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Laser, Universidade Federal Fluminense, Campus da Boa Viagem, Niterói, RJ 24210-340, Brazil; and‡Bolsista CAPES, Brası́lia, Brazil
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The near-infrared spectrum of theB2S1–X2S1 band system of the BaI molecule, obtained from the chemiluminescent
reaction Ba1 I 2 and also by laser-induced fluorescence (LIF), was recorded by using Fourier transform spectroscopy (FTS
The LIF spectra were obtained by using a Ti:sapphire single-mode laser excitation. Resolved rotational data, originating fro
32 vibrational levels (0# v # 31) in theX2S1 state and from 24 vibrational levels (0# v # 19, andv 5 21, 22, 23, 26) in
theB2S1 state, were used in the final analysis. Previously recorded data for theC2P–X2S1 band system (withDv 5 0), taken
from C. A. Leach, A. A. Tsekouras, and R. N. Zare,J. Mol. Spectrosc.153,59–72 (1992), were added to the present work
data field. Accurate and improved molecular constants for theX2S1, B2S1, andC2P states were derived from a simultaneous
treatment of the whole data set.© 1999 Academic Press

Key Words:Fourier transform spectroscopy; laser-induced fluorescence; BaIB–X band system; molecular constants.
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The alkaline–earth monohalidesMX (whereM is the meta
ndX the halogen) have attracted the interest of theoretica
xperimental spectroscopists for decades. These molecul
ighly ionic compounds and have nine valence electrons
ide closed shells. The structure of the ground electronic
nd the structures of the first excited electronic states ca
escribed by an unpaired electron and a molecular ion
onsisting of two closed shell ionsM 21 and X2. From this
heoretical approach it is expected that the electronic stru
f the alkaline–earth monohalides should have a beh
imilar to the one of the alkali atoms, and the electronic s
9 2D, A2P, B2S1, and C2P would be formed from th
xcitation of the unpairedns electron to the low-lying (n 2 1)
tates. Different ionic bonding models have been develop
epresent the structure of these first excited states, e.g
lectrostatic polarization model (2, 3) and the ligand–fi
pproach (4). From these models, predictions of both

ransition energies and the permanent and transition d
oments have been made for several alkaline–earth mo

ide molecules, including the BaI molecule (5, 6).
Up until this moment, all experimental spectroscopic stu
ith rotational resolution of the BaI molecule have concer

he C2P–X2S1 electronic system and have always been d
ith Dv 5 0 vibrational transitions.
The first observation of vibrational bands was made in 1

y Walters and Barratt (7). Later, Mesnage (8) studied the
2P–X2S1 bandheads and more detailed vibrational anal
f this band system have been performed by Patel and Sh9)
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nd Raoet al. (10). In their work, Patel and Shah (9) have also
ecognized that the absorption spectrum in the region of
m observed by Walters and Barratt (7) was caused by tw
ther electronic band systems,E2S1–X2S1 at about 374 nm
ndD 2S1–X2S1 at about 388 nm. Bradfordet al. (11) have
bserved the chemiluminescence reaction Ba1 I 2 and deter
ined that the infrared emission was issued from two u

erved electronic transitions,A2P–X2S1 andB2P–X2S1. In
ll previously mentioned works, the experiments were un

o resolve the individual rotational transitions which are v
losely spaced, mainly because of the fact that the large
f barium and iodine atoms results in very small rotatio
onstants.
However, there has been a high accuracy systematic stu

he C2P–X2S1 band system with rotational resolution sin
981. Using population-labeling optical–optical double re
ance (PLOODR), Johnsonet al. (12) and Johnson and Za
13) have assigned theC2P–X2S1 (0–0) band, and the sam
and has been studied also by using selectively detected

nduced fluorescence (SDLIF) by Johnsonet al.(14). In the las
hree cited works, a collimated beam of the BaI mole
btained from an oven source was used and the mole
onstants for theC2P andX2S1 states were calculated. It mu
lso be emphasized that the determined molecular consta

he last three mentioned works were found to be essen
qual to each other. Nevertheless, using a crossed-beam
atus, SDLIF, and laser-induced fluorecence (LIF), Zhaoet al.
15) have performed a powerful study of theC2P–X2S1

