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ABSTRACT
The high-resolution spectrum of the §-system (b IT-a'A) of TiO, excited in a hollow cathode lamp,
has been observed using a Fourier transform spectrometer. The 0-0 and 1-1 bands of this transition
have also been identified in the spectrum of a sunspot umbra. The combined laboratory and solar mea-
surements have been used to obtain improved molecular constants for the b 'IT and a 'A states of TiO.

Subject headings: methods: laboratory — molecular data — sunspots

1. INTRODUCTION

The TiO molecule is the best-characterized transition
metal oxide (Huber & Herzberg 1979; Merer 1989). The
visible and near-infrared spectra of M stars are dominated
by TiO and VO absorption (Merrill, Deutsch, & Keenan
1962). The detailed classification of M stars by photometry
or spectroscopy (Kirkpatrick, Henry, & McCarthy 1991)
depends on the relative intensities of the near-infrared TiO
and VO bands (Sharpless 1956; Lockwood 1969, 1972).

Partly as a result of TiO’s astrophysical importance, the
laboratory spectroscopy and the theoretical calculation of
molecular properties are particularly extensive. Since the
most recent review of the TiO literature by Merer in 1989,
there have already been many additional papers. Two new
ab initio calculations are available (Bauschlicher, Langhoff,
& Komornicki 1990; Schamps, Senessal, & Carette 1992).
The Steimle group at Arizona State University has mea-
sured the dipole moment (2.96 D) and the hyperfine struc-
ture (Steimle & Shirley 1989; Steimle et al. 1990; Fletcher et
al. 1993). The C3A, B3I, and X *I1 molecular constants
have been improved by laser and Fourier transform spec-
troscopy (Gustavsson, Amiot, & Verges 1991; Amiot et al.
1995). The radiative lifetimes of the A4 3®, B>II, and C3A
states have been measured (Doverstal & Weijnitz 1992;
Carette & Schamps 1992). Kaledin, McCord, & Heaven
(1995) have determined a new value for the alA-X3A
separation by laser excitation spectroscopy of the forbidden
C3A;-a'A transition. Simard & Hackett (1991) have also
improved the spectroscopic constants of the low-lying E *IT
state. Finally, new measurements of the chemical reaction
rates of Ti atoms to form TiO molecules are available
(Campbell & McClean 1993) as well as a TiO matrix iso-
lation absorption spectrum (Williamson, Roser, & Vala
1994).

The spectroscopy of TiO dates back to the early part of
this century, when Fowler (1904) matched laboratory
spectra of TiO with astronomical spectra of M-type stars in
the visible region. Hale, Adams, & Gale (1906) identified the
green a bands (C3A-X3A) of TiO in sunspots, and the
following year Hale & Adams (1907) found the red y bands
(43®-X 3A) in the same source. More recently, the yellow-
red 7 bands (B3A-X3A) (Wohl 1971) and the B bands
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(c'®-a'A) (Sotirovski 1972) have also been identified in
sunspots, and additional work was has been performed on
the o« and y systems (Makita 1968; Weber 1971; Sotirovski
1971, 1972; Lambert & Mallia 1972; Engvold 1973). These
data were used to determine temperatures and Ti isotope
abundances (Lambert & Mallia 1972) in sunspots and M
stars (Phillips & Davis 1987; Clegg, Lambert, & Bell 1979).

The rich TiO spectra contain several additional band
systems that have been identified in the laboratory and in
M-type stars. For example, Lockwood (1969, 1972, 1973)
found bands of the & system (b'II-a'A) and ¢ system
(b I1-d *=*) near 1 ym for Mira variables.

Although readily found in M stars, the near-infrared TiO
bands have not been reported previously in sunspots. In
this paper we have measured the 0-0 and 1-1 bands of the §
system (b ‘IT-a 'A) in a sunspot umbra and combined these
data with new laboratory measurements to obtain
improved molecular constants. In addition, a few lines of
the 0-0 band of the ¢ system (b !TI-d *X*) have been identi-
fied near 9000 cm ! (1.1 um) in the same sunspot spectrum.

2. EXPERIMENTAL

2.1. Laboratory Observations

The emission spectrum of TiO was observed in a titanium
hollow cathode lamp. The cathode was prepared by press-
ing a Ti rod in a hole in a copper block. The central part of
the rod was then bored through to provide a 1 mm layer of
Ti metal on the inside of the hollow cathode. The initial aim
of this experiment was a search for the spectra of TiH and
TiD in the red and near-infrared region. The lamp was
operated with about 2.0 Torr of Ne and 80 mTorr of H, or
D, at a current of 400 mA at 430 V. In these experiments,
we observed complex spectra of TiH and TiD in the near-
infrared near 1 um as well as several impurity TiO bands in
the 1000015000 cm ~ ! region. The TiO bands observed in
the TiD experiments were much stronger than those in the
TiH experiments. Even though O, gas was not added to the
lamp, we obtained strong TiO spectra from the small
amount of metal oxide found on the surface of the cathode
and from oxygen-containing impurities in the system.

The spectra of TiH, TiD, and TiO were recorded using
the 1 m Fourier transform spectrometer associated with the
McMath-Pierce Solar Telescope of the National Solar
Observatory. The spectra in the 1000016000 cm ™! region
were recorded using Si-diode detectors, a quartz beam split-
ter, and OGS570 filters. The spectra were recorded at a
resolution of 0.02 cm ™!, with 10 scans co-added in about
1 hr of integration.
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The spectral line positions were extracted from the
observed spectra using a data reduction program called
PC-DECOMP developed by J. Brault. The peak positions
were determined by fitting a Voigt line shape function to
each spectral feature.

