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Rotational analysis of the Bai C'rl - X'C' (0.0) band system has been performed using molecular beam and laser 
spectroscopic techniques. This band is free from local.perturbations, although significant interaction of the C ' n  state with 
several other ' X +  states is indicated. The spin-orbit ordering of the C state is confirmedto be r-qular, while the A-doubling 
parameters p and q are opposite in sign. Apparent anomalies in the line strengths of various rotational branches in the two 
spin-orbit sub-bands are related to observed differences in the hyperfine structure of the C-state spin-orbit components. 

On a effectuC une analyse rotationnelle du systkme de bandcs C'II - x'X' (0.0). en utilisant des techniques de faisceaux 
molCculaires et de spectroscopie laser. Cette bande est exempte de perturbations locales, bien qu'elle prisente des signes d'une 
interaction importante de 1'Ctat c'II avec plusieurs autres Ctats ' X i .  La rCgularitC de l'ordre spin-orbite de 1'Ctat C est 
confirmCe, alors que les paramktres p et q du doublement A sont de signes opposCs. Les anomalies apparentes de I'intensitC 
des raies de diverses branches rotationnelles dans les deux sous-bandes spin-orbite sont relikes aux diffkrences observecs dans 
la structure hyperfine des composantes spin-orbitc de I'Ctat C .  

[Traduit par le journal] 

Can. J.  Phy,. 62. I467 (1984) 

1. Introduction 1 
Often the question is raised as to whether lasers are 

truly a revolution in spectroscopy or  whether they rep- 
resent instead answers in search of new questions. Cer- 
tainly for the study of very high resolution spectra, such 
as the measurement of hyperfine splittings, laser 
methods are often essential to reveal features otherwise 
hidden in the Doppler line profile. It is less obvious, on 
the other hand, that laser techniques compete as effec- 
tively with the traditional photographic plate techniques 
so elegantly practiced by Herzberg and others ( I ) ,  
especially when one is rotationally analyzing optical 
band systems in which sub-Doppler methods are not 
required. 

Clearly in some cases, such as NO?, where the rota- 
tional structure of the band is open but not regular, 
traditional methods can be powerfully augmented by 
laser techniques such as dispersed laser-induced fluo- 
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FIG. 1. An excitation spectrum of the C'II,,, - X'Z' 
(0.0) band of Bal taken using a molecular beam source and 
a laser bandwidthof 0.05 cm-I. 

rescence- ( L ~ F ) ,  whlch simplifies the assignment pro- 
cedure (2). In this paper, we are concerned with the doubling, and hyperfine splitting of the rotational levels 

C ' n  - X'C + band system of the diatomic molecule involved. 

BaI, centered at approximately 5500 A (3-6). This The  problems inherent in the analysis of the BaI 

system presents a different challenge to traditional spec- C-X band are illustrated in Fig. I ,  which presents an 

troscopic approaches, that of extremely congested rota- excitation spectrum of the (0,O) band taken using a 

tional structure due to the exceedingly high line density molecular beam source and a laser bandwidth of ap- 

present in this band system. This congestion results not proximately 0.05 c m - ' ,  comparable to the Doppler 

only from the very small rotational constant of such a width obtained in flame sources operating around 

heavy molecule, but also from extensive overlapping of 600 K. No isolated rotational features can be seen at this 

vibrational sequences, and spin-rotation doubling, A bandwidth, completely precluding a satisfactory rota- 
tional analysis. The line density to the blue side of the 
origin exceeds 200 lineslcm-' (excluding hyperfine 

'Present address: Joint Institute for Laboratory Astro- t r a n ~ i t i o n ~ )  SO that BaI presents an interesting Case in 
physics, University of Colorado. Boulder, CO 80309 U.S.A. which sub-Doppler techniques, usually reserved for the 

'Holder of a Shell Distinguished Chair. study of hyperfine structure, must now be employed 
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just to observe the rotational structure of the band. 
To obtain an assignment of the C-X band, we em- 

ployed a novel version of the optical-optical double 
resonance technique that takes advantage of the phase 
relationships between double resonance transitions 
having either upper or lower rotational states in com- 
mon with a particular "labeled" rotational transition (6). 
This task was simplified even further owing to the re- 
duction of the Doppler widths afforded by performing 
the double resonance experiment on a collimated 
molecular beam of Bal. In this paper we present the 
spectroscopic data obtained by analysis of our previous 
measurements and report the spectroscopic constants 
that result from the reduction of the data. 