0–0) band in which high rotational levels (J0 up to nearly
0022-2852/99 $30.00
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30 GUTTERRES, VERGE` S, AND AMIOT
00) were observed. From this data set, and combining
revious results (12–14), it was possible for the author
etermine an improved and more general set of mole
onstants. Using PLOODR, Leachet al. (16) have observe
nd assigned theC2P–X2S1 (8–8) band. Finally, Leachet al.
1) have performed a general rovibrational analysis of the

2P–X2S1 band system withv # 12. The observed bands (Dv
0), with v 5 0, 1, 4, 8, and 12, were recorded by SDLIF, a

n addition, the bands (Dv 5 0), with v 5 0, 1, 2 and 3, wer
easured by LIF, in which undispersed fluorescence wa

ected. The obtained data were combined with previous re
14, 13, 16) and also with microwave measurements of lowJ0
or v 5 0–5 of theX2S1 state obtained by Töring and Do¨bl

TAB
Vacuum Wavenumber

of the Used Ti:Sapp

FIG. 1. Scheme of the experimental setup. (1) Laser source (Ti:Sa l
2) lambdameter; (3) Fabry–Perot spectrum analyzer; (4) oscilloscope r
ng the transmission fringes of the spectrum analyzer; (5) Heat pipe ove
ierced mirror collecting the fluorescence light backward with respect t

aser beam; (7) 2-m optical path length Fourier transform spectromete
ices 1, 2, 3, and 4 are not used in the recording of the chemilumine
pectrum.
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eighted nonlinear fit and it reproduced the 5032 obse
ransition wavenumbers with a standard deviation of 2.33
023 cm21. In the final description of the Hamiltonian, the p
ibrational terms were defined as follows,

Dn 5 T9e 2 T 0e 1 Y900 2 Y000

Dve 5 v9e 2 v 0e [1]

Dvexe 5 vex9e 2 vex0e,

nd the values obtained for these constants by the au
trongly improved the values obtained by Raoet al. (10).
More than 2400 observed wavenumbers of theB2S1–X2S1

and system were assigned in the present work. The
ear-infrared spectra, obtained from the Ti:sapphire sin
ode laser excitation, were recorded by using Fourier tr

orm spectroscopy (FTS). The highly congested spectru
heB2S1–X2S1 (0, 0) band, obtained from the chemilumin
ent reaction Ba1 I 2, was also recorded by using FT
esolved rotational data, originating from 32 vibrational le

0 # v # 31) in theX2S1 state and from 24 vibrational leve
0 # v # 19, andv 5 21, 22, 23, 26) in theB2S1 state, hav
ermitted a first analysis of the observed transitions. A s
7 constants was calculated and reproduced the obs
avenumbers with a standard deviation similar to the
btained in (1). In this way, the spectral data set obtained
eachet al. (1) could be included in a second global anal

ncluding both theB2S1–X2S1 and the C2P–X2S1 band
ystems.

1
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31ELECTRONIC STATES THROUGH BAND SYSTEMS ANALYSIS
The several observed transitions withDv Þ 0 have permitte
he solution of pure vibrational terms described in terms of
1]. A set of 51 molecular constants was calculated and re
uced both the observedB2S1–X2S1 and theC2P–X2S1

and systems spectral data, with a standard deviation les
.3 3 1023 cm21.