In addition to the TiD bands, the final spectrum also
contained Ti and Ne atomic lines. The Ne atomic lines were
used for absolute wavenumber calibration using the mea-
surements of Palmer & Engleman (1983). The TiO lines
have widths of about 0.03 cm~! and appear with a
maximum signal-to-noise ratio of about 10:1 in the 0-0
band, so the absolute accuracy and precision of the mea-

surements is expected to be of the order of +0.002 cm ™.

2.2. Solar Observations

The spectrum of the (b 'T1-a!A) transition of TiO has
also been observed in the spectrum of a sunspot umbra. A
large sunspot was observed in 1981 March with the Fourier
transform spectrometer of the McMath-Pierce Solar tele-
scope. The spectrum extended from about 9000 to 17000
cm ™! and had an unapodized resolution of 0.055 cm ™ *. The
strongest of the TiO ¢ lines are about 15% deep, about the
same depth as the accompanying FeH lines (Wing, Cohen,
& Brault 1977). The region of the TiO 4 lines, about 10960
to 11250 ¢cm ™!, also has numerous Zeeman split atomic
lines, miscellaneous weak unidentified solar lines, and many
telluric lines, making it difficult to pick out more than frag-
ments of the 0-0 and 1-1 bands. The near-infrared spec-
trum as a whole shows a vast number of lines, presumably
mostly due to TiO, and this section containing the TiO o
bands is the only one to our knowledge that has been mea-
sured.

3. DATA ANALYSIS AND DISCUSSION

The TiO bands observed in the 10000-15000 cm ™! spec-
tral region with the hollow cathode source are classified
into two electronic transitions customarily called the y and
& systems. The bands near 11275 cm ™! are due to the b 'TI-
a'A transition (& system), while those in the 12500-15000
cm ™! belong to the 43®-X 3A transition (y system). The
(b'II-a'A) bands are weaker in intensity than the 43®-
X 3A bands, and only the 0-0 and 1-1 bands of the b IT-
alA transition were identified in our hollow cathode and
sunspot spectra. In the hollow cathode spectrum, the 4 3@
X 3A transition consists of Av = 0 and + 1 sequence bands
involving vibrational levels up to about » = 3 in the ground
and excited state.

In the present paper, we report on the analysis of the
b 'TT-a A transition of TiO using both laboratory and solar
measurements. The TiO lines were identified easily in the
solar spectrum by the characteristic doublet pattern caused
by the A-doubling in the b 1 state. A part of the laboratory
spectrum of the 0-0 band is presented in Figure 1, along
with the corresponding sunspot spectrum. There is a very
good correspondence between the molecular features of the
two spectra, confirming the presence of the ¢ transition in
the sunspot data. A number of high-J rotational lines were
identified in the solar spectrum using predictions based on
the fitted constants obtained using the laboratory data.
Since the excitation temperature of the sunspot spectrum is
high, rotational lines with J up to 108 could be identified.
The two sets of measurements were combined in order to
obtain improved molecular constants for the ground and
excited states. Since we have observed only the 0-0 and 1-1
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FI1G. 1.—A part of the spectrum of the 0—0 band of the J system (b 'IT-
a'A) of TiO. (@) Laboratory spectrum; (b) sunspot spectrum; (c) photo-
speric spectrum.

vibrational bands, we have fixed the lower state AG(1/2)
vibrational interval to 1009.231 cm ™! from the work of
Brandes & Galehouse (1985) on the f'A—a A transition.

In order to determine the rotational constants, the
observed line positions were fitted with the following cus-
tomary energy level expression for IT and *A states:

FJ)=T,+B,J(J+1)—D,[J(J + 1)]?
+ H,[J(J + 1] +£1/2{q,J(J + 1) + qp,[J(J + 1)]*} .

The spectrum of the 1-1 band is much weaker in intensity
than the 0-0 band. The wavenumbers of the observed tran-
sitions are provided in Table 1. For those lines that are
common to both laboratory and sunspot spectra, only the
laboratory measurements are provided in this table. The
constants obtained from this fit are provided in Table 2.
The combination of low-temperature hollow cathode data
and high-temperature solar data has resulted in improved
molecular constants.

There have been three previous measurements of the 0-0
band of the 6 system of TiO (Phillips 1950; Linton &
Singhal 1974; Davis, Littleton, & Phillips), but our data
set is in general more precise and more extensive. The 1-1
band of the b 'T1-a A transition has not been reported pre-
viously, although other transitions connecting to v =1 of
the b 'IT state (Galehouse, Brault, & Davis 1980) and v = 1
of the a'A state (Brandes & Galehouse 1985) are known.
Table 2 provides a comparison of our constants with some
of the previous spectroscopic constants.

Further into the infrared, the sunspot spectrum shows a
few lines of the Q-branch of the 0—0 band of the ¢ system
(b 'TI-d ' ") of TiO (Brandes & Galehouse 1985). Although
these lines are very weak with maximum absorptions of
about 2%, they are definitely present.