Prior to this study, analysis of the Bal visible spec- 
trum has been restricted to band head measurements, 
first by Walters and Barratt (4) and later refined by Patel 
and Shah (5).' Also, the overlapping A'n - X'C ' and 
B?C' - X'X ' systems have been found by Bradford et 
al. (7) and are observed to lie approximately 
10 000 cm-' above the ground state. The location of the 
lowest 'A state is still unknown, although a 'A state has 
recently been found for BaCl and it lies below the A'n 
state (8). The C 2 n  - x'C' band is of particular inter- 
est, since issues concerning the molecular orbital struc- 
ture of alkaline earth monohalides hinge on the values 
of A-doubling and hyperfine parameters in the C state. 
Such detailed information is not presently available for 
any alkaline earth-monohalide C ' n  states, although the 
rotational constants, Bu and D,,, have been reported for 
the CaCl C ' n  state (9). We present here assignments of 
over 400 rotational transitions within the C-X (0,O) 
band and report for the first time a set of rotational 
constants for the Bal C and X states. 

2. Experimental 
The optical-optical double resonance (OODR) as- 

signment methods and experimental apparatus are de- 
scribed in an earlier publication (6). Additional details 
of the OODR methods used here will be presented in a 
forthcoming publication (Johnson and Zare, manuscript 
in preparation). Briefly. Bal was formed in a molecular 
beam by heating Ba and Bal' in a stainless steel crucible 
to approximately 1300 K. The beam was then col- 
limated to yield Doppler widths between 20 and 
I50 MHz, depending on the particular experimental 
needs. Single-mode continuous wave (CW) dye lasers 
(Coherent 599-2 1) operating with rhodamme l I0 pro- 
vided a power of approximately 50 mW in each sub- 
band for double resonance spectra, while lower powers 
(-10 mW) were used for high-resolution excitation 
spectra to reduce the effects of power broadening. Fre- 
quency measurements of rotational transitions assigned 

'M. M. Patel. private communication 

via double resonance were then obtained by mea- 
surement of line centers from the excitation spectra, 
using fringes from a 300-MHz etalon to interpolate 
between frequencies of 1' reference lines (10). This 
provided a measurement accuracy of - t0 .002  cm-' .  

Additional assignments within a few rotational 
branches were provided in two ways. Owing to large 
differences in the hyperfine structure of rotational 
branches in the -C2nl,?-  - X'Ct sub-band discussed 
below, progressions in both the Ql-  and Q,?-branches 
were easily identified. Thus, once the double resonance 
assignments were made for a few transitions in these 
branches, it was possible to immediately assign more 
than 70 lines in each. 

The analogous extensions of the OODR assign- 
ments in the R l -  and PI'-branches were carried out by 
applying selectively detected laser-induced fluo- 
rescence (SDLIF) ( I  I )  to the Bal molecular beam. In 
this case an Interactive Technology 314-m mono- 
chromator with 150-pm slits was used to isolate fluo- 
rescence in the Ql  + R l z  ( P I  + Q,,)-branches, which 
results from excitation of transitions in the P l l  
(R,)-branch. Scanning the excitation laser through the 
P12 (or RI)-branch thus produces the SDLlF spectrum of 
that branch, as illustrated in Fig. 2. Standard photon 
counting techniques were used, with the analog signal 
obtained from a rate meter displayed on an x-y 
recorder. With this arrangement, count rates on the 
peak of Bal transitions were on the order of 
300 counts/s. 

3. Results 
3.1 Appearutzce of the spectnim 

The vibrational structure of the C 2 n  - X'zt  band is 
dominated by two sub-bands (5), C 'n l ,20-  X'Ct at 
5612 A and C2II3,' - X2C' at 5383 A, hereafter 
referred to as CI-X and C2-X, respectively. Only the 
A v = 0 sequences are observed at low v ( v < lo), and 
both sub-Gands appear identical at low resolution 
(-1  cm-I)., showing band heads of the Av = 0 se- 
quences evenly separated by about 6.1 cm-'. At low v ,  
the band heads are formed shaded to the red side op- 
posite to the behavior observed at high v ( v  > 25) 
where the heads are shaded to the blue side (12). Anal- 
ysis of these band heads has been performed by other 
workers up to high vibrational levels in the C-X band 
(4, 5). However, extrapolation of band head behavior 
based on the rotational. analysis of the (0,O) band 
presented here, in conjunction with detailed LIF studies 
of reactively formed Bal, has made it possible to correct 
some of these vibrational assignments (12). These 
studies have revealed strong evidence for predis- 
sociations of the C state and will be presented in a later 
publication. 

As seen in Fig. 1, a clear dip occurs in the (0,O) band 
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Excitation Spectrum (Total Fluorescence) P,(J") 

I 
- 

49.5 I j I 42.5 

Selective Detection oi  PIP Branch Lines 
I. 