FIG. 2. Energy level s

FIG. 3. Part of theB–X LIF spectrum induced by a Ti:sapphire 920.01
he spectrum noise.
Copyright © 1999 by
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II. THE EXPERIMENT

A heat pipe oven was used for the production of the
olecules. This molecular source was proposed by V
nd Cooper (18) and has been largely used in experime
tudies of alkaline– earth monohalides like BaCl (19 –22),

me of theB–X transition.

laser line. Numbers in parentheses are thev0 values of the transitions. Inset sho
che
-nm
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TABLE 2

E
L

Ti:Sapphire Single-Mode Laser Wavelength s, Quantum Numbers vv*, J*, and Energy
* for the B2S1 Excited State, Quantum Numbers vv (, J(, and Energy E( of the Lower
evel in the Ground X2S1 state

Note.Dv represents the range of observedv values in theX2S1 state.
32
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TABLE 2—Continued

33ELECTRONIC STATES THROUGH BAND SYSTEMS ANALYSIS
aBr (23), BaF (24, 25), and CaF (26). In the recording
he LIF spectra, a mixture of a few grams of Ba metal
aI2 powder was heated to 850°C in the presence of 12 m
f argon buffer gas. In the chemiluminescent spect
Copyright © 1999 by
f
d
ar

btention, the same compound was heated to 1200°C i
resence of 60 mbar of argon buffer gas. The obta
uorescence in both cases (LIF and chemiluminescent
ra) was focused into the entrance iris of a 2-m optical
Academic Press
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35ELECTRONIC STATES THROUGH BAND SYSTEMS ANALYSIS
ength Fourier transform spectrometer. A scheme of
xperimental setup is shown in Fig. 1.
A total of 27 laser lines, provided by a Ti:sapphire sing
Copyright © 1999 by
e
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ode laser (Coherent 899-21), were used to excite the m
ules in the LIF spectra obtention. The stability of the lase
oth intensity and frequency, was sufficiently high during
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TABLE 2—Continued

36 GUTTERRES, VERGE` S, AND AMIOT
ecording time. Table 1 shows the spectral characteri
acuum wavenumber, and emitted power of all used Ti:
hire laser lines.
The recording time of the interferograms was ab
h. The fluorescence spectra were recorded in the re

etween 9000 and 12 000 cm21 with an unapodized resol
ion limit ranging from 0.005 to 0.02 cm21. The wave
umbers were calibrated relative to a fixed freque
eference line (Xe atomic transition near 3.5mm) used to
onitor the path difference in the interferometer. The

olute measurement uncertainties varied from 13 1023

m21 for the strongest lines to 53 1023 cm21 for the
eakest ones.

FIG. 4. Part of the chemiluminesce
Copyright © 1999 by
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III. RESULTS

The main characteristic of the obtained spectra is
omplexity. The observedB2S1–X2S1 band system involve
wo doublet states and each vibrational band contains
bserved rotational branches. In addition, the large ma
arium and iodine atoms results in small rotational cons
nd consequently the spectra are highly congested. Fig
hows an energy level scheme for theB2S1–X2S1 transition.

a) The LIF Spectra

The LIF technique permits the selection of a sma
umber of coincident laser and molecular line transitio

spectrum of theB–X (0, 0) band system.
nt
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37ELECTRONIC STATES THROUGH BAND SYSTEMS ANALYSIS
onsequently, the spectra are less dense than in the cla
mission where a great number of upper excited levels

nvolved. Therefore, the assignment of quantum numbe
he observed transitions is relatively simpler than in
lassical case. Several doublets can be observed in F

TAB
Hamiltonian Energy Matrix for

Note. X5 ( J 1 1
2)

2 2 1. Matrix elements ar
over f.