The TiO and FeH (Wing et al. 1977) lines dominate the
near-infrared spectra of the umbra of both sunspots and
M-type stars. The VO molecule is also prominent in M-type
stars, but we could not find clear evidence for it in the
spectra of sunspot umbrae.
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TABLE 1
OBSERVED LINES (in cm ~!) IN THE 0-0 AND 1-1 BANDS OF THE 6-SYSTEM (b II-a 'A) oF TiO
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Ree(4) 11277.387(2)a  Pee(8) 11262.824(7) a  Pee(77) 11047.869(-0)b  Rff(70) 11223.687(0) a
Ree(5) 11278.172(2) a  Pee(9) 11261.363(7) a  Pee(79) 11038.143(-2)b  Rff(71) 11221.179(-10)a
Ree(6) 11278.909(7) a  Pee(10) 11259.857(11)a  Pee(81) 11028.219(0) b  Rff(72) 11218.642(2) b
Ree(7) 11279.590(6) a  Pee(12) 11256.690(6) a  Pee(84) 11012.954(0) b  Rff(73) 11216.024(-15)b
Ree(8) 11280.229(9) a  Pee(13) 11255.041(12)a  Pee(86) 11002.525(-1)b  Rff(74) 11213.366(-21)b
Ree(9) 11280.811(6) a  Pee(14) 11253.338(12)a  Pee(90) 10981.059(-2)b  Rff(78) 11202.248(-6) b
Ree(10) 11281.357(14)a  Pee(15) 11251.600(25)a  Pee(92) 10970.022(-3)b  Rff(81) 11193.347(-9) b
Ree(11) 11281.849(18)a  Pee(16) 11249.776(1) a Rff(4) 11277.387(-T)a  Rff(82) 11190.281(-3)b
Ree(12) 11282.263(-8)a  Pee(17) 11247.930(3) a Rff(5) 11278.172(-5)a  Rff(83) 11187.169(9) b
Ree(22) 11283.972(-3)a  Pec(18) 11246.031(1) a RFf(6) 11278.909(2)a  Rff(86) 11177.463(-8) b
Ree(23) 11283.878(2) a  Pee(19) 11244.089(4) a Rff(7) 11279.590(-6)a  Rff(88) 11170.752(6) b
Ree(24) 11283.7292) a  Pee(20) 11242.096(4) a Rff(8) 11280.229(-6) a Pff(2) 11270.574(13)a
Ree(25) 11283.533(3) a  Pee(21) 11240.050(1) a Rff(9) 11280.811(-12)a  Pff(3) 11269.390(-3)a
Ree(26) 11283.292(9) a  Pee(22) 11237.959(0) a  Rff(10) 11281.357(-7)a Pff(4) 11268.177(1) a
Ree(27) 11282.995(9) a  Pee(23) 11235.819(-1)a  Rff(11) 11281.849(-7)a Pff(5) 11266.918(7) a
Ree(28) 11282.651(10)a  Pee(24) 11233.633(0) a  Rff(12) 11282.303(3) a PEf(6) 11265.592(-5) a
Ree(30) 11281.804(2) a  Pee(25) 11231.399%2) a  Rff(13) 11282.698(2) a PFf(7) 11264.229(-6) a
Ree(31) 11281.308(0) a  Pee(26) 11229.111(-1)a  Rff(14) 11283.042(0) a Pff(8) 11262.824(-2)a
Ree(32) 11280.762(-3)a  Pee(27) 11226.773(-6)a  Rff(15) 11283.345(4) a Pff(9) 11261.363(-5) a
Ree(33) 11280.174(3) a  Pec(28) 11224.405(7) a  Rff(16) 11283.610(20)a  Pff(10) 11259.857(-4) a
Ree(34) 11279.529(0) a  Pee(29) 11221.969(1) a  Rff(17) 11283.789(2)a  Pff(12) 11256.690(-15)a
Ree(35) 11278.836(0) a  Pee(30) 11219.486(-4)a  Rff(18) 11283.972(29)a  Pff(13) 11255.041(-14)a
Ree(36) 11278.095(0) a  Pee(31) 11216.965(3) a  Rff(19) 11284.042(-5)a  Pff(14) 11253.338(-18)a
Ree(37) 11277.3030) a  Pee(32) 11214.386(-1)a  Rff(20) 11284.106(4) a  Pff(15) 11251.600(-10)a
Ree(38) 11276.463(1) a  Pee(33) 11211.765(2) a  Rff(26) 11283.408(2) a  Pff(16) 11249.816(2) a
Ree(39) 11275.570(-1)a  Pee(34) 11209.087(4)a  Rff(27) 11283.117(-2)a  Pff(17) 11247.972(0) a
Ree(40) 11274.632(3) a  Pee(35) 11206.370(1) a  Rff(28) 11282.779(-3)a  Pff(18) 11246.081(1) a
Ree(41) 11273.644(6) a  Pee(36) 11203.600(1) a  Rff(29) 11282.394(-2)a  Pff(19) 11244.139(2) a
