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ABSTRACT

During the 1999 Leonids, an intensified HDTV camera was used for slitless meteor
spectroscopy at visible and near-UV wavelengths in three night flights of the Leonid
Multi-instrument Aircraft Campaign. The HDTV system provided a high dynamic
range (digital 10-bit) and a wide field of view of 37 x 21 degrees. The maximum
spectral sensitivity is at 405 nm, while the resolving power of the spectrograph was
A/AX ~ 250. Here, we report on the results for three particularly nice spectrum
from Leonid meteors and one spectrum from a Taurid meteor. It is confirmed that
sodium is released from the meteorcid earlier than iron and magnesium, just as in
meteors of the 1998 Leonid shower. Numerous atomic emission lines of magnesium
and iron were detected, with an excitation temperature of 7' = 4,500 £ 300K in local
thermodynamic equilibrium(LTE). Rovibrational band of N, dominate the spectrum
in the visible (550 - 800 nm) which are matched by electronic-vibrational temperature
T.. = 4,500K. It seems that meteor spectra can be explained well by LTE model.
Stereoscopic ohservations of one spectroscopic meteor have been accomplished for the
first time and the real height of emissions were fixed. We also searched for CN band
emission at 388 nm related with cometary organic carbon. CN like structures are
seen in the spectrum of Taurid, but it is not clear due to the overlap of numerous

iron lines.

Spectroscopic observations of a meteor persistent train of Leonid were carried out
using a grating spectrograph covering 370 - 640 nm wavelength range. An excellent
spectra of a Leonid persistent train was obtained during the 1998 Leonid maximum in
Japan. There are thousands of possible emission lines in the 370 - 640 nm wavelength
range. Taking all possible atoms into account, we adapted a simple radiative model
based on LTE for the persistent train. To explain the obtained spectrum and to

decide precise identifications, a comparison with a physical interpretation may be



helpful. The number of 22 emission lines in the spectrum of the persistent train was
identified. The abundances of Mg, Na, Fe, Al, Ca and Mn indicate that Magnesium
and Iron are the the most dominant atoms in the persistent train while Sodium is also
rich in the train. The enhancement of Mg, Fe and Na suggests that these atoms are
the source of the persistent trains and of long-lived emitters. The intense emissions
of the persistent train could be explained with the temperature of ~ 2200K. It
seems that cooling time is more rapid than luminosity decay time. It approves of the
chemiluminescence mechanism, that is to say, thermal energy has nothing to do with

the source of luminosity in the persistent train.
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Japan. There are thousands of possible emission lines in the 370 - 640 nm wavelength
range. Taking all possible atoms into account, we adapted a simple radiative model
based on LTE for the persistent train. To explain the obtained spectrum and to
decide precise identifications, a comparison with a physical interpretation may he
helpful. The number of 22 emission lines in the spectrum of the persistent train was
identified. The abundances of Mg, Na, Fe, Al, Ca and Mn indicate that Magnesium
and Iron are the the most dominant atoms in the persistent train while Sodium is also
rich in the train. The enhancement of Mg, Fe and Na suggests that these atoms are
the source of the persistent trains and of long-lived emitters. The intense emissions
of the persistent train could be explained with the temperature of ~ 2200K. It
seems that cooling time is more rapid than luminosity decay time. It approves of the
chemiluminescence mechanism, that is to say, thermal energy has nothing to do with

the source of luminosity in the persistent train.
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Spectroscopic Study of Meteors




Chapter 1

INTRODUCTION - METEOQORS -

Meteoric phenomena occur when meteoric bodies, or meteoroids, enter the atmo-
sphere. The termns “meteoric body” and “meteoroid” are equivalent. Owing to the
interaction with air molecules, a meteoroid heats up to very high temperatures and
begins to melt and vaporize. The luminosity of the meteoroid vapor and air produces
the phenomenon known as a “shooting star”, called meteor.

Ionization of air takes place along the meteor path, forming an ion train which
reflects radio waves in the decameter, 10 - 100 m wavelength range. The ion trains of
brilliant meteors are visible even to the naked eye and those of particularly bright ne-
teors may persist for a few dozen seconds or even for some minutes. These phenomena
are known as “persistent trains”.

Directly behind the meteoroid extends the so-called “wake” of the meteor, whose
luminosity is of the same nature as that of the meteor proper motion. The meteoroid
loses mass owing to vaporization, fusion, and fragmentation. The process of mass loss
by a meteoroid is known as “ablation”. Owing to the resistance of the atmosphere,
the meteoroid is decelerated. Ablation and deceleration affect one another, since
ablation depends on the body’s velocity (geocentric velocity) and deceleration on its
mass. Hence the mass-loss and deceleration equations for a meteoroid must be solved
simultaneously.

Depending on the conditions under which they can be detected, meteoric bodies

may be broken down into three groups:

¢ Micrometeoroids. The smallest meteorites are collectively called “mi-
crometeorites” or, more commonly, “interplanetary dust particles (IDPs)” IDPs

are so small that they are retarded in the upper levels of the atmosphere be-
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fore becoming heated to evaporation temperature and before they can hecome
luminous. The concept of micrometeoroids was introduced by Whipple in 1950
(Whipple, 1950). Micrometeoroids cannot be observed by optical or radar meth-
ods since they do not produce a significant luminosity and ionization. They are
collected from stratosphere, polar ice cores, and deep sea and in-land sediments
also suffer from similar selection effects in terms of size, shape, magnetism, time
resolution, etc., but to a lesser extent. As yet none of these methods enables
the determination of micrometeoroid orbits; their mass distribution can he de-
termined fairly reliably. It may be assumed that the upper end of their mass

and size range are 107% g and 100um respectively.

¢ Meteoroids, which produce meteors, i.e., produce sufficient luminosity and
ionization upon entering the atmosphere to permit observing by visual, photo-
graphic, or radar methods, Using photographic or high-sensitive video ohserva-
tional methods can determine the precise orbit of any meteor, and hence the
elements of meteoric orbits can be analyzed statistically. The mass and size

range are from 107% to 1077 g and 100um to several 10 cm respectively.

e Meteorites, which are best studied with regard to their physics, chemistry,
and mineralogy, but accurate orbits are known for a very small number of
meteorites. The mass range range of meteorites that have actually been found,
from 1072 to 10" g, is based on their final masses, after they have passed through

the atmosphere.

Meteors are the luminous ablation of dust particles from parent comets that enter
the Earth’s atmosphere at a few tens of kilometers per second. They are heated,
vaporised, and even partially ionized in the upper atmosphere. Meteor emission orig-
inates from a mixture of atoms and molecules ablated from the meteoroid itself as
well as from the surrounding air. The Leonid meteor shower is one of the most in-

teresting meteor showers and have occurred roughly every 33 years at least in the
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last 100 years recorded in the history. This corresponds to the orbital period of the
comet, 55P/Tempel-Tuttle. Comets are the surviving bodies since the genesis of
our solar system. They are thought to be remnants of planetesiinals at the edge of
the protoplanetary disk that could not grow into planets. Through detailed meteor
observations and analysis of their interaction with the Earth’s atmosphere, physical
and chemical properties of cometary meteoroids can be studied. Spectroscopic obser-
vations of the flash heating and evaporation reveal not only chemical composition of
the interplanetary dust but also emission processes of hypervelocity impacts in the
atmosphere, which are difficult to reproduce in laboratory experiments at present.

Millman et al. (1971) first observed meteor spectra by television techniques. TV
observations can record fainter meteors with higher temporal resolution than photo-
graphic spectroscopic techniques. Most early papers were concerned with line identi-
fication. In recent years, J. Borovicka et al. (Borovicka, 1995; Borovicka and Bocek,
1993; Borovicka et al., 1999) have applied this technique to quantitative analysis of
spectroscopy of meteors and their persistent trains. Typically, the intensified video
data are recorded in an 8-bit(2° = 256) analogue video system in PAL or NTSC
format.

Here, we report on the first such spectroscopic observations using Intensified High-
Definition TV. Earlier, HDTV imaging was used to monitor the prominent activity
of the 1998 Giacobinid meteor shower, associated with comet 21P/Giacobini-Zinner
(Watanabe et al., 1999). This technique increases the number of TV lines from ahout
576(NTSC) to 1150, and has higher 10-bit{2'"" = 1024) dynamic range, 4 times higher
than previous video systems. For a given field of view, the system is more sensitive
than conventional intensified CCD cameras. Meteors as faint as 8th magnitude and
stars of 10th magnitude can routinely he observed even with a wide 37° x 21° field

lens.
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Purposes of Meteor Study;

To observe the meteor spectra with high quality using HDTV system.

To reveal compositions of cometary meteoroids.

To show physical parameters which provide emission processes.

To observe emission processes of the hypervelocity collisions to the atmosphere.

To investigate the real height of emission phenomena.

To search for organic compounds related with parent comet.
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Chapter 2

(OBSERVATIONS

Our spectroscopic ohservations were performed by the “blue-sensitive” intensified
HDTYV camera equipped with a transmission grating with 600 grooves per mm, hlazed
at 550 nm, made by Johin Yvon. We operated two HDTV cameras provided by the
Japanese Broadcasting Company (NHK) that were mounted on both the "FISTA”
and "ARIA” aircraft in NASA’s 1999 Leonid Multi-instrument Aircraft Campaign
(Leonid MAC) (Jenniskens et al., 2000a). Each HDTV camera was composed of a
large diameter image intensifier along with a blue sensitive 1-inch 2M-pixel FIT CCD,
which has a resolution of 1150 TV lines (Sunasaki et al., 1997; Yamazaki et al., 1998).
Figure 2.3 is a picture of the HDTV-II camera set on observational window of FISTA.
Figure 2.6 shows a composite of images from the ARIA camera around the time of
the peak.