FIG. 5. Fortrat diagram of theB–X (0, 0) band system. The points rep
otted points are obtained from the determined molecular constants. In
Copyright © 1999 by
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hich shows a part of the recorded LIF spectra. Each lin
urrounded by collisional rotational relaxation lines; th
ntensities decreasing regularly and rapidly. As has b
bserved by Hafidet al. (21) in the BaCl molecule, th

ntensities of theP and R line doublets, connected wi

3
Isolated C2P Electronic State

lculated using ane/f parity basis and are writtene

ented by (E) are the observed energy levels and correspondent wavenu
shows the observed and calculated energy levels in detail.
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e ca
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38 GUTTERRES, VERGE` S, AND AMIOT
pper rotational levels ofe or f symmetry levels, are di
erent. When the pumped rovibrational level of theB2S 1

lectronic state has a type-e symmetry, theRe line is stron-
er than thePe one, but when the pumped level has a typf
ymmetry, thePf line is stronger than theRf. The therma
mission produced by the chemiluminescent reaction B1

2 can also be seen in Fig. 3. This emission is noted in
ost of the LIF spectra and the spectra noise is also sh

n Fig. 3.
Several fluorescence progressions have been observe

le 2 lists the quantum numbersJ9, v9, and the energy ter
alueE9 of the involvedB2S1 level together with the quantu
umbersJ0, v0, and the energy term valueE0 of the lower

evel in the groundX2S1 state. The table shows also the ra
f observed vibrational levels in theX2S1 state. All the line
avenumbers were assigned to transitions involving v

ional levels up tov9 5 26 in theB2S1 state andv0 5 31 in the
2S1 state.

Molecular Constants in cm21 for the X2S
a Preliminary Analysis from a Nonlinear L
Data Set

Note.Numbers in parentheses represent two
1 Origin of the energies at the levelv 5 21

2, N
Table 5.
Copyright © 1999 by
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b) The Chemiluminescent Spectrum

The spectrum of theB2S1–X2S1 (0, 0) band, obtained from th
hemiluminescent reaction Ba1 I2, is highly congested and th
ypical separation between the observed lines is lower than
m21. A part of the recorded spectrum can be seen in Fig. 4
The observed spectral high density of the chemilumines

pectrum is a consequence both of the very similar pote
urves for the two states (B2S1 and X2S1), which have
imilar vibrational (and rotational) constants, and of the d
let structure of the involved transition. The separation o
ibrational bands with the sameDv (for low vibrational levels
s only about 10 cm21 and the overlap in the spectrum of
and systems with the sameDv is severe. In addition, th
oublet structure of the involved states has, as a consequ

he splitting of each vibrational band in six overlapping ro
ional branches (of which two have not been observed in
btained spectra). Figure 5 shows a Fortrat diagram o

nd B2S1 Electronic States Determined in
t-Squares Fit of the Fourier Spectroscopy

andard deviations in units of the last figure quoted.
of the ground state (Te 5 0). Same origin is in
1 a
eas

st
5 0
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39ELECTRONIC STATES THROUGH BAND SYSTEMS ANALYSIS
2S1–X2S1 (0, 0) band system with the observed lin
ointed.
Numerous bands other than theB2S1–X2S1 (0–0) were

bserved in the chemiluminescent spectrum. Their small in
ities and strong overlaps prevent including the correspon
pectral data in the global calculations.

FIG. 6. Schematic representation of theX2S1 data set used in the redu
nd (‚) reprents the data obtained from (1).

FIG. 7. Schematic representation of theB2S1 data set us
Copyright © 1999 by
n-
ng

IV. ANALYSIS

In a first step, all available spectroscopic data of theB2S1–
2S1 band system, obtained from the LIF spectra and
hemiluminescent spectrum (0–0 band), were reduced b
ng a nonlinear least-squares method. Both energy term v

n of wavenumbers to the molecular constants. (E) represents the obser

in the reduction of wavenumbers to the molecular constants.
ctio
ed
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40 GUTTERRES, VERGE` S, AND AMIOT
Molecular Constants in cm21 for the X2S1, B2S1, and C2P Electronic States
Determined in the Final Analysis from a Nonlinear Least-Squares Fit of the Global Data
Set

Note.Numbers in parentheses represent two standard deviations in units of the last figure qu
(a) This work.
(b) Leachet al. (1).
Copyright © 1999 by Academic Press
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41ELECTRONIC STATES THROUGH BAND SYSTEMS ANALYSIS
f the B2S1 and X2S1 electronic states were described b
tandard Hund’s case b2S1 formula,