Ree(d42) 11272.605(8) a  Pee(37) 11200.773(-8)a  Rff(30) 11281.960(-2)a  Pff(20) 11242.152(-1)a
Ree(43) 11271.504(-2)a  Pee(38) 11197.913(-1)a  Rff(31) 11281.480(2) a  Pff(21) 11240.118(0) a
Ree(44) 11270.365(1) a  Pee(39) 11194.993(-S)a  Rff(32) 11280.944(-1)a  Pff(22) 11238.034(0) a
Ree(45) 11269.176(3) a  Pee(d0) 11192.044(11)a  Rff(34) 11279.736(5) a  Pff(23) 11235.898(4)a
Ree(46) 11267.930(-1)a  Pee(4l) 11189.018(-2)a  Rff(35) 11279.052(1) a  Pff(24) 11233.723(0) a
Ree(47) 11266.634(-6)a  Pee(d42) 11185.964(5) a  Rff(36) 11278.325(4) a  Pff(25) 11231.489(-5)a
Ree(48) 11265.316(19)a  Pee(d3) 11182.847(-1)a  Rff(37) 11277.552(11)a  Pff(26) 11229.218(1) a
Ree(49) 11263.908(3) a  Pee(d4) 11179.689(0) a  Rff(39) 11275.832(-1)a  Pff(27) 11226.893(0) a
Ree(50) 11262.468(6) a  Pec(d45) 11176.484(3) a  Rff(40) 11274.905(1) a  Pff(28) 11224.523(3) a
Ree(51) 11260.968(-1)a  Pee(d46) 11173.222(-1)a  Rff(41) 11273.929(3) a2 Pff(29) 11222.100(0) a
Ree(52) 11259.425(0) a  Pee(47) 11169.920(2) a  Rff(42) 11272.893(-5)a  Pf(30) 11219.631(1) a
Ree(53) 11257.825(-5)a  Pec(d8) 11166.567(3) a  Rff(43) 11271.821(-1)a  Pff(31) 11217.116(3) a
Ree(54) 11256.191(7) a  Pee(49) 11163.154(-S)a  Rff(44) 11270.687(-T)a  Pff(32) 11214.546(-1)a
Ree(55) 11254.496(8) a  Pee(50) 11159.702(-S)a  Rff(45) 11269.522(6) a  Pff(33) 11211.941(8) a
Ree(56) 11252.735(-6)a  Pee(S1) 11156.201(4)a  Rff(46) 11268.286(-3)a  Pff(34) 11209.269(:2) a
Ree(57) 11250.943(-0)a  Pee(52) 11152.651(-S)a  Rff(47) 11267.016(4) a  Pff(35) 11206.562(1) a
Ree(58) 11249.093(-1)a  Pee(53) 11149.063(8) a  Rff(48) 11265.683(-2)a  Pff(36) 11203.806(4) a
Ree(60) 11245.255(10)a  Pee(54) 11145.399(-8)a  Rff(49) 11264.304(4)a  Pff(37) 11200.995(0) a
Ree(62) 11241.188(-1)b  Pee(S5) 11141.715(5) a  Rff(50) 11262.877(-3)a  Pff(38) 11198.140(0) a
Ree(63) 11239.082(-3)b  Pee(S6) 11137.961(-2)a  Rff(54) 11256.672(6) b  Pf(39) 11195.236(1) a
Ree(66) 11232.468(5) b Pee(57) 11134.181(14)a  Rff(S5) 11255.011(24)b  Pff(40) 11192.286(2) a
Ree(67) 11230.153(1) b Pee(58) 11130.322(-1)a  Rff(56) 11253.258(1) a  Pff(41) 11189.283(0) a
Ree(68) 11227.790(0) b Pee(61) 11118.510(18)a  Rff(S7) 11251.480(3) a  Pff(42) 11186.235(1) a
Ree(70) 11222.912(1) b Pee(62) 11114.462(12)a  Rff(58) 11249.657(12)a  Pff(43) 11183.141(5) a
Ree(73) 11215.199(4)b  Pee(63) 11110.359(1) a  Rff(59) 11247.776(13)a  Pff(44) 11179.99%(1) a
Ree(75) 11209.807(3) b Pee(64) 11106.226(9) a  Rff(60) 11245.827(-3)a  Pff(45) 11176.792(4) a
Ree(76) 11207.023(-3) b Pee(65) 11102.028(1) b Rff(62) 11241.818(7) a  Pff(46) 11173.551(-2)a
Ree(83) 11186.112(1) b Pee(69) 11084.768(-2)b  RfR(63) 11239.723(:2)a  Pff47) 11170.268(7) a
Pee(3) 11269.390(-2)a  Pee(71) 11075.835(:9)b  Rff(64) 11237.604(16)a  Pff(48) 11166.923(2) a
Pee(d) 11268.177(3) a  Pee(72) 11071.331(25)b  Rff(65) 11235.400(0) a  Pff(49) 11163.525(-T)a
Pee(S) 11266.918(11)a  Pee(73) 11066.721(3) b Rff(67) 11230.891(22)a  Pff(50) 11160.096(2) a
Pee(6) 11265.592(0) a  Pee(75) 11057.390(4)b  Rff(68) 11228.529(3) a  Pff(51) 11156.610(2) a
Pee(7) 11264.229(1) a  Pee(76) 11052.654(-3)b  Rff(69) 11226.135(3) a  Pff(52) 11153.075(2) a