During flight, the grating was rotated to set the dispersion direction perpendicular
to the projected direction of Leonid meteor trajectories on the sky. The camera was
mounted in one of the high ~ 61° ports of the FISTA aircraft. This system not
only recorded intrinsically faint meteors, but also had a wide field of view of 37 x 21
degrees by using a f50mm F1.0 photographic lens. The resulting dispersion was 0.59
nm/pixel in the first order. That is a resolving power of 250 at 590 nm. The images
were recorded in 10-bit monochrome frames at a rate of 33 ms, i.e. 30 frames per
second. The limiting magnitude for meteor spectra corresponded to the first order
meteor of about +5th apparent visual magnitude.

The spectroscopic observations were carried out intermittently for a total of 297
minutes in the nights of Nov. 16-19, 1999, consisting of 87, 46 and 164 minutes

respectively for the 1st, 2nd and 3rd nights. In total 105 meteor spectra were recorded,




Leonid MAC
Multi-Instrument Aircraft Campaign

November1l6—19, 1999

FIGURE 2.1. Observational root map. The Leonid Multi-Instrument Aircraft Cam-
paign (Leonid MAC) is a NASA and USAF sponsored interagency and international
effort to study a rare natural phenomenon, a meteor storm, for clues to the compo-
sition of meteoroids, cometary debris, and the emission processes. Two Japanese
scientists, Dr. Hajime Yano(ISAS) and Shinsuke Abe(NAOJ), partici-
pated in the 1999 mission.
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| FISTA aircraft

= Modified NKC135-E aircraft

ARIA aircraft

Boeing 707 aircraft equipped
With a radar in the nose

FIGURE 2.2. 1999 LEONID MULTI-INSTRUMENT AIRCRAFT CAMPAIGN,
FISTA and ARIA observational aircrafts. On the night of November 18, 1999, two
aircrafts took off on a mission to rendezvous with the biggest meteor storm since the
19th century. Over the Mediterranean Sea, these aircrafts encounter with the Leonid
Meteor Storm, thousands of meteors per hour. From 12 km up, flying about 150 km
apart, with over twenty instruments pointing out the Leonids, capturing images and
making stereoscopic observations.



FIGURE 2.3. Intensified High-Definition TV Camera installed on FISTA.

Lens HDTV
CANON Relay lens CCD; tinch, 2 million pixels, FIT
r=%0mm F1.0 Reducer L2.5

Battery for LL(DC12V)
Gain controller

Grati ng TV signal
Grooves|/mm]; 600 LL (Image Intensilier) HDTV recorder
Blaze wavelength; S20nm @ yomm, double.MCP, 525 60Hz digital, AT 10hit
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FIGURE 2.4. Schematic of Intensified High-Definition TV Camera.
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FIGURE 2.5. Spectral sensitivity curve of the intensified HDTV camera operated on

FISTA. This system is sensitive in 360 - 850 nm range, with the maximum sensitivity
at 405 nm.
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FIGURE 2.6. Leonid Meteor Storm. Composite of meteor images recorded from
ARIA at the peak of the 1999 Leonid storm. FOV is 60° x 34°. Zenith Hourly Rate
ZHR ~ 4,000 hr~! at 02:02 UT on November 18, 1999.
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Spectroscopic Observations on Nov. 18, 1999.

- HD-TV-II Camera
“lens: 150mm/F1.0
37.1 x 20.8[deg.] Y

do 1

01"o0™ 30™ 02"0™ 30™ 03"00™ 30" o04"00™ 30"

Time[UT]

FIGURE 2.7. The peak of the 1999 Leonid storm recorded from FISTA at the peak
of the 1999 Leonid storm. Spectroscopic observations were carried out intermittently
before and after the peak. The peak activity was around 1h59m UT, November 18
with an peak Zenithal Hourly Rate(Z.H.R.) in FOV(60° x 34°) of 826 + 35 based on

5.0-minute intervals.
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which were 76 Leonids, 11 Taurids and 18 sporadics. Most of the Leonid spectra
recorded in the night of Nov. 17/18 are meteors belonging to the 1999 Leonid meteor
storm. The meteor studied here appeared at 03:24:40 UT, in the Lorentzian tail of
the meteor storm (Jenniskens et al., 2000b) or small-scale features of the storm(Arlt

et al., 1999; Watanabe et al., 2000).
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Chapter 3

DATA ARCHIVES AND ANALYSIS

Selected segments of the HD-CAM tapes were digitized at the studio facilities of
Keisoku Giken Co., Ltd., in Yokohama, Japan. The converted frames are 1920 x
1035 pixels 10-bit monochrome files. After the conversion, the image reductions were
conducted by using the astronomical image processing software named IRAF(released
by National Optical Astronomy Observatories). Both a sky frame subtraction and
flat-felding are applied to the raw data. Flat frames were taken from inside of the
aircraft by filming a diffuse white board outside the aircraft before each flight. Also,
the same frames obtained before and after meteor spectrum were used for sky frames.

The effective spectral sensitivity curve of the instrument was constructed by mea-
suring a number of spectra of bright main-sequence stars in the observing field. The
sensitivity curve is shown in Fig. 2.5 The effective spectral sensitivity covers the
range of 360 - 850 nm, with the maximum sensitivity at 405 nm.

The two dimensional images { Fig. 5.1 ) were reduced to one dimensional spectra
by a shift-and-add task, which was repeated to integrate the emission signals along the
meteor trajectory and to achieve the highest signal-to-noise ratio {(S/N). Typically,
the spectrum in each frame consisted of about 10 TV lines. Once the lines were
aligned, the combined spectrum was extracted along a trace.

A deconvolution procedure was applied for improving the spectral resolution. The
convolution function was hased on the point spread function of standard stars in the
same frame. The resulting spectral resolution was obtained 2.2 nm in FWHM(Full
Width at Half Maximum), which improves over typical video observations by a factor

of 4 (Borovicka et al., 1999).
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FIGURE 3.1. Raw images are calibrated by dark and flat frames.

3.1 Simplex Method for Spectral Fitting

The simplex method was first introduced by Nelder & Mead (1965) for finding the
minimum value of functions. O’Neill (1971) produced a FORTRAN implementation
of the simplex method, and Caceci & Cacheris (1984) applied the simplex method
to curve fitting and produced a PASCAL program. When the algorithm of the sim-
plex method was re-examined, a redundant mechanism in the process was found. My
simplex method is used for Gaussian, Lorentzian or Voigt function fitting to obser-

vational spectra. The variance (o) of function y = f(z,), i=1 - n over k data sets
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FIGURE 3.2. Simplex method for example. A model spectra is convolved by three
Gaussian spectra. Simplex code can separate these combined spectra as they are.
Gaussian central wavelengths (pixels) and FWHM are fixed by this method.

is,

0"2 =2j:=1y,‘ —f(:Elj,iEQ_,',.’E3j,...,x,,j)z. (31)

The coeflicients that minimize the variance give the best-fitted function. If we

take a simple 2-dimensional function y = ax + b, then the variance will be,

o’ = L(y; — az; — b)*) = minimum. (3.2)

A graph of the variance versus the coeflicients a and b is called a response surface.
Each ellipse is a contour of equal variance. The lowest point on the figure will give
the appropriate value of the coefficients.

Zernike polynomials are well-known and broadly used functions for describing

the wavefront of optical systems in terms of aberrations. Data fitting to Zernike
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FIGURE 3.3. Simplex method adapted for meteor spectrum. This method has the
advantage of meteor spectra.

polynomials has mainly been done by the least-squares method (Malacara et al. 1990;
Rayces 1992). However, in order to use the least-squares method, the function to be
fitted should have a derivative function, and the function terms should be orthogonal
or transformed to he orthogonal {Rayces 1992), to make the calculation easy. The
simplex method needs neither the derivative function nor the orthogonality condition.
The simplex method is used for curve fitting to Zernike polynomials in Cartesian
coordinates.

The spectra consist of numerous overlapping emission lines(5.2). We adopted the
simplex method for separation of blended emission lines. The simplex method makes
it possible to determine the wavelength and FWHM of each emission line based on
an assumed spectral profile. We adopted a Gaussian curve rather than Lorentzian
for the fitting function, with free parameters as intensity, position and width of each

line.
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Chapter 4

SYNTHETIC ATOMIC AND MOLECULAR SPECTRA

4.1 Boltzmann Distribution

The two-level atom represents a special case of the application of the Boltzmann
distribution of population. The general case, specifying the fraction of the total
number of atoms or molecules in any given state, requires consideration of all possible
energy levels. It is necessary to evaluate a quantity called the partition function or
state sum which can be thought of as a normalization factor. Under conditions of
local thermodynamic equilibrium (LTE) at a temperature, 7', the number density, n,,

of atoms or molecules in the excited state, j, is (Boltzmann, 1872; Brush 1966)

T )
nj—nngne;np( kT)’ (4.1)

where E; is the excitation energy (energy above ground level) of the j state, ny is
the number of molecules in the ground state, and g; is the statistical weight of the s
state. An energy level with total angular quantum numbers, J, has g; = 2J + 1, and
for a multiplet term with quantum number L and S, the ¢; = (25 + 1)(2L +1). Eq.
(4.1) governs the distribution of particles over different energy states, and is known
as the Boltzmann formula. The sum of all n; must equal the total number density n

of the species, so

n= an = ;exp (wﬁ’—,) =" o), (4.2)
J=0 ‘

=0 Hu g

where the partition function Q{T) is defines by
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ar) = Y giear (- %) (43)
=0
= Go+ g exp (—%) + g2 exp (—%) + (4.4)

Therefore ny/gy = n/Q(T), and the population of the j the level is given by

nj _ g; E;

== -1y, 4.