T 5 Tv 1 BvN~N 1 1! 2 Dv@N~N 1 1!# 2

1 Hv@N~N 1 1!# 3 1 · · ·1

2 1
2 gN for e-labeled levels, and

2 1
2 g~N 1 1! for f-labeled levels, with

Tv 5 Te 1 ve~v 1 1/ 2! 2 vexe~v 1 1/ 2!2 [2]

1 veye~v 1 1/ 2!3 1 · · ·

Bv 5 Be 2 aB~v 1 1/ 2! 1 bB~v 1 1/ 2!2 1 · · ·

Dv 5 De 1 aD~v 1 1/ 2! 1 · · ·

g 5 ge 1 gv~v 1 1/ 2! 1 gDN~N 1 1! 1 · · ·.

The derived effective molecular constants for the gro
tate and for theB2S1 state, obtained in this prelimina
nalysis, are shown in Table 3. In this fit, the standard de

ion of residual errors was less than 2.33 1023 cm21.
The consistency of the derived molecular constants se

he ground electronic state with the ones for the same
ronic state, as reported by Leachet al. (1), and also, the sam
rder of magnitude for the standard deviations obtained in
nalyses, have conducted a global analysis including the
ssigned in the present work combined with those publish
1) for theC2P–X2S1 band system. The Hamiltonian for t

Comparison between the Pure Vibrational
the Ones Obtained from the

Note.Numbers in parentheses represent two

TAB
Comparison between the Theoretical Va

the Ones Calcul

Note.Numbers in parentheses represent two
Copyright © 1999 by
d
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solatedC2P electronic state is shown in Table 4. The vib
ional dependence of the parameters was taken into accou

Dunham-type variation. For example,

Tv 5 Te 1 ve~v 1 1/ 2! 2 vexe~v 1 1/ 2!2

1 veye~v 1 1/ 2!3 1 · · ·

A 5 Ae 1 Av~v 1 1/ 2! 1 Avv~v 1 1/ 2!2 1 · · ·

Bv 5 Be 2 aB~v 1 1/ 2! 1 bB~v 1 1/ 2!2 1 · · · [3]

Dv 5 De 1 aD~v 1 1/ 2! 1 · · ·

p 5 pe 1 pv~v 1 1/ 2! 1 pJJ~ J 1 1!

1 · · ·1 pvv~v 1 1/ 2!2 1 · · · .

n the final analysis, the2S1 electronic states were described
erms of Eq. [2].

Figure 6 shows a schematic diagram of the analyzed gr
tate vibrational and rotational data field. The complement
f the spectroscopic data set obtained in this work and the
sed by the authors (1) in their final analysis can be observ

n the same figure. Figure 7 shows the range of the observv9
ndJ9 in the upperB2S1 electronic state.
Table 5 summarizes the final values of the recomme
olecular constants for theB2S 1, X2S 1, and C2P elec-

ronic states, calculated in the global analysis descr
bove. The values of the molecular constants obtaine
eachet al. (1) are quoted in the same table. The stand

rameters Obtained by Leach et al. (1) and
lecular Constants of Table 5

ndard deviations in units of the last figure quoted.

7
s of Transition Energies (in cm21) and

d in This Work

ndard deviations in units of the last figure quoted.
Pa
Mo
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42 GUTTERRES, VERGE` S, AND AMIOT
eviation was also less than 2.33 1023 cm21. A strong
imilarity between the two sets of obtained molecular c
tants for theX2S 1 and C2P electronic states can b
bserved. The higher observed vibrational levels,v0 up to v

31 in contrast withv0 up to v 5 12 observed by Leachet
l. (1), explain the presence of higher order terms (g B, b D,
eye, andgvv) for theX2S 1 or B2S 1 electronic states in th
resent analysis. The correction termv eye is significant in