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1996ApJS..107..443R&db_key=AST

TABLE 1—Continued
Line Obs. Line Obs. Line Obs. Line Obs.

0-0

JS. D107 43R0

R

rT99BA

Pff(54) 11145.859(3) b  Qef(27) 11254.379(5) a  Qef(83) 11101.620(3) b  Qfe(4d) 11224.838(1) a
Pff(55) 11142.177(2) b Qef(28) 11253.012(1) a  Qef(86) 11088.957(0) b  Qfe(dS) 11222.654(2) a
P(56) 11138.46520)b  Qef(29) 11251.600(1) a  Qef(87) 11084.633(-1)b  Qfe(d6) 11220.417(-0)a
Pff(S7) 11134.664(2)a  Qef(30) 11250.140(3) a  Qef(89) 11075.835(4) b  Qfe(d47) 11218.133(0) a
Pff(58) 11130.836(2)a  Qef(31) 11248.627(-1)a  Qef(92) 11062.231(-5)b  Qfe(d8) 11215.799(-1)a
PHf(59) 11126.964(4) a  Qef(32) 11247.069(1) a  Qef(94) 11052.910(-1)b  Qfe(49) 11213.416(-1)a
PF(60) 11123.035(1) a  Qef(33) 11245.464(4) a  Qef(95) 11048.175(5) b  Qfe(50) 11210.986(1) a
Pff(61) 11119.058(-1)b  Qef(34) 11243.803(1) a  Qef(97) 11038.525(-5)b  Qfe(51) 11208.502(-1)a
Pff(62) 11115.026(-10)a  Qef(35) 11242.096(0) a  Qef(99) 11028.680(1) b  Qfe(52) 11205.973(1) a
Pff(63) 11110.969(8) a  Qef(36) 11240.339(-1)a  Qef(102) 11013.5093) b  Qfe(53) 11203.3%4(2) a
Pfi(64) 11106.838(-2)a  Qef(37) 11238.536(-0)a Qef(105) 10997.853(-2)b  Qfe(54) 11200.773(12) a
PFf(65) 11102.663(4)a  Qef(38) 11236.683(1) a  Qef(106) 10992.532(0) b  Qfe(55) 11198.079(-2) a
PFf(67) 11094.175(:0)b  Qef(39) 11234.778(0) a  Qfe(d) 11272.267(-6)a  Qfe(56) 11195.355(3) a
Pff(68) 11089.845(-11)a  Qef(40) 11232.826(0) b  Qfe(5) 11272.030(-1)a  Qfe(S7) 11192.571(-1)a
Pff(69) 11085.491(5) a  Qef(dl) 11230.824(0) a  Qfe(6) 11271.735(-T)a  Qfe(58) 11189.744(1) a
Pff(70) 11081.081(13)a  Qef(42) 11228.772(0) a  Qfe(7) 11271.399(-5)a  Qfe(59) 11186.863(-0) a
Pff(71) 11076.608(9) b  Qef(43) 11226.674(2) a  Qfe(8) 11271.012(6)a  Qfe(60) 11183.931(-:3)a
PIf(73) 11067.512(-2)b  Qef(44) 11224.523(0) a  Qfe(9) 11270.574(-9)a  Qfe(61) 11180.957(2) a
Pff(74) 11062.905(8) b  Qef(45) 11222.324(1) a  Qfe(10) 11270.094(-7)a  Qfe(62) 11177.923(-:3)a
Pff(75) 11058.225(-5)b  Qef(46) 11220.073(-1)a  Qfe(11) 11269.561(-9)a  Qfe(63) 11174.847(0) a
Ptf(76) 11053.525(12)b  Qef(47) 11217.771(-S)a  Qfe(12) 11268.979(-12)a  Qfe(64) 11171.717(0) b
Pfi(77) 11048.743(4)b  Qef(48) 11215.429(1) a  Qfe(13) 11268.347(-17)a  Qfe(65) 11168.538(0) a
Pff(82) 11024.191(26)b  Qef(49) 11213.029%(-0)a  Qfe(14) 11267.666(-22)a  Qfe(66) 11165.307(-1)a
Pff(84) 11013.984(2) b  Qef(50) 11210.582(-1)a  Qfe(15) 11266.963(-1)a  Qfe(67) 11162.025(-:3) a
Pff(88) 10993.016(6) b  Qef(51) 11208.095(10)a  Qfe(16) 11266.192(1) a  Qfe(68) 11158.695(-:2) b
Pff(90) 10982.223(1) b Qef(52) 11205.536(-3)a  Qfe(17) 11265.372(1) a  Qfe(69) 11155.312(4) b
PFf(91) 10976.748(-4)b  Qef(53) 11202.940(-2)a  Qfe(18) 11264.502(1) a  Qfe(70) 11151.883(-1)b
Pff(94) 10960.034(-2)b  Qef(54) 11200.295(0) a  Qfe(19) 11263.583(-1)a  Qfe(72) 11144.868(-1)b
Qef(d) 11272.267(-2)a  Qef(S5) 11197.596(-3)a  Qfe(20) 11262.618(1) a  Qfe(73) 11141.287(2) b
Qef(5) 11272.030(4) a  Qef(56) 11194.855(2) a  Qfe(21) 11261.601(-1)a  Qfe(74) 11137.648(-3) b
Qef(6) 11271.735(0) a  Qef(57) 11192.044(-12)a  Qfe(22) 11260.539(-0)a  Qfe(75) 11133.963(-3) b
Qef(7) 11271.399(4) a  Qef(58) 11189.213(4) a  Qfe(23) 11259.425(-3)a  Qfe(76) 11130.229(0) b
Qef(8) 11271.012(6) a  Qef(59) 11186.311(-2)a  Qfe(25) 11257.060(1) a  Qfe(79) 11118.712(-3) b
Qef(9) 11270.574(5) a  Qef(60) 11183.368(1) a  Qfe(26) 11255.805(3) a  Qfe(80) 11114.776(2) b
Qef(10) 11270.094(11)a  Qef(61) 11180.371(2) a  Qfe(27) 11254.496(0) a  Qfe81) 11110.781(-1) b
Qef(11) 11269.561(13)a  Qef(62) 11177.312(-10)a  Qfe(28) 11253.143(1) a  Qfe(82) 11106.736(-3) b
Qef(12) 11268.979(13)a  Qef(63) 11174.219(-6)a  Qfe(29) 11251.741(2) a  Qfe(85) 11094.310(10) b
Qef(13) 11268.347(13)a  Qef(64) 11171.069(-8)a  Qfe(30) 11250.289(1) a  Qfe(86) 11090.049(-1) b
Qef(14) 11267.666(12)a  Qef(65) 11167.870(-9)a  Qfe(31) 11248.788(1) a  Qfe(87) 11085.756(7) b
Qef(15) 11266.918(-6)a°  Qef(66) 11164.605(-25)a  Qfe(32) 11247.238(-1)a  Qfe(91) 11068.028(3) b
Qef(16) 11266.144(-3)a  Qef(67) 11161.335(4) a  Qfe(33) 11245.64000) a  Qfe(92) 11063.464(0) b
Qef(17) 11265.316(4)a  Qef(68) 11157.978(-3)a  Qfe(34) 11243.994(0) a  Qfe(94) 11054.185(0) b
Qef(18) 11264.447(1) a  Qef(69) 11154.589(9) a  Qfe(35) 11242.298(-1)a  Qfe(95) 11049.471(4) b
Qef(19) 11263.522(1) a  Qef(70) 11151.131(3) a  Qfe(36) 11240.555(1) a  Qfe(97) 11039.875(2) b
Qef(20) 11262.548(-0)a  Qef(72) 11144.074(1) b Qfe(37) 11238.763(2) a  Qfe(98) 11034.996(-2) b
Qef(21) 11261.528(1) a  Qef(73) 11140.474(5) b Qfe(38) 11236.920(1) a  Qfe(99) 11030.068(-1) b
Qef(22) 11260.458(1) a  Qef(75) 11133.111(2) b Qfe(39) 11235.030(1) a  Qfe(102) 11014.968(2) b
Qef(23) 11259.338(0) a  Qef(76) 11129.353(1) b Qfe(40) 11233.088(0) a  Qfe(105) 10999.387(1) b
Qef(24) 11258.171(0) a  Qef(80) 11113.8153) b Qfe(d4l) 11231.100(1) a  Qfe(106) 10994.088(2) b
Qef(25) 11256.954(-0)a  Qef(81) 11109.799(1) b  Qfe(42) 11229.062(1) a  Qfe(108) 10983.321(-4) b
Qef(26) 11255.683(-5)a  Qef(82) 11105.738(5) b Qfe(43) 11226.973(0) a