> = ger (i) (43
The partition function for one molecule, Z, is given by

Z = Zh-mm N Zrm' ' Zm’b * er, (4.6)

where the subscripts translate, rot, vib, and el denote, respectively, the trans-
lational, rotational, vibrational, and electronic partition functions. These partition

functions are given by

mMET\?
Zh‘urm = (Tr—h’-z__) ‘/7 (4.7)
8x2IkT kT
Zr-ra = . = [ .
' hio hv, ..o (4.8)
8n2 (2nIkT\"*
Zr-m' = T ( h2 ) y (4-9)
—1
Zow = {1 — exp (_Z;"b” , (4.10)
2y = Q(T), (4.11)

Taking the logarithm, Eq. (4.1) becomes:

n; My E;
() =m (™) - & .
”(gj) ”(go) kT (4.12)

Graphically, the LTE temperature T is thus obtained from the slope of the line

joining the ground state to the electronic state under consideration. For a gas in
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LTE, this temperature is level-independent because all levels lie on a straight line.
Therefore, if the gas is in LTE, the LTE temperature characterizes the electronic
distribution with respect to the ground state, every probed level yields a different
LTE temperature. In that case, different LTE temperature have no physical meaning
and are only indicative of a non-Boltzmann distribution.

The number density of an excited state can be accessed by emission spectroscopy
by probing the radiaiive transitions issued from that state. Transitions from atormic
electronic levels produce spectral lines that span a narrow spectral range, typically a
few angstroms. Atomic transitions are therefore more easily accessed than molecular
transitions that span very large spectral ranges, typically several thousand angstroms.
For this reason, electronic temperatures are determined in the present work from

atomic transitions only.

4.2 Radiative Transfer

The amount of energy emitted in volume dV, solid angle dQ, frequency range dv, and

time dt is, by definition,

j,dV dQdvdt. (4.13)

Since each atom contributes an energy hv distributed over 47 solid angle for each

transition, this may also be expressed as

}
£¢>(y)n;A ;:dVdQdudt, (4.14)

so that the emission coefficient is

.
I = Z;(b(V)n;Aj;QS(V), (415)

Iij — h—ul\r‘;A,‘j _ & gihVAi_,i

47 g 4

(4.16)
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then

N,‘ 471'.[,;j
E = GhvA, (4.17)

4.3 Abundances

From (4.5), (4.17), we can find the ratio of the numbers of radiating atoms N, and

N, for two elements a and b, from the intensities of lines i and j :

Nu _ If'_}'” Q(T)u gib Aiﬂ’ ewp (M) . (418)

No I3 Q) gi Aija kT

The line-of-sight spectrum I(A) was then determined by either assuming that
the medium is optically thin to all radiation, or by solving the radiative transport
equation. In the optically thin case, the spectral emission coeflicient in each slab is
multiplied by the thickness x of the slab. In the case of self-ahsorption computations,

the radiative transport equation is solved.

dI{})
dx

Note that this method is only justified when the gas in in LTE, that is when col-

= €(\) = 8(A)I(N) (4.19)

lisional processes are sufficiently effective so as to prevent the absorption of radiation
from modifying the population of the electronic states. Under non-LTE conditions,
rays coming from all directions would affect the population, and hence the absorption

and emission coefficients.

4.4 Radiative Model

Bound-bound transitions occur between two bound electronic states of atoms or
molecules. The spectral position of the line center, the integrated line intensity,

and the line shape function are determined in the radiative model.




30

4.5 Line Center

The location of the line center is determined from the difference of energy between

the two bound states u and | as:

_ he
B Eu - Ef.

For molecules, they are decomposed into the sum.of electronic, vibrational, and

Ao

(4.20)

rotational term energies:

E. =T +Gv)+ F.(J), (4.21)

where G(v) and F,(J) were calculated using polynomial expansions of the form:

1 1. 1. 1
Glv)=w v+ ~2-) —wex.(v+ 5)2 + w (v + —2—)" +w, 2. (v + -2~)" +e0n 0 {4.22)
F(NN=B.JJ+1)-D.JJ+1)*+... (4.23)
with
1 1., 1,
B, = B.—a/fv+ 5) +7.{v+ 5) +4&.(v+ 5)‘ + - (4.24)
1
D, = D,.+ﬁ,.(v+§)+---. (4.25)

Klein-Dunham coefficients : (w,.,w.Xe, - B, D, 8., )
These expressions are in fact the so-called Klein-Dunham polynomial expansions,

but arbitrarily truncated to the second or third term.

4.6 Integrated Line Intensity

The integrated intensity of the line is:
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N,,A,ﬁ;AEiil

I[W/em'sr] = 1
w

(4.26)

The radiative transition probability of a single rotational line of a diatomic molecule
can be decomposed in a first approximation as the procduct of three terms: the square
of the electronic transition moment, R?, the Franck-Condon factor, .., and the
Honl-London factor, S7.\.. These tree terms correspond to the probability of a
transition between the two electronic levels, the two vibrational levels, and the two
rotational levels, respectively. For most systems, however, the electronic transition
moment depends on the vibrational pair involved. This dependence can be accounted

for by assuming that R? is a function of the vibrational pair through the so-called

r-centroid 7,.,.».

647{'!1}3 ) MRy
A,, = ~aT 1 R(' _r"t"' 2 vfe! ST . .
= Ther Relfee) e g3 (1.27)

Usually, (R,)? is expressed in multiples of (ea()? where e is the charge of the
electron in electrostatic units (e = 4.8 x 107" e.5.u.) and q is the first Bohr radius

(ag = 0.53 " ¢m).

Definitions:
v’ ; Upper state of the transition
v : Lower state of the transition
T ; Term energy, in cm !
Gt ; Franck-Condon factor
A ; Wavelength, in angstroms
Foot e ; r-centroid, in bohrs
Ao : Band Einstein A coefficient, in second™'
S . Band absorption oscillator strength

ST(RI")* 5 Sum of the squared electronic-vibrational transition moments, in (eag)®
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The fraction of population in a given electronic level €' is then:

a DT TA i
No QY. QuaQu (4.28)
—_— N YENANTA )
Nt S QuQui Q™

where

g E(‘f"_f(_‘lz
Q:f = geexp (— LT n)a (429)
Qi = e (-T2, (4.30)
Q' = (20 +1)exp (——E"' ;;"Z“), (4.31)

are respectively the electronic, vibrational, and rotational partition functions.

Detailed calculations of partition functions are given by Irwin (atoms and molecules).
However, for the approximate purposes of this paper, the partition function may sim-
ply be regarded as the effective statistical weight of the atomns or iron under existing
conditions of excitation. Except in extreme conditions it is approximately equal to
ten weight of the lowest ground term. (The part of the partition function associated
 with these high-n term is dependent on both temperature and electron pressure.)
The ground term weight g, is therefore given and this can normally be extrapolated
along the isoelectronic sequences to give the approximate partition function for any
ion. Tahle 4.1 shows statistical weights and partition functions of typical elements in

neutral(I} and ionization(1I) states.

4.7 Lineshape

Spectral lines are broadened by three major processes, namely, natural broadening,
Doppler broadening, and pressure broadening. Natural broadening originates from
the uncertainty principle of the quantum mechanics, and FWHM of this profile is

small enough to be neglected for meteor spectra ohservations. The FWHM of Doppler



33

TABLE 4.1. Partition function {T=5040K)

I 11
Element G logU o logU
H 2 0.30 1 0.00
N 4 0.61 9 0.95
0 9 0.94 4 0.60
Na 2 0.31 1 0.00
Mg 1 0.01 2 0.31
Al 6 0.77 1 0.00
Si 9 0.98 6 0.76
K 2 0.34 1 0.00
Ca 1 0.07 2 0.34
Mn 6 0.81 7 0.89
Fe 25 1.43 30 1.63
Co 28 1.52 21 1.46
Ni 21 1.47 10 1.02

broadening and pressure broadening is the same order of magnitude, which is gen-
erally more than ten times larger than of natural broadening in the meteor emission
environment.

However, as Park has pointed out, it is deemed impractical to describe a line shape
even with high accuracy accounting for all these broadening mechanisms(Park, 1990).
Following this standpoint, this paper introduce the Voigh profile in an approximated
form(Olivero 1977), in which both the dispersion profile and Gaussian shape are

synthesized. The line shape function is given by

d(A) = A [(1 — tlexp(—2.772L%) + [T 4L

2 9 10
+0.016(1 - ¢t) {emp(-»OALz"") - W} ] (4.32)

where




1

" w, (1.065 + 0.477¢ + 0.058¢?)

w, = =t 4
CT 2

we, wr; full width at half maximum of Gaussian and Lorentzian line spectra,

respectively, m
A; wavelength, m

A.; line center wavelength, m

A=A

W,

(wip2)? + wf,

4.8 Line Selection for Calculation

TABLE 4.2. Calculated molecules.

Molecular species and
Electronic system name

Spectroscopic notation
(upper state — lower state)

CN violet

Bt — X3t

N, first positive

BIl, — A'%7

34

(4.33)

(4.34)

(4.35)

(4.36)
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Chapter 5

REsSULTS

5.1 Time Series of Meteor Spectra

Figure 5.1 shows a set of time series spectra between 3:24:40.20 and 3:24:40.57 UT on
November 18, 1999. The time resolution is 0.033 seconds(1/30 seconds). The zeroth
order meteor image disappears from the field of view. The dispersing direction is from
right(short-wavelength) to left(long-wavelength). The forbidden OI line at 557.7 nm
is delayed behind the meteor image {Halliday, 1958, Millman, 1962). The spectrum
covers the first order image below 720 nm and an overlap of 1st and 2nd order images
above that.

