cyclic clusters coexist.
Coulomb explosion experiments (12) have
shown the possible presence of different
isomers for C,~, C5;~, and C,~. A review
on the research up to 1989 has been given
by Weltner and van Zee (9).

We recently introduced the technique
of ion chromatography and applied it to
carbon cluster cations (13). This tech-
nique, in combination with computer

 modeling, allows us to probe the shape

and possible existence of structural isomers
for small cluster ions. Various families of
structural isomers have been identified for
carbon cluster cations (13-15). Here, we
present results from similar studies on
carbon cluster anions that contained from
4 to 20 atoms.

The experimental setup has been de-
scribed previously (16), and only a brief
outline is given here. A schematic of the
apparatus is shown in Fig. 1. Carbon cluster
anions are generated in a standard laser
vaporization—supersonic expansion cluster
source. A pulse of photons from an excimer
laser impinges on a continuously rotating
and translating graphite rod. The pulse is
timed to coincide with a burst of helium,
which is admitted from a pulsed valve.
Carbon clusters exit the source through a
30-degree conical nozle after traveling
through a channel that is 3 mm in length
and 2 mm in diameter. In some experi-
ments, a spacer is inserted to increase the
channel length to 8 mm. No further ion-
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Fig. 1. Schematic of the overall ion chroma-
tography instrument. Carbon cluster ions are
generated by laser vaporization—supersonic
expansion. lons are mass-selected by the
magnet and electrostatic analyzer and inject-
ed at low energy into the chromatography cell.
lons exiting the cell pass a quadrupole mass
filter and are detected by standard ion count-
ing techniques.

ization is used. Cluster anions are acceler-
ated to 5 keV and then mass-selected by a
reverse geometry, double-focusing mass
spectrometer. An electric shutter cuts a
short pulse (2 to 10 ps) of ions out of the
=~40-ps mass-selected ion packet and in-
jects it at low energies (2 to 15 eV) into a
high-pressure drift cell (Fig. 2) filled with
helium at 2 to 5 torr. A small electric field
(2 to 20 V/cm) pulls the ions gently
through the cell. Ions exiting the cell are
passed through a quadrupole mass filter and
are detected as a function of time. The
resulting arrival time distribution (ATD) is
collected on a multichannel scaler. The
time an ion spends in the cell is inversely
proportional to the mobility of the ion and
directly proportional to the average cross
section of the ion. Ions of the same mass
but with different structures may have dif-
ferent mobilities. Structures with a large
average cross section have a lower mobility

lon pulse Drift cell ATD
| oo |
Helium (5 torr)
t=0
EH 4

2to 20 V/icm

Fig. 2. Schematic of a typical ion chromatogra-
phy experiment. A 5-us ion packet is injected at
low energy into the high-pressure drift cell. lons
drift through the cell under the influence of a
weak electric field. Different structural isomers
are separated because of their different colli-
sion cross section (size). lons exiting the cell
are recorded, and their ATDs are obtained.
Typical drift times (t) in our cell were 100 to
1000 ps.