1-1

Ree(9) 11182.703(4) a Ree(18) 11185.747(-2)a  Ree(34) 11181.393(0) a Ree(44) 11172.256(5) a
Ree(10) 11183.243(11)a  Ree(19) 11185.830(-15)a  Ree(35) 11180.701(-1)a  Ree(45) 11171.069(5) a
Ree(11) 11183.740(23)a  Ree(20) 11185.902(11)a  Ree(36) 11179.965(2) a Ree(46) 11169.827(1) a
Ree(12) 11184.172(18)a  Ree(28) 11184.495(-6)a  Ree(37) 11179.189(17)a  Ree(47) 11168.538(0) a
Ree(13) 11184.543(2) a Ree(29) 11184.100(-6)a  Ree(38) 11178.347(14)a  Ree(48) 11167.205(6) a
Ree(14) 11184.864(-16)a  Ree(30) 11183.650(-12)a  Ree(39) 11177.445(1) a Pee(2) 11172.522(6) a
Ree(15) 11185.178(7) a Ree(32) 11182.625(-1)a  Ree(40) 11176.484(-22)a Pee(3) 11171.347(-6) a
Ree(16) 11185.397(-15)a  Ree(33) 11182.039(5) a Ree(41) 11175.511(-6) a Pee(4) 11170.151(11) a

446

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1996ApJS..107..443R&db_key=AST

JS. D107 43R0

R

rT99BA

TABLE 1—Continued

Line Obs. Line Obs. Line Obs. Line Obs.

1-1

Pee(5) 11168.888(8) a  Rff(30) 11183.815(-0)a  Qef(10) 11172.046(10)a  Qfe(11) 11171.514(¢-11)a