The spectra consist of numerous overlapping emission lines. Figure 5.2 shows the
spectr\ﬁn taken at 3:24:40.30 UT, at time t = 0.167s along the meteor trajectory
{(Fig. 5.1). The thin line is the spectrum as it was observed. The thick line shows the
spectrum after correction for the spectral sensitivity of the system (Fig. 2.5). About
60 emission lines are seen in the 360 - 850 nm wavelength range.

Once the wavelength and FWHM of each line are determined using simplex

method, the temperature and abundances of each atoms can be calculated by as-

TABLE 5.1. Obhservational frame data.

No. Date Start Time(frame}  End Time(frame) frames  order
hh:mm:ss.ss hh:mm:ss.ss
Leo-32  18-Nov. 03:24:40.20(06) 03:24:40.57(17) 12 1st
Leo-18  19-Nov. 08:55:22.90(27) 08:55:23.23(08) 12 Oth,1st
Leo-10  18-Nov. 04:07:50.77(23) 04:07:51.13(04) 12 Oth,1st
Tau-02  17-Nov. 03:51:01.43(13) 03:51:02.17(05) 23 Oth,1st
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suming local thermodynamic equilibrium(LTE). It is an assumption that all energy
levels are populated by collisional and radiative processes which were characterized
by a Maxwellian velocity distribution for all radiating particles. Relative intensities
obtained by calibrated spectrum allow us to estimate the excitation temperature.
The identified lines imply an excitation temperature of about T' = 4, 500 £ 300. This
excited temperature is calculated mainly from intensities ratio of the Fe lines and
applies to the mean intensities along the meteor trajectory shown in Fig. 5.1.

The time evolution of spectrum Leo-32, Leo-18, Leo-10 and Tau-02 are shown in
Fig. 5.3, Fig. 5.4, Fig. 5.5 and Fig. 5.6 respectively. Observational frame data of
each spectrum are shown in Fig. 5.1. Fig. 5.7, Fig. 5.8, Fig. 5.9 and Fig. ?? indicate
the light curves of different spectral lines during a meteor event. Geocentric velocity
of Leonids are ~ 71km/s while Taurids are ~ 27 — 29km/s. This is why the meteoric

duration time of Taurids are about 2 times longer than Leonids.

5.2 Orbital Calculations of Meteors

We(Hajime and I) operated “Air-to-Air stereoscopic observations” from two aircrafts.
If we could observe a same meteor from different places, we can calculated the orbital
elements of meteoroid as a triangulation method. FISTA aircraft kept the distance
about 150 - 200 km from ARIA aircraft and we could know the GPS positioning data
of the mission aircrafts through head-set radio communications. We tried to aim each
HDTYV camera to the sky area where same meteors could be observed. The stereo-
scopic observations operated for 20 minutes every hour aﬁd have been accomplished.
This is the first attempt to calculate the orbit of meteor using spectroscopic and
imaging data sets. The zeroth order of spectroscopic meteor was used for measuring
the position on the field. The 5th order polynomial fitting function was adopted for
calculating the plate constant. However, the position error was over 30 seconds in

the FOV of 37.1 x 20.8deg. because the objective grating spectrograph caused large
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aberration. Table 5.2 and 5.3 indicate the meteor trajectory of Leo-18. Each obser-
vational frame was composed of interlaced image of 1/30 seconds. There are 3 points
to be measured, head, center and behind, because meteors moved in the frame during
the 1/30 seconds. Moreover, meteors decelerate in the upper atmosphere caused by
collisions. Orbital calculation results, height(km) and distance{(km), shown in Table

5.3. The accuracy of height is ~ 13.0km.

$ FISTA aircraft §

e Observation: Spectroscopic e
o FOV = 37.1 x 20.8deg. (HDTV with {=50mum(F1.0) camera lens)
e (08:55:22 UT. 10-NOV-1999({Lco-18)

o FISTA position{(UTC=08:55:20)
Longitude = 33°.28419N., Latitude = —62°.03203E,
Height = 9146.4384 m., Velocity = 468.3 km/h, Heading = 248°.2

e O ARIA aircraft ©

e Obscrvation; huaging mode

e FOV = 32.7 x 18.3deqg. (HDTV with f=58mm(F1.2) camera lens)
e 08:55:22 UT, 19-NOV-1999(Lco-18)

e ARIA position{UTC=08:55:20)
Lougitude = 32°.07383.NV. Latitude = —G1°.43830F.
Height = 9120.5304 m, Velocity = 452.7 ki /h, Heading = 247°.5



TABLE 5.2. Leonid meteor trajectory from FISTA

GPS Time o 4 «
(ur ) meteor{behind)
No. hh mm s s hh:imm: Ihmmss,ss
alL. 03:55 10:19:30,0
02, 08:55: 2 10:18:57.00 "[\. !1.01.,
03. 08:55:22, 10:17:650,22 13:01.33,
04, 08:55:23.000 10:17:02.71
05 08:55:2 10:16:04:58
a6, 08:55:2 10:14:005,65
07. 08:55:23, 10:13:50.20
08. 08:55:23. l():lﬂ:(] 10:12:45.25
0o, 08:56:23. 10:11:57.01 10:11:31.81
10. 08:55:2 LO:00:54, ‘Il E +65:50:04, 14
11, 0R:55:2 10:08:30.75 11:08:08.07 +060:31:00.78
12, 08:55:2 10:06:55, -"’vl! HGGHTIH0,840, 1063500 A-G7:03:00,38
TABLE 5.3. Leonid meteor trajectory from ARIA
GPS I'ime @ é o I} o B

(ur) metcor(behind) or(conter) meteor(head) Height

No. hh mm s&.s58 oimm; hhimn 01 MBE,E8 Bhimmses ormmiss.ss km km

01, 08:65:22,000
02. 08:55:22.033

10T,

TR0

+805:4 151,

00:41:30.20
00:35:41.07

+RB10T:H3.50, 00340:38.56
+80:41:53.86, 0033505 .40

+RBL0B:L7.TH
B3R LT

119,60
117.60

03. NR:55:22.067 Gﬂ Jl 08.33 +80:17:06,17, 00:30:17.90 +80:13:33.31, 00:20:50.638 RO00:22,50 15.04
n4. NR:55:23.000 00:26:37,63 47061 ||,(18 00:25:20,90 A TOrl 4 .08, 00:3:40:41.70 +TU13R:15.33 113,24
0a. 08:55:23.033 00:22:18.72 3] 00 17:038 Tl 44, 17, 00:20:206.4% A TUNTI2TTO 11100
0i. 08:55:23.067 N0:18:16,43 14,12 - TRAG0L,26, 00:16:20.74 fTRINTI0.35 109,00
0n7. 08:55:23.100 00:14:41.18 +78 .35'31.3-:, 42,02 78:17:13.80, 00:12:53.56 S T8:NR:30.04 106,88
08. N8:55:23,133 00:11:27.72 +TT:HTiL4.08, FTTUI8G6.T, 00:080:32.03 -+ TTI30:20,36 104.91
g, 08:55:23.167 00:08:18.77 -TT:28:11.14, +77:20:08.690, 00:0:47 60 $TTiL04.18 102,97
10. 08:55:23,200 +TE:HT04,24, 0:04:30,68 +TE:51:21.80, 00:04:05.70 TG4 40,00 100.97
L. 08:55:23.233 +TH:206:46,60, 00:01:51.58 +TE:22:06. 14, 00:01:26.50 761 3:36:00 098,99
12, 08:55:23,267 23:50:43.67 4-75:68:18,37, 23:50:4,08 4-75:60:41.28, A3h0: 11,71 4 TH:47:16.51 008,48

e Radiant Point:

o = 158°.261,8 = +53°.672

Distance

233,41
242,35
230,99
230.08
228,08
227,94
226.90
NaL 96
205,04
ang. 1t
229,21
222,08
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FIGURE 5.1. Time sequence (top to bottom) of spectra recorded from Leonid meteor
03:24:40 UT at a rate of 30 frames/s.
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FiGURE 5.2. The identification of spectral lines in the 03:24:40 UT Leonid at
t=0.266s. Thin line shows the observational spectrum after a deconvolution pro-
cedure. The thick line shows the spectrum after calibrated by the spectral sensitivity
of the observed system.



41

4000 'lIll'!l‘lll'I'lll'lIllllllll'lll'llllIlllIll'll'l'l‘l'll'l
LE0—~32
Mg Na 0
; | | | Time
0.033 s
3000 — ‘ 0.066 s
: U o
-
s 1 |
- I
5 2000 - | 0.165 s
1h]
2 | 0.198 s
-+
= )
) 0.231 s
[0
o -MM o
0.297 s
M’W 0.330 s
0 —rnamnsr A e ~{ 0.363 s
'll'lll'lll'llI'll'llIl'l'lll'lIllll'lll'lll'll'll"l'l'll'lll'lll’

400 500 600 700 800
Wavelength (nm)

F1GURE 5.3. Time evolution of Leonid spectrum (Leo-32) as it was ohserved(before
calibration for spectral sensitivity). The spectra extracted individual HDTV frames
are shown as individual profiles from the top to the bottom. Three brighten lines of
MglI(517 nm), Nal{589 nm) and OI(777 nm) are indicated.
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FIGURE 5.4. Time evolution of Leonid spectrum (Leo-18) as it was ohserved(before
calibration for spectral sensitivity). The spectra extracted individual HDTV frames
are shown as individual profiles from the top to the bottom. Three brighten lines of
Mgl(517 nm), Nal{589 nm) and OI(777 nm) are indicated.
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FIGURE 5.5. Time evolution of Leonid spectrum (Leo-10) as it was observed({before
calibration for spectral sensitivity). The spectra extracted individual HDTV frames
are shown as individual profiles from the top to the bottom. Three brighten lines of
Mgl (517 nm), Nal(5389 nm) and OI(777 nm) are indicated.
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FIGURE 5.6. Time evolution of Taurid spectrum (Tau-02) as it was observed(before
calibration for spectral sensitivity). The spectra extracted individual HDTV fraines
are shown as individual profiles from the top to the hottom. Three brighten lines
of MgI(517 nm), Nal{(589 nm) and OI(777 nm) are indicated. Right gap is not a
emission line which is caused by the observational frame edge.