Comparison between the 24 Microwave W
and Döbl (17) and the Ones Obtained fr

Note.Differencesnobs. 2 ncalc. are in MHz.
Copyright © 1999 by
-
he isolated representation of theC2P electronic state; fo
he other side, the termsqJ and b D gave no significan
ontribution and were dropped in the final fit.
A last comparison between the constants obtained by L

t al. (1) and the ones obtained in this work was done. Tab
hows the pure vibrational terms obtained by Leachet al. (1)
nd obtained from the molecular constants calculated in
ork. The significant difference between bothDv exe listed

enumbers (in MHz) Assigned by Töring
the Present Work Molecular Constants
av
om
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43ELECTRONIC STATES THROUGH BAND SYSTEMS ANALYSIS
alues is due to the different data sets and represen
amiltonians used in the performed analysis.
Table 7 shows the energy origins obtained in this work

heB2S1 andC2P electronic states, and the theoretical va
or the same constants derived from the model of ligand
pproach (5) and from the model of electrostatic polariza
2). For theB2S1 electronic state, the difference between
heoretical and experimental transition energy values is
han 5% for the simpler model of ligand field approach and
han 2% for the model of electrostatic polarization. The dif
nce is, however, larger than 15% for the two theore
odels in the case of theC2P electronic state.
As remarked above, the high accuracy measurements

2P–X2S1 band system (1) were included in the final anal
is, and, as they have the same order of uncertainty a
2S1–X2S1 band system measurements, an unweighted

he global data set could be performed. The 24 microwave
ssigned by Töring and Do¨bl (17) (with an experimental un
ertainty of 1027 cm21) have not been included in the fin
nalysis. Nevertheless, the global data set analyzed (incl

heC2P–X2S1 transitions) is reproduced with a smaller st
ard deviation than the one obtained by Leachet al. (1). Table
shows both the observed microwave transitions (17) and the

ame transitions obtained from the term energy values c
ated in the present work. It is worth noting that the differen
etween these calculated values and the observed ones
ystematic behavior if thee or f levels parity,J andv values
re considered. This behavior is illustrated clearly in Fig. 8
an be explained by a small error in theg parameter indicate

FIG. 8. Differencesnobs. 2 ncalc. (in MHz) between the 24 microwave wa
ork, molecular constants as function ofv quantum number,e or f levels pa
Copyright © 1999 by
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the

the
of
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ng
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s
ve a

d

n (17) due to the unresolved hyperfine structure in the m
ave measurements. Therefore, the inclusion of these
ith a large weight could have led to biased calculated pa
ters.

V. CONCLUSION

Laser-induced fluorescence (LIF) and thermal emission
ained from the chemiluminescent reaction Ba1 I 2, combined
ith Fourier transform spectroscopy (FTS) have permitted
rst spectroscopic study with rotational resolution of
2S1–X2S1 band system of the BaI molecule. The data
ublished in (1) of the C2P–X2S1 band system of the B
olecule was added to the present work data set and a g
nalysis of bothB2S1–X2S1 and C2P–X2S1 band system
as performed. An improved set of molecular constants
alculated and described the observed transitions of both
ystems with a standard deviation less than 2.33 1023 cm21.
n this work, the knowledge of the vibrational levels of the
round state was extended fromv 5 12 (analyzed by Leachet
l. (1) up tov 5 31 (highest observed vibrational level). T
ibrational constantsTe, v e, v exe, andv eye were determine
or each state, and for the first time, all observed transition
oth B2S1–X2S1 andC2P–X2S1 band systems were repr
uced by a Hamiltonian which represents the energy leve

he three involved electronic states in an isolated form.
Current work is being done concerning the transitions f

he C2P state to theA2P, B2S1, and A9 2D unobserve
lectronic state.

umbers assigned by Töring and Do¨bl (17) and the ones obtained from the pres
, andN quantum number.
ven
rity
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