Pee(6) 11167.573(0) a  Rff(31) 11183.328(4)a  Qef(11) 11171.514(10)a  Qfe(12) 11170.927(:21)a
Pee(7) 11166.213(4)a  Rff(32) 11182.797(2)a  Qef(12) 11170.927(3) a  Qfe(13) 11170.311(-12)a
Pee(8) 11164.823(11)a  Rff(33) 11182.219(1) a  Qef(13) 11170.311(16)a  Qfe(14) 11169.648(-2)a
Pee(9) 11163.360(1) a  Rff(34) 11181.583(-5)a  Qef(14) 11169.612(-S)a  Qfe(15) 11168.930(1) a
Pee(10) 11161.859(1) a  Rff(35) 11180.909(2) a  Qef(15) 11168.888(-3)a  Qfe(16) 11168.161(1) a
Pee(11) 11160.304(4)a  Rff(36) 11180.183(5) a  Qef(16) 11168.114(-4)a  Qfe(17) 11167.342(0) a
Pee(12) 11158.715(5) a  Rff(3T) 11179.406(6) a  Qef(17) 11167.295(1) a  Qfe(18) 11166.475(-1)a
Pee(13) 11157.080(15)a  Rff(38) 11178.574(1) a  Qef(18) 11166.422(-1)a  Qfe(19) 11165.578(15) a
Pee(14) 11155.384(13)a  Pff(2) 11172.522(6) a  Qef(19) 11165.499(4)a  Qfe(20) 11164.605(5) a
Pee(15) 11153.630(1) a PE3) 11171.347(-T)a  Qef(20) 11164.536(1) a  Qfe(21) 11163.595(5) a
Pee(16) 11151.835(-3) a Pff(4) 11170.151(9) a  Qef(21) 11163.525(7) a  Qfe(22) 11162.528(:3)a
Pee(17) 11150.000(1) a Pf(S) 11168.888(4) a  Qef(22) 11162.456(4) a  Qfe(23) 11161.426(2) a
Pee(18) 11148.13422)a  Pff(6) 11167.573(-5)a  Qef(23) 11161.335(4)a  Qfe(24) 11160.267(-2) a
Pee(19) 11146.174(-2) a P(7) 11166.213(-10)a  Qef(24) 11160.178(2) a  Qfe(25) 11159.063(-2) a
Pee(20) 11144.179(-14)a  Pff(8) 11164.823(3) a  Qef(25) 11158.964(-0)a  Qfe(26) 11157.808(-5)a
Pee(21) 11142.164(3) a Pf(9) 11163.360(-10)a  Qef(26) 11157.703(-1)a  Qfe(27) 11156.511(-2) a
Pee(22) 11140.071(-10)a  Pff(10) 11161.85%(-13)a  Qef(27) 11156.394(-1)a  Qfe(28) 11155.160(:3) a
Pee(23) 11137.961(8) a  Pff(11) 11160.304(21)a  Qef(29) 11153.630(-2)a  Qfe(29) 11153.765(-1)a
Pee(24) 11135.781(5) a  Pff(12) 11158.715(-16)a  Qef(30) 11152.180(3) a  Qfe(30) 11152.321(1) a
Pee(25) 11133.551(-1)a  Pff(13) 11157.080(-10)a  Qef(31) 11150.675(2) a  Qfe(31) 11150.830(4) a
Pee(26) 11131.279(1) a  Pff(14) 11155.384(-15)a  Qef(32) 11149.115(-5)a  Qfe(32) 11149.284(1) a
Pee(27) 11128.962(5) a  Pff(16) 11151.874(-2)a  Qef(33) 11147.520(1) a  Qfe(33) 11147.686(-6) a
Pee(28) 11126.581(-S)a  Pff(17) 11150.037(4)a  Qef(34) 11145.870(2) a  Qfe(34) 11146.052(0) a
Pee(29) 11124.170(1) a  Pff(18) 11148.157(-2)a  Qef(35) 11144.179(10)a  Qfe(35) 11144.363(0) a
Pee(30) 11121.695(-7)a  Pff(19) 11146.228(-2)a  Qef(36) 11142.420(-1)a  Qfe(36) 11142.626(0) a
Pee(31) 11119.187(0) a  Pff(20) 11144.255(3) a  Qef(37) 11140.6273) a  Qfe(37) 11140.842(2) a
Pee(32) 11116.631(7) a  Pff21) 11142.228(2) a  Qef(38) 11138.779(2) a  Qfe(38) 11139.010(4) a
Pee(33) 11114.012(0) a  Pff(22) 11140.158(5) a  Qef(39) 11136.883(0) a  Qfe(39) 11137.128(7) a
Pee(34) 11111.356(3) a  Pff(23) 11138.039(7) a  Qef(40) 11134.944(6) a  Qfe(d0) 11135.202(13)a
Pee(35) 11108.646(1) a  Pff(24) 11135.851(-11)a  Qef(41) 11132.943(-2)a  Qfe(4l) 11133.207(-1)a
Pee(36) 11105.882(-6)a  Pff(26) 11131.375(4)a  Qef(42) 11130.891(-11)a  Qfe(d2) 11131.173(4)a
Pee(37) 11103.088(5) a  Pff(27) 11129.081(16)a  Qef(43) 11128.813(3) a  Qfe(43) 11129.104(5) a
Pee(38) 11100.226(-3)a  Pff(28) 11126.705(1) a  Qef(44) 11126.680(11)a  Qfe(dd) 11126.964(-6) a
Pee(39) 11097.332(5) a  Pff(29) 11124.293(-2)a  Qef(45) 11124.484(6) a  Qfe(45) 11124.787(-6)a
Pee(40) 11094.376(-1)a  Pff(30) 11121.844(7) a  Qef(46) 11122.235(3)a  Qfe(d6) 11122.571(4) a
Pee(41) 11091.378(1) a  Pff(31) 11119.324(-T)a  Qef(47) 11119.949(0) a  Qfe(47) 11120.291(-1)a
Pee(42) 11088.329(0) a  Pff(32) 11116.780(2) a  Qef(48) 11117.61000) a  Qfe(48) 11117.967(0) a
Pee(43) 11085.233(0) a  Pff(33) 11114.182(7) a  Qef(49) 11115.2253) a  Qfe(49) 11115.592(-2)a
Pee(44) 11082.074(-14)a  Pff(34) 11111.519(-T)a  Qef(50) 11112.772(-13)a  Qfe(50) 11113.163(-T)a
Pee(d46) 11075.649(-3)a  Pff(35) 11108.827(-1)a  Qef(51) 11110.288(-10)a  Qfe(51) 11110.705(7) a
Pee(47) 11072.348(-14)a  Pff(36) 11106.075(-7)a  Qef(52) 11107.753(-8)a  Qfe(52) 11108.172(4)a
Pee(48) 11069.018(4)a  Pff(37) 11103.2903) a  Qef(53) 11105.179(5) a  Qfe(53) 11105.606(0) a
Pee(49) 11065.630(4)a  Pff(38) 11100.452(7) a  Qef(60) 11085.671(-3)b  Qfe(54) 11102.983(-2)a
Pee(50) 11062.2003) a  Pff(39) 11097.571(16)a  Qef(61) 11082.692(4) b  Qfe(56) 11097.571(-25)a
Pee(51) 11058.715(4) b Pff(42) 11088.604(11)a  Qef(64) 11073.420(-10)b  Qfe(57) 11094.821(-5)a
Pee(52) 11055.166(-10)b  Pff(44) 11082.382(5) a  Qef(68) 11060.386(5) b  Qfe(S8) 11092.008(1) a
Pee(53) 11051.609(17)b  Pff(50) 11062.571(3) a  Qef(69) 11056.998(6) b  Qfe(59) 11089.137(-1)a
Pee(55) 11044.276(-3)b  Pff(51) 11059.1003) a  Qef(71) 11050.057(-6)b  Qfe(61) 11083.246(-5)a
Pee(58) 11032.946(6) b Pff(52) 11055.583(6) a  Qef(72) 11046.523(0) b  Qfe(62) 11080.230(-3)a
REf(9) 11182.703(-13)a  Pf(53) 11052.018(10)a  Qef(74) 11039.284(-5b  Qfe(63) 11077.173(9) a
Rff(10) 11183.243(:9)a  Pff(54) 11048.392(1) a  Qef(75) 11035.600(5) b  Qfe(65) 11070.881(3) b
Rff(11) 11183.740(-2)a  Pff(60) 11025.664(-1)b  Qef(76) 11031.850(-1)b  Qfe(66) 11067.656(-3) b
Rff(12) 11184.172(-10)a  Pff(62) 11017.686(-12)b  Qfe(3) 11174.392(-16)a  Qfe(68) 11061.075(4) b
RER17) 11185.668(9) a  Qef(3) 11174.392(-14)a  Qfe(d) 11174.2193) a  Qfe(69) 11057.700(-1) b
Rff(18) 11185.812(3) a  Qef(4) 11174.2196) a  Qfe(S) 11173.971(4)a  Qfe(72) 11047.290(1) b
Rff(19) 11185.902(-8)a  Qef(5) 11173.971(0) a  Qfe(6) 11173.687(0) a  Qfe(75) 11036.428(7) b
Rff(20) 11185.964(1) a  Qef(6) 11173.687(6) a  Qfe(7) 11173.342(9)a  Qfe(76) 11032.692(-5)b
Rff(26) 11185.269(10)a  Qef(7) 11173.342(0) a  Qfe(8) 11172.957(-10)a  Qfe(81) 11013.310(0) b
Rff(27) 11184.973(1) a  Qefi8) 11172.957(2) a  Qfe(9) 11172.522(-13)a  Qfe(82) 11009.279(0) b
RFf(29) 11184.254(4) a  Qef(9) 11172.522(1) a___ Qfe(10) 11172.046(-7) a