45

200
Fe I
Ca II
Cal
gI
.3‘ al
k7
es]
Q
-
cl
= 100 .
]
-Z
-
&
)
0
O l ll'l'l_'l'lllll

- — T LI e e T T T
0 0.05 0.1 0.15 0. 0.25 03 035 0.4
Time (s)

FIGURE 5.7. Relative intensity curves of the spectral emissions from six atomic
species in the 03:24:40 UT Leonid(Leo-32).
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FIGURE 5.8. Relative intensity curves of the spectral emissions from six atomic
species in the 8:55:22 UT Leonid(Leo-18).
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FIGURE 5.9. Relative intensity curves of the spectral emissions from six atomic

species in the 4:07:50 UT Leonid(Leo-10).
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FIGURE 5.10. Relative intensity curves of the spectral emissions from six atomic
species in the 3:51:01 UT Taurid(Tau-02).



49

FIGURE 5.11. Air-to-Air stereoscopic observations; stereoscopic observations of
Leonid(Leo-18) from FISTA.

FiGure 5.12.  Air-to-Air stereoscopic observations; imaging observations of
Leonid(Leo-18) from ARIA.
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Chapter 6

DiI1SCUSSION

6.1 Chemical compositions

In Table 6.1, the elements unambiguously detected in Leonid spectra are listed. For
each elements, numbers of detected multiplets{Moore, 1945) are given. Individual
lines within multiplets are not listed because they are usually unresolved. The lines
of ionized Ca and Mg {at 395 nm and 448 nm respectively) belong to the high-
temperature component, other meteoric emission belong to the low-temperature com-
ponent. Some additional elements{e.g., Cr, Mn) probably contribute to some features

in the spectra but remain unsolved.

TABLE 6.1. Elements and multiplets identified in Leonid spectra.

Elements Major Faint
multiplets multiplets

O 1,4,9,10,11,12;1F 13,14,15,16,17,18,21

N 1,2,3 8,21,24

N, first positive

Mg 2 1,9,11

Mg* 4

Na 1

Fe 41 1,2,15,42,43,318

Ca 2

Cat 1

Figure 5.7, 5.8 and 5.9 show the relative intensities of the most dominant emis-
sions. Iron and magnesium follow a similar ablation profile than atmospheric oxygen
emission. However, the atomic sodium emission is depleted significantly earlier than

the other metal atom emissions. This effect was earlier observed for the 1998 Leonid
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meteors, and is now confirmed for the 1999 Leonids. This confirmation is significant
in light of results by Murray et al.(2000), that the light curves for 1998 and 1999
Leonids differed significantly, with the 1999 Leonids being less finely fragmented.
Further study should reveal whether the sodium release from the 1999 Leonids is
significantly different from those of 1998.

The average mutual ratios of Na, Fe, Mg, and Ca line intensities have been con-
verted to relative abundances of these elements. Thermal equilibrium at a tempera-
ture of 4,500 K and a column density of Mg I and Fe I atoms of the order of 10! cm 2
were assumed for the main spectral component. From the mean multiplet intensity
ratios, we derived the atomic ratios in the radiating gas of Leonid and Taurid me-
teors(Table 6.2). Owing to all uncertainties of the procedure used, these values may
be in error by a factor of 3. Because Na and Ca are highly ionized at 4,500 K, the
Saha equation had to be used to convert neutral atom ratios to elemental ratios. The
ionization degree depends also on density. Fortunately, changes of density affect all
elements in nearly the same way for a given temperature, and the density estimate is
therefore not so critical.

A comparison of Leonid with Taurid meteors showed that for Nal/Mgl abun-
dances at high altitude(first stage), Leonid meteors are more abundant than Taurid
meteor(Fig. 6.1, 6.2, 6.3). This can be explained by their lower velocity - 71km/s

for Leonid, and 28km/s for Taurid meteors.
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6.2 Excitation Temperature

Figure 6.4 shows the Boltzmann distribution. The so-called Boltzmann temperature

Tg is defined by the distribution of excited electronic levels.

g.-.r.l Er.‘i - EN'J
ul = Ty2 — '} - ) |
Nyl = N2 » exp ( T, ) (6.1)

Although LTE and Boltzmann temperatures are not independent(6.1 is the ratio
of 4.1 written for two electronic levels), the Boltzmann temperature offers several
advantages. First, it has a physical meaning, because even when the gas is not in
LTE, T represents the kinetic temperature of the free electrons if the probed levels
are close to the ionization limit. This stems from the fact that high-lying electronic
levels tend to be in equilibrium with the free electrons. Second, in contrast to the LTE
temperature, no assumption needs to be made about the ground state number density
since it is not involved. Finally, the Boltzmann temperature is more sensitive to a

possible non-equilibrium distribution of the electronic levels. However, the latter point
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TABLE 6.2. Relative abundances of meteors at each time and height. {normalized
by Mg)

Leonid-32  Leonid-18  Leonid-10  Taurid-02
Na (ratio in number) 7.04 x 10" 6.12 x 10~ 7.84 x 10~' 9.14 x 10~
Na (ratio in mass) 6.66 x 107" 579 x 10~ 7.41 x 107" 8.64 x 107!

Mg (ratio in number) 1.00 1.00 1.00 1.00
Mg (ratio in mass) 1.00 1.00 1.00 1.00
Ca (ratio in number) 2.09 x 10°* 2.55 x 10~ x107% 3.45 x 1073
Ca (ratio in mass) 3.44x 1077 421 x 107° x107% 5.69 x 107*

Fe (ratio in number) 1.33 x 10~ 1.37 x 107 2.04 x 10°7 2.73 x 107!
Fe (ratio in mass) 3.06 x 107! 3.14 x 107! 4.69 x 107! 6.28 x 107!

also implies that the Boltzmann temperature cannot be determined as accurately as
the LTE temperature hecause it includes the Einstein coeflicients of two transitions,
and these are not yet known very precisely.

Calculated excitation electronic temperature is 4, 500+ 300K, which is the average
temperature through the meteor phenomena (< lsecond). Though the excitation
temperature changes time by time between 4,000 - 5,000 K, we may say that LTE
assumption is not bad. We found an evidence to support LTE assumption. The
maximum sensitivity of HDTV camera is near-UV region, but still sensitive in near-
IR region. There are many iron lines below 550 nm range, but less contamination in
600 - 850 nm range. There are many broadband emissions from molecular emissions.
The near-IR and visible region is dominated by molecular emission from first positive
bands of N,. Other broad features are simply blends of atomic lines, OI at 615.7 nm,
626.2 nm, 645.4 nm, 648.9 nm 665.4nm and NI at 747 nm.

Many Einstein coefficients, Frank-Condon factors, and r-centroids for nitrogen
band systems have been published previously. Synthetic spectra of nitrogen were car-
ried out using a structured SPRADIAN package(Fujita and Abe, 1997} with nitrogen
data base(Gilmore et al., 1992). Figure 6.5 shows observed spectrum of Leonid(thick

line) and theoretical spectrum of N, first positive(thin line).
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FIGURE 6.5. Leonid spectrum at 500 - 800 nm range(thick line). The spectrum
is calibrated by spectral sensitivity of HDTV system. The thin line shows the first
positive bands of IV, convolved by ohservational FWHM of Gaussian profile.
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Figure 6.6 shows same synthetic spectra of NV, first positive(thin line) and ohserved
Leonid spectrum(thick line), but the combination of the electronic-vibrational tem-
perature T, and the rotational temperature 7, make change. The radiation strength
of meteor, LTE has been measured for temperature of 4,500 £ 300K using many
atomic irons in short wavelength range, 400 - 550 nm. Prior studies discussed only
at shorter wavelength where the emission lines of ablated meteoric metal atoms dom-
inate because of instrument or calculation problems. Our new measurements have
been compared to the temperature of N, first positive band in long wavelength 550
- 800 nm(top of Fig. 6.6). Entry speed of Leonid meteor is enough to excite N,
molecules, so the Leonid is the best meteor shower for N, or N, researches. loniza-

tion potentials of typical atoms and moclecules are shown in Table 6.3.

TABLE 6.3. Ionization potentials of atoms and molecules.

| Atoms lonization Potential (eV) |

N 14.53414
O 13.61806
Na 5.13908
Mg 7.64624
Al 5.98577
Si 8.15169
Ca 6.11316
Mn 7.43402
Fe 7.9024
| Molecules lonization Potential (¢V) |
CN 14.17
Ny 15.58
N} 27.1
0, 12.07
C, 12.15

Herzborg, G, 1950, Specire of Diatormie Moleewles(IKricger, Florida.)

It seems that meteor spectra can be explained well by LTE model. However, there
are differences between the vibrational temperature of 7., = 4,500K 4+ 300K and

estimated the rotational temperature of T, = 2,500/ + 500K . It means that meteor
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spectra are not completely explained by thermal equilibrium in detail. I leave the
problem untouched because it needs more spectral resolution power in observations
to explain the spectra precisely.

The radiation of N is not usually observed. The first indication of possible
presence of Nt bands was obtained by Millman, Cook and Hemenay in 1969, during a
television recording of Perseid spectra. However, since the resolution was low (~ 4nm
in the first order), the presence of bands of the first negative system of nitrogen could
only be presumed. The first negative system of bands of N, cannot be obtained in

our spectra.
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6.3 Relationship between Meteoroids and Comets

Direct information on the composition of solid cometary particles was very scare prior
to the spacecraft and ground-based observations of comet 1P/Haley. Since then, ob-
servations of a number of other comets have also contributed significantly to our un-
derstanding of comet dust. The physical and chemical characteristics of cometary dust
have heen reviewed by Griin and Jessberger(1990), Mumma et al.(1993), and Weiss-
mann and Campins(1993}). The GIOTTO and VEGA spacecraft probes measured
the elemental composition of dust grains in the coma of comet 1P/Halley and found
many to be rich in the elements C, H, O and N(Kissel and Krueger, 1987; Jessherger
et al., 1998). Refractory organic carbon is thought to be an abundant compound of
cometary meteoroids, making up some 23 % of the comet mass fraction and some
66 % of meteoroid mass once the volatile compounds have evaporated{Greenberg,
2000). This organic carbon was mixed intimately with the silicate component and
has high molecular mass. Most of it is expected to survive exposure to the vacuum
of space and the gentle warming when grains come as close to the Sun as Earth’s
orbit(T ~ 300/). When these meteoroids encounter the Earth’s atmosphere, the or-
ganic carbon is ablated either 1) early on at a relatively cool temperature (400 - 750
K) in the classical case where the grains are heated throughout and the evaporation
is the key ablation process, or possibly 2) together with the silicate grains when the
ablation process is like sputtering and thermal conductivity is low(Jenniskens et al.,

2000c).
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FIGURE 6.8. 55P/Tempel-Tuttle observed by 50 cm diameter telescope of Public
Information Center of National Astronomical Observatory, Japan. The 1998 was a
recurrent year of comet Tempel-Tuttle which orbital period is 33 years. On the night
of 17th - 19th November, 1998-2001 when the earth moved through the path of comet
Tempel-Tuttle, Leonids meteor shower caused by sand to pea sized debris left in the
trail of this comet.
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6.3.1 Leonid and Comet 55P /Tempel-Tuttle

CN radical is the most easily detected because of a strong B — X transition of
low energy potential. This electronic transition has a band head at 388.3 nin in the
near-UV. Figure 6.9 shows the spectrum of comet C/1996B2 (Hyakuteke) obtained
at the European Southern Observatory’s 1.5-m telescope{Zwitter et al, 1996). Strong
CN violet is shown in this spectrum. We searched for CN violet{B*L* — X*T*) at
388.3 nm related with comets. The transition probabilities of the CN violet system are
computed using the electronic transition moment of Bauschlicher and Langhoft(1998).
Synthetic spectra were calculated and convolved with a Voigh profile in which both
the dispersion profile and Gaussian shape are synthesized. Spectral resolution of
HDTYV system is A/AX ~ 250, which means the resolution is about 1.6 nm at 400
nm. Three temperature, electronic, vibrational and rotational temperature, assumed
to be 4,500 K obtained by meteor spectra.

Figure 6.11 shows the magnified spectrum (uncorrected data) of the Leonid meteor(Leo-
32) in the 360-410 nm wavelength region. This part of the spectrum is dominated by
lines of iron, causing the broad features at 382 and Call, causing the band at 392-395
nm. Our HDTV camera has a high sensitivity in the near-UV region and thus can
be used to search for the band head of CN at 388 nm, of particular interest to astro-
biology (Jenniskens and Butow, 1999). CN emission was not detected significantly
above the blends of metal atomn lines, not even at the higher altitudes where metal
atom lines are less dominant. A comparison with theoretical line spectra is needed

to bring out any emission hidden in the blended atomic lines.
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FIGURE 6.9. Spectrum of Comet C/1996 B2 (HYAKUTAKE). A spectrogram (range
340-910 nm) of C/1996 B2 was obtained at the European Southern Observatory’s
1.5-m telescope (+ Boller & Chivens spectrograph + CCD) on Feb. 8.2 UT, 1996.
The slit {width 27, length 14”) was positioned on the comet nucleus. The reflected
solar spectrum accounts for the vast majority of the recorded flux, with ali major
ahsorption lines markedly visible. The strongest cometary emission is from CN({0,0)
at 388 nm, followed by the C3 complex at 405 nm. The strongest C2 Swan band is
that of (0,0) at 516 nm, followed by that of (1,0) at 474 nm, with that of (2,0) at
438 nm being barely detectable. The CN(0,1) 422-nm band is in moderate emission,
while no cometary Nal D emission is observed.
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FIGURE 6.11. The 03:24:40 UT Leonid spectrum(Leo-32) in near-ultraviolet region
with synthetic CN spectrum. These four spectra show a time profile of one Leonid
meteor. The two strong features are caused by neutral Fel, Mgl at 382, 383 nm
and ionized Call at 392, 395 nm. The lower spectra were observed at the beginning
of meteor ablation, with relatively weak Call lines. The upper spectra show meteor
spectra at the lower altitude. The CN spectrum was calibrated by spectrum sensitivity
of observational system, but the intensities is relatively.
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FIGURE 6.12. The 8:55:22 UT Leonid spectrum(Leo-18) in NUV with synthetic
CN spectrum(7,,v,r = 4,000K). The CN spectrum was calibrated by spectrum
sensitivity of observational system, but the intensities is relatively.
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FIGURE 6.13. The 4:07:50 UT Leonid spectrum(Leo-10) in NUV with synthetic
CN spectrum(7,,v,r = 4,000K). The CN spectrum was calibrated by spectrum
sensitivity of observational system, but the intensities is relatively.




6.3.2 Taurid and Comet 2P /Encke

Comets produce a lot of dust, and that dust is responsible for bright infrared emission.
Cometary dust trail were first observed by the Infrared Astronomical Satellite (IRAS)
(Skyes and Walker, 1991). 6.14 is a picture of comet 2P/Encke observed by the
Infrared Space Observatory (ISO) using the mid-infrared camera {(ISOCAM(3.6um —
1004m)) on July 14th, 1998(Fernndez et al., 2000). When the Earth passes through
one of these “trails” we see a lot of large meteors entering the atmosphere. That
is the “Taurid” meteor shower. Considering that the solid particles are even harder
to get off of the comet than gas molecules, the comet must actually be composed of
a solid rocky material, not just ice with a few dust particles. Fe/Mg abundance of
Taurids is about 2 times higher than that of Leonids. It is possible to build up a
hypotheses. Comet 2P /Encke is more rocky comet than comet 55P/Tempel-Tuttle.
Observations of the nuclei of comet 2P/Encke showed that the active fraction of
their nuclear surface was 0.44%, 13% for comet 1P/Halley(A’Hearn et al., 1995).
Because comet 2P /Encke is gradually faint, comet 2P/Encke thought to be a extinct
or dormant comet{known as Comet-Asteroid Transition(CAT) Objects) among the
NEOs({Near Earth Objects; one of the asteroids), it seems rather improbable that any
set of observations would capture an infrequent outburst. More interesting things is
CN like structures which are seen in the spectruin of Taurid(Fig. 6.15). It needs
further consideration of atomic emission lines(Fe, Mg and Ca%) that contaminate the

true CN band.
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FIGURE 6.14. Cometary dust tail is well-known from the appearance of the comet
in visible, which is due to very small dust particles ~ mum and also emission from
ices and vapors emitted by the comet. The large dust particles, called cometary dust
trail, are source of meteor. Dust trails are different from cometary dust tail. Large
particles are blown off of the comet relatively gently and then they slowly drift away.
While, the small particles move more quickly away from the comet because of the
racdiation pressure from sunlight and the fast-moving cometary gas.
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FIGURE 6.15. The 3:51:01 UT Taurid spectrum(Tau-02) in NUV with synthetic
CN spectrum(7,,v,r = 4,000K). The CN spectrum was calibrated by spectrum
sensitivity of observational system, but the intensities is relatively.
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Chapter 7
InNTRODUCTION - PERSISTENT TRAINS -

Meteor persistent trains are luminous clouds formed by meteors which persist long
after the disappearance of mother meteor. It is considered that the clouds consist
of a mixture of atoms and molecules ablated from the meteoroid itself as well as
from the surrounding air. From color observations of meteor trains in early years,
several emission lines are emitted from trains. While green lines are strong for Leonid
meteors, Perseid meteors are more likely to be yellowish (Trowbridge, 1907). The
best method to investigate these emitted line is spectroscopic observation. Meteor
spectrography has been in existence since the end of 19th century. More than 1000
meteor spectra were observed and it has been known that the mnost common emission
lines for Leonid meteors originate from Mg, Fe and Co, while less frequently seen
are the emission lines of Na, Ca, and Mn (Nagawasa, 1978). It is evident that short
time duration trains, called the wake, which last several seconds at the most, emit
a forbidden line of [OI] at 557.7 nm known as the aurora green line {Halliday, 1958;
Millman, 1962). After a rapid decay in intensity, bright meteors often leave persistent
trains that last several or several ten minutes. However, the physical processes of long-
lived meteor trains are still not well known. The main reason is that spectroscopic
observations of the persistent trains are not easy because of its rareness phenomena.

Recently, photographic spectra program of persistent trains at Banska Bystrica
Observatory in Slovakia observed six spectra(Rajchl and Peresty, 1992) and four spec-
tra of persistent trains have been observed in Japan during the 1993 Perseid maxi-
mum(Rajchl et al, 1995). All these spectra has shown two 1nain emissions; multiplets
of MgI at 518 nm and Nal at 589 nin. On the other hand prominent forbidden
lines of ionized atoms, [O11] at 372.6 nm, {SII] at 406.9 nin and [OI1I] at 500.7 nm,
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FIGURE 7.1. Persistent train’s pictures on November 18, 1998. The photographs
has been obtained by Mr. Kenich Watanabe at Usuda, Nagano prefecture near the
spectroscopic observational station. Each exposure time is 10 seconds from (1)4:14:10,

(2)4:14:25, (3)4:14:40 and (4)4:14:55.
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which are known as gaseous nebular lines were identified in a train Borovicka(1996).
However, all these spectra have no conclusive evidence of emitters due to lack of the
Oth order image and sufficient resolution. Although several spectroscopic observations
have been made on persistent trains, little is known about the emission mechanism.