NoTes.—Numbers in parentheses are the observed minus calculated values in units of 1073 cm ™ 1.
* Laboratory measurements.
® Sunspot measurements.

47

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1996ApJS..107..443R&db_key=AST

"SYSIP 15[ 94} U] TOLIRIASP PIepuess ouQ ,

"§861 9SNOYI[ED 29 SOPULIF JO IN[EA 3} O} PAXL ,
"an[eA poxid ,

‘9867 T8 19 SIAB( JO S1UBISUOD 4

‘861 9SNOYI[ED) 29 sopueIq JO SJUL)SUOD)

wre #neoc (og)LseT b x (01
(991 LS)Ts9s1— €09LEYT— e
s oo Q\Oth.hl

6)16€9 (1e)Ese9 (19)€06€9 Ov)ILe'S ©L)g6's (1e)9v6's (16)8L66°S

9)9z0z15°0 (21)E8T1605°0 (Ly)oveoziso (e1)LzTEeso 00)8919¢5°0  (TT)BETEES'O oLY)SLTTIES O

LSLTLTIT (Lv)oTLT6'€81TT (6£)66¥SLTLTTT (D1€T°6001 00 2IE€T°600T 200

ﬂ"a O“a ﬁ"a O“a ﬂ"a O“a ﬁ"a O"a
qSON[eA SNOTAAIJ sonjeA Jussarg «SONJEA SNOIASIJ SonJeA JuSsaIg
I, 9 Vi?
OLL 40 SALVLS I1; g ANV VD HHL 40 (; _UIO UI) SINVISNOD OIdOOSOULIAIS

T 414VL

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1996ApJS..107..443R&db_key=AST

JS. D107 43R0

R

rT99BA

NIR SPECTROSCOPY OF TiO 449

Titanium has a relatively high cosmic abundance, and Ti
atomic lines are prominent in solar and stellar spectra. Tita-
nium (Ti*) atomic lines (but not Ti or TiO) can also be
found in absorption in diffuse molecular clouds (Black
1987). Titanium is heavily depleted in interstellar clouds,
and TiO has not been found in dark clouds (Millar et al.
1987; Churchwell et al. 1980). Titanium, however, has a
vapor pressure of 1 Torr at 2132°C, and TiO has a very
strong bond with a dissociation energy D, = 6.4 eV (Huber
& Herzberg 1979), so that TiO forms readily in stellar atmo-
spheres and sunspots. In addition to these favorable ther-
modynamic considerations, titanium atoms react rapidly

with any oxygen-containing species to form TiO (Campbell
& McLean 1993).
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