The Leonid meteors tend to leave long-lasting persistent trains because of the
high entry velocity of the meteoroids, ~ 7lkm/s. Comet 55P/Tempel-Tuttle of
which orbital period is 33 years passed perihelion on February 28, 1998. On the
night of 17th - 18th November, 1998 when the earth crosses the outer regimes of
the dust trail of comet Tempel-Tuttle, Leonid was expected to show a strong dis-
play(Yeomans, 1981; Jenniskens, 1996). Because the epoch of the nodal crossing
correspond to about 20h UT on November 17 in 1998, many expeditions, including
NASA’s Leonid Multi-Instrument Aircraft Campaign(Leonid MAC), were performed
in east Asia (Jenniskens and Butow, 1999). Leonid returns of 1998 and 1999 is a

favorite opportunity to obtain spectra of persistent trains.
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Chapter 8

OBSERVATIONS

The observations were carried out using a 35mm size photographic camera with a grat-
ing at 20km east from Nobeyama radio observatory(138°.47E, 36°.03N, H=1150m),
Japan on November 17, 1998. The grism is a dispersing optical element, consisting
of a transmission grating and a prisim, is used for astronomical spectrograph(Ebizuka
et al., 1998a, 1998b). The camera was used with a f=85mm F/1.2 lens and a pan-
chromatic film Kodak TMAX400. The transmission grating made by BAUSCH &
LOMB with 300 grooves/mm, blazed wavelength of 490 nm and blazed angle 14°.6
was equipped for a dispersing element. The resulting dispersion was 38.8 nm/mm in
the 1st order. The effective spectral region 370 - 640 nm was covered. The 2nd order
image is overlapped onto the position of the wavelength above 700 nm image of 1st
order. In order to prevent from blending of the 1st and the 2nd order on the image,
we used a filter L-37 of Kenko which cut off sharply below 350nm and transmissibility
of 50% at 370 nm.

One Leonid of magnitude —8 appeared at 19h13m55s UT on November 17 and
this meteor left the persistent train which was visible by naked eye for more than 15
minutes. Spectra of the persistent train were obtained by means of our spectroscopic
system. The exposures started from 12 seconds after the mother meteor’s disappear-
ance. Every exposure time was 10 seconds at 2 seconds intervals. A series of spectra
was obtained by automatically.

Many photographs and video images were possible to determine the mother meteor
trajectories and a real height of the persistent train. The height of the appearance,
maximum brightness and extinct points of the meteor are 177 km, 86 ki and 78 km

respectively. The distance between the observational point to the persistent train is
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FIGURE 8.1. Relative spectral sensitivity of the observational system. The system is
sensitive in the 370 - 640 nm range. The sensitivity curve is normalized to 100.0 at
the peak wavelength, ~ 428 nm.
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FIGURE 8.2. Characteristic curve of photographic plate obtained by photographic
wedge. This curve used for reducing the reading of film density to the linear scale in
magnitude for the persistent train spectrum No.l. - No.4.
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FIGURE 8.3. Meteor orbit on longitude-latitude plane(left) and EW-height
plane(right).

about 140 km and the obtained spectra correspond to a part of the train at 86 km - 95
km height. At the moment, the upper atmospheric wind profile showed a large east-
west wind maximum approaching 90m/s in magnitude at 87 km altitude, observed by
MU radar observatory(136°.11E, 34°.85N), Radio Atmospheric Science Center, Kyoto
University. Hence, the morphology of the persistent train changed rapidly with time.
The train was also observed by a high-sensitivity color High-Definition TV(HD-TV)
camera which was developed by NHK(Nippon Housou Kyoukai, Japan Broadcasting
Corporation) (Sunasaki et al., 1997; Yamasaki et al., 1998). This color video images

showed color variations and transformations of the train in the real time.
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FI1GURE 8.4. Spectrum of Persistent train No. 1. between 12-22 seconds after mother
meteor’s disappearance. The Oth order image is on the left part. The dispersion
direction is from left to right. The 1st order spectra stand around the center and a
part of the 2nd order spectra is on the right part. o Hya is above the spectra on the
same frame.
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F1GURE 8.5. Spectrum of Persistent train No. 2. between 24-34 seconds after mother
meteor’s disappearance.
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FIGURE 8.6. Spectrum of Persistent train No. 3. between 36-46 seconds after mother
meteor’s disappearance.
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FIGURE 8.7. Spectrum of Persistent train No. 4. between 48-58 seconds after mother
meteor’s disappearance.
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Chapter 9

DATA ANALYSIS AND RESULTS

9.1 Deconvolution and Sensitive Calibration

The photographs are digitized with 1024 intensity levels. To account for the back-
ground radiation and the systematic aberration, a polynomial function was fitted to
a train-less field on the same frame. Dark frame subtracting and fat-fielding are
applied to the digital images using the polynomial function. The digitized data of the
persistent train is shown in Fig. 1. A bright star a-Hya(a=9h27.6m, § = —8°40'), m,
= 2.0 mag., K3II-III spectral type, was fortunately located within the same frames of
the persistent train’s spectra images. We used this star as a standard for calibration.
The spectral sensitivity curve calibrated by the spectrum of a-Hya is shown in Fig.
2. The observational system is sensitive in the 370 - 640 nm range. The 0th order,
the 1st order and a part of the 2nd order images were recorded. The wavelength of
the spectra were measured with Oth order image. The image is not a point source but
rather a diffused distribution caused by the motion of the train. The observed data
was convoluted by atmospheric and instrumental effect, which deteriorate the true
spectrum. The deconvolution method is applied to estimate a undisturbed spectrum
under the ideal condition. After the deconvolution, the spectrum became sharp than
the raw spectrum. This processing not only enhances the S/N of the data, but also
measure the precise wavelength for each lines. The deconvolved spectrum was used

for identifications.

9.2 Line Identifications

The results reported here are based on the detailed analysis of a high-quality spectrum

at a height of 87 km. The spectrum data is consisted mainly with about 20 lines. It
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is difficult to identify many weak lines because thousands atomic lines exist in 370
- 640 nm wavelength region with hard blending. Most papers are concerned simply
with the description of the spectra and the identification of lines without physical
interpretation, Borovicka(1993) studied meteor spectra taking into account physical

conditions in detail.

9.2.1 Synthetic Spectral for Persistent Train

We made a synthetic persistent train’s spectrum model compared with the observed
spectrum, assuniing that the persistent train is approximately in local thermodynamic
equilibrium(LTE) for a short time scale. Namely, all radiating particles are assumed
to have a Maxwellian velocity distribution characterized by a common temperature
T. Because a train could be dealt in optically thin, the effect of self-absorption in
the train can be neglected. In order to determine the radiative contribution of each
atoms and the chemical composition of the persistent train, LTE is the most simple
assumption. The free parameters of the model are the temperature T, the relative
abundances of each atoms and the number density of total atoms N. Assuming the
number density of total atoms N equal to the electron number density N,., we obtain
N ~ 1.6 x 10""emn ™!, using the relationship between the meteor magnitude M and
N, in the meteor trail, M = 35.0 — 2.5log N (McKinley, 1961). The atoms of O, Na,
Mg, Al, Si, Ca, Ti, Cr, Mn, Fe, Co and Ni are taken into account and more than
3000 lines are calculated. The initial abundances of neutral atoms start with the solar
abundances(Anders, 1989) and the computations are performed by multidimensional
minimization algorithms. The wavelength, radiative transitions and energy levels
in atoms are taken from the NIST(National Institute of Standards and Technology)
atomic spectra database(Martin et al., 1999). The most favorable conditions for
meteor trains are around an altitude of 87 km. The results of line identifications of

the persistent train at the 87 km show in Fig. 3. The identifications of all atomic
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FIGURE 9.1. Identifications of spectra lines for the persistent train at the height of
87 km. The number of 22 emission lines were identified from the results. The each
lines shows the identified point on the observed spectrum. Iron lines is indicated on
the extreme down without the atomic name. The relative intensity is normalized to

100.0 at Mg/ 518 nm.

features are summarized in Table 10.1.

As the spectrum, which can be seen from Fig. 9.1 and Table 10.1, indicates the
number of 22 emission lines were identified. The most significant lines are a series
of Mgl at 518 nm, 553 nm, 457 nm, 383nm, 470 nm and 435 nm, Nal at 589 nm,
568 nm and 498 nm in intense order and many other Fe/ lines. The abundances of
Na, Al, Ca, Mn and Fe normalized by Mg were calculated, and the results is shown

in table 2. On the other hand, O, Si, Ti, Cr, Co and Ni atoms were not identified in

the persistent train.




100
T

Relative Intensity
50

Y VAN

L AL A S L L A
400 450 500 550 600
Wavelength [nm]

T

F1GUure 9.2. Identifications of spectra lines for the persistent train No. 2.

84



Relative Intensity

100

50

—p T
450 500 550

Wavelength [nm]

FIGURE 9.3. ldentifications of spectra lines for the persistent train No. 3.

85



100
T

Relative Intensity

e HL A A S B B AL A B
400 450 500 550 600
Wavelength [nm]

FIGURE 9.4. Identifications of spectra lines for the persistent train No. 4.

86



87

Chapter 10

DISCUSSION

10.1 Excitation Temperature of Persistent Trains

The comparison between observational results and model spectrum are given in Fig.
10.1. The global emission feature of the persistent train is well reproduced with the
appropriate atom of temperature ~ 2200K. It seems reasonable to suppose that
the LTE model can apply to the observed spectrumn of the persistent train because
most of intense emission lines could be proved. Our model is very effective in iden-
tifying strong lines and in estimating physical parameters, such as temperatures and
abundances in the persistent train. Let us now look at the differences between the
observed and modeled spectruin in detail. The model spectrum does not fit the obser-
vational spectrum completely. It means that the model with LTE assumption is not
a perfection in everything. The main reason is that the spectrum data was composed
of 10 seconds integration, and the physical environment including temperature and
density, should have changed with time. In addition to this, the train was blown
away by the upper atmosphere wind at the rate of about 90 m/s at that time and the
morphology of the train changed every second. In these case, the LTE is not appro-
priate, even though it seems reasonable to suppose that the LTE apply to the meteor
spectrum(Boroviéka, 1993; Nagasawa, 1978). Non-equilibrium model is needed for

persistent trains in the future.

10.2 Elemental Abundances of Persistent Trains

The abundances in the persistent train tell us that Magnesium and Iron are the the

most dominant and Sodium is the next rich atoms(Table 10.1). Moreover, the ob-
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FIGURE 10.1. Comparison hetween the calculated model spectrum and observed
spectrum. The dotted line represents the observational spectrum, while the thick
line shows the spectrum of model calculation. Both spectra have been normalized to

100.0 at Mgl 518 nm.
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served spectrum’s enhancement of the background in 500 - 600 nm wavelength seems
to be a large number of Fel lines. The enhancement of Mg, Fe and Na atoms con-
siderable evidence to show that these atoms are the source of the persistent trains
and have a strong relationship with long-lived emitters. The 1998 Leonid persis-
tent train’s observations carried out with SOR, the Air Force Research Laboratory
Starfire Optical Range, New Mexico in US, also suggested the enhancement of Na
atoms (Chu et al., 2000). Enhancements of Mg, Fe and Na atoms may account for

chemiluminescence in the train.

10.3 Emission Processes of Persistent Train
Emissions from meteor can be classified under three physical phases;

1. The emission from the mother meteor; g ~ mm sec.

The central mass along the meteor trail cools very rapidly mainly due to emis-
sion of hard UV radiation, leading to extensive dissociation and ionization of the
surrounding air. The fireball temperatures were found to be about 4000 K in
the main spectrum and 10,000 K in the second spectrum respectively(Borovicka,

1994). This main radiative phase lasts for g ~ mn seconds order.

2. The emission from the short-time duration train, called wake; 1 ~ 10sec.

The emissions form short-time duration trains have been identified with the
radiation of the forbidden line of neutral oxygen at 557.7nm, which was excited
by the shock region along the meteor trail. This secondary radiative phase lasts
up to about 10 seconds. The video images of the train in series, obtained by
NHK color HD-TV, indicated the existence of the strong bluish green emission

at the highest point of the train during the first several seconds.
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FIGURE 10.2. Earthly O density profile.

3. The emission from the long-lived train, called persistent train; 10sec. <

The persistent train radiates for a long time, 10sec. ~ lhour. After the dis-
appearance of the bluish green emission, the upper region decayed rapidly and
the lower region of the train lived for a long time with a orange color, which
was observed by NHK color HD-TV. The temperature is expected to have gone
down steeply. However, the high temperature was kept in our results against

the expectation.

Chapman(1939,1959) and Baggaley(1975,1976) suggested that an oxidation-reduction

cycle may excite meteoric neutral atoms and provide a long-lasting meteor train.

O+ M — MO* + 0O,,
MO* — MO + hv (band emission),
MO+0 — M+ 0,.

The atmospheric sodium nightglow and luminescence of meteor trails, hoth of

which occur at mesospheric altitudes of 85 - 95 ki, are emitted by sodium atoms.
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FiGure 10.3. Earthly Na density profile at the height of 90km.

The sodium layer is believed to result naturally from meteors ablation(Richter and
Sechrist, 1979). Meteoric metal atoms M, such as Mg, Fe and Na, combine with O,
molecules and change into excited monoxides, MgO*, FeQO* and NaO*, which radiate
band emissions. The most likely explanation is that the enhanced abundances of
neutral atoms of Mg, Fe and Na in the train are the source of the excited monoxides
and they radiate for a long time as MgO, FeO and NaQ. However, we deal with only
atoms in this study. The expected band emission from the excited monoxides should

be taken into account in the future study. Much still remains to be done.
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TABLE 10.1. Line Identifications of Persistent Train®
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* Atomic parameters refer the atomic spectra database of NIST(National Institute of
Standards and Technology).

“Einstein A-coefficient for spontaneous emission.

SEinstein B-coefficient for stimulated emission.

“Transition energy of upper level,

"Transition energy of lower level.
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TABLE 10.2. Relative abundances of elements, in persistent train, meteors, and the

Sun*
Na Fe Al Ca Mn
Persistent train (.45 0.99 0.24 0.09 0.08
Meteor 14 ! 4.0-107" 0.09 - 85.107" -

Meteor 1B * 1.4-107" 0.28 ~ 2.2.-107t - *

Meteor 24 * 0.075 1.00 0.0025 0.008 0.012

Meteor 2B * 0.025 1.67 3.3-107" 1.6-10"* 0.003

Sun and CJ Chondrites ® 0.068 0.97 0.10 0.070 0.011

mass/ Mg
'Nagasawa(1978), spectrum No. 56.

TBorovicka(1993), spectrum EN151068 at maximum value.
‘Borovicka(1993), spectrum EN151068 at minimum value.

)

?Nagasawa(1978), spectrum No. 59.
)
)

3 Anders(1989).
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Chapter 11

SUMMARY OF METEORS AND PERSISTENT TRAIN AND
FUTURE WORKS

11.1 First Results of High-Definition TV Spectroscopic Ob-
servations of Meteors

The large pixel format of the HDTV camera makes it a very suitable instrument
for time-resolved slit-less spectroscopy of meteors. The large number of resolution
elements helps to resolve lines in the meteor spectrum and still be able to compare
spectral line intensities at wavelength far apart. In addition, the large dynamic range
improves the measurement of the line intensity ratios for lines that are much different
in intensity. In the near future, we expect to have our own system for digitization
of the HDTYV images, which will make a more comprehensive analysis of the present
data set possible. Also, we plan to make a new HDTV-II spectroscopic instruments

with UV sensitivity for Leonid 2001 and 2002.

11.2 First Results of Physical Treatment of N> First Positive
Band in the Meteor Spectra

The radiation strength of meteor, LTE has been measured for temperature of 4,500+
300K using many atomic irons in short wavelength range, 400 - 550 nm. This mea-
surements have been compared to the N, first positive band’s temperature(electronic-
vibrational temperature) of 4, 500 & 500K in long wavelength 550 - 800 nm. It seems
that meteor spectra can be explained well by LTE model. However, there are differ-
ences between the vibrational temperature of 7, , = 4, 500K 4+ 300K and estimated
the rotational temperature of 7, = 2,500K £ 500K . It means that meteor spectra

are not completely explained by thermal equilibrium in detail. It needs more spectral
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resolution power in observations to explain the spectra precisely.

11.3 Ablation and Chemical Properties of Meteors

In the Leonid meteors, Fe and Mg follow a similar ablation profile than atmospheric
O emission. However, the Na emission is depleted significantly earlier than the other
metal atom emissions. This effect was earlier observed for the 1998 Leonid meteors,
and is now confirmed for the 1999 Leonids.

A comparison of Leonid with Taurid meteors showed that for Nal/Mgl abundances
at high altitude(firster stage), Leonid meteors are more abundant than Taurid meteor.
This can be explained 1) by their lower velocity — 71km/s for Leonid, and 28km/s
for Taurid meteors, or 2) by volatile Na is lost from a thin surface layer of meteoroids

when they are orbiting Sun.

11.4 First Results of Air-to-Air Stereoscopic Observations of
Meteors

We operated “Air-to-Air stereoscopic observations” from two aircrafts for the purpose
of calculating the real height of various emission phenomena. The operation have been
accomplished. The spectroscopic Leonids meteor(Leo-18) emitted from 119.6 km to

98.5 km height with accuracy of ~ +3.0km.

11.5 Organic Compounds(CN) from Comet?

Cometary organic carbon was mixed intimately with the silicate component and most
of it is expected to survive exposure to the vacuum of space. When these meteoroids
encounter the Earth’s atmosphere, the organic carbon is ablated. In cometary coma,
CN radical is the most easily detected because of a strong B — X transition of low
energy potential. We searched for CN violet(B*Z+ — X?T*) at 388.3 nm in the

cometary meteoroids, meteors. CN like structures which are seen in the spectrum of
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Taurid. It needs further consideration of atomic emission lines(Fe, Mg and Ca™*) that

contaminate the true CN band.

11.6 Elements of Persistent Trains

The abundances in the persistent train tell us that Mg and Fe are the the most
dominant and Na is the next rich atoms(Table 10.1). Enhancements of Mg, Fe and

Na atoms may account for chemiluminescence in the train,

11.7 Excitation Temperature in the Persistent Train

The global emission feature of the persistent train is well reproduced with the ap-
propriate atom of temperature ~ 2200K at the time of ~ 20sec after the meteor’s
disappearance, ~ 1000K at the time of ~ 30sec. It seems that cooling time is more
rapid than luminosity decay time. It approves of the chemiluminescence mechanism,

that is to say, thermal energy has nothing to do with the source of luminosity.

11.8 Persistent Mechanism

The most likely explanation is that the enhanced abundances of neutral atoms of
Mg, Fe and Na in the train are the source of the excited monoxides and they radiate
for a long time as MgQO, FeO and NaO. However, we deal with only atoms in this
study. The expected band emission from the excited monoxides should be taken into
account in the future study. The physical and chemical properties of the persistent
train which depends on the chemical reactions and elapsed time will be appeared in

the future.
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