FIG. 2. Selective detection of PI?-branch fluoresccnce 
observed in a particularly congested region of the C'111,2 - 
x'Z' band of Bal. Thc upper trace shows a 30-GHz scan of 
the excitation spectrum. The lower trace shows individual 
PI?-branch transitions observed when the excitation laser is 
scanned through this same region in the selective detection 
experiment. Partially resolved hyperfine structure is apparent 
in many of the PI?-branch transitions. 

near the vibronic origin with the band head forming 
about 2 cm-I to the blue side. Typical 15-GHz seg- 
ments of the high-resolution, sub-Doppler excitation 
spectra used in the analysis are shown in Fig. 3. These 
spectra are centered approximately 4 cm-I to the red 
side of the origin of each sub-band and are representa- 
tive of the best resolved regions in each. It should be 
noted that in many cases observed "lines" are actually 
blends of two or three rotational transitions. At this 
resolution (-0.005 cm- ' ) ,  however, the two spin-orbit 
sub-bands exhibit qualitatively different excitation 
spectra. The C ,  -X sub-band is dominated by a clear 
Qlrbranch progression, while in the C2 -X sub-band 
both transitions originating from the X'C ' spin-rotation 
levels (Q, and P Z I )  are observed. These Q,- and 
P21-branch transitions form an equally characteristic 
pattern in the C?-X sub-band, where coincidences in 
line positions produce a regular "interference" pattern 
that repeats itself at approximately I-cm-I intervals. 

Representative SDLIF spectra are shown in Fig. 2, 
where the upper trace shows a 30-GHz segment of a 

FIG. 3. A comparison of 15-GHz segments of the least 
congested regions of the C'nz,z - x'Z+ (top) and C2n l ,>  - 
x'Z' (bottom) (0.0) band cxcitation spectra. Both spectra are 
centered approximately 4 cm-I to the red side of their re- 
spective band oiigins. The corresponding 1' fluorescence 
spectrum and 300-MHz etalon fringes used for frequency 
calibration are included bclow each spectrum. 

particularly congested region in the C I  -X sub-band 
and the lower trace shows the selectively detected 
PI,-branch transitions that are observed when the laser 
is scanned through this same region in the SDLIF ex- 
periment. The structure observed in each P I ?  line is due 
to partially resolved hyperfine splitting, which has been 
completely resolved by additional collimation of the 
molecular beam as shown in Fig. 4. Thus, each 
PI?-branch line is asymmetrically broadened to a total 
line width on the order of 600 MHz (0.02 cm-I). 

Hyperfine structure similar to that in the PI?-branch 
is observed in the P I -  and Rl-branches of the C I - X  
sub-band. However, the Ql-  and Q12-branches exhibit 
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~ 3 0 0  MHz 

FIG. 4. A Doppler-free, selectively detected excitation 
spectrum of the PI?-(136.5) transition observed using a highly 
collimated molecular beam of BaI. All six hyperfine com- 
ponents arising from thc "'1 nuclcar spin ( I  = 512) are clearly 
resolved. 

A A i- 300 MHz -4 

FIG. 5. Doppler-frcc selectively detected excitation spec- 
tra of adjacent Q,?-  and PI-branch transitions. The different 

. . .  . . . . . . .  . . . . . . . . . . . . . . . 
hyperfine splittings observed here arise primarily from 

. . . . . . . . . . .  "hyperfine doubling" interactions in the R = 112 spin-orbit 
component of the C state. 

distinctly different hyperfine structure. This difference 
is clearly evident in Fig. 5,  where adjacent Qlz- and 
PI-branch lines have completely different hyperfine 
splittings. Within the C2-X sub-band, however, the 
hyperfine structure is essentially identical for all six 
rotational branches. 

The hyperfine problem has been studied in detail and 
will be treated in a future publication (McKillop, Noda, 
and Zare, to be published), but several results are rele- 
vant to the present discussion. First, the sub-band de- 
pendent hyperfine splittings observed here arise from 
different hyperfine structure within the two spin-orbit 
components of the C state. The high-J hyperfine split- 
tings observed in the C?-X transitions arise primarily 

from the difference between electric quadrupole split- 
tings in the ground and excited states and ground state 
electron-spin - nuclear-spin interactions. Within the 
C2111,, spin-orbit component, however, additional 
"hyperfine doubling" interactions introduce parity- 
dependent hyperfine splittings (13). These result in sig- 
nificant branch dependence of the hyperfine structure in 
the C I  -X sub-band. The major effect of this is evident 
in the spectra shown in Fig. 3. The blending of hyper- 
fine components within the Q-branches and large split- 
tings of the hyperfine components within the-P- -and 
R-branches of the C,  -X sub-band cause the Q-branch 
lines to appear even more prominent than one might 
expect in a normal 'II (case (a)) - '2' transition. 

This parity-dependent splitting also introduces asym- 
metric and branch-dependent shifts in the apparent line 
centers of these transitions that are significant compared 
with the line separation within a given branch. In this 
analysis, the line center was typically taken as the peak 
or apparent center of a given transition. Thus, it  was 
necessary to correct for the hyperfine offsets in the 
C ,  -X sub-band in order to obtain a set of spectroscopic 
constants that provide a global fit for the data. 

An estimate for this correction was obtained by using 
the Frosch and Foley parameters (13), resulting from 
the hyperfine analysis (13), to simulate the overall rota- 
tional line profile with a phenomenological Lorentzian 
line width of -60 MHz (full width half maximum 
(fwhm)) for each hyperfine transition. From this simu- 
lation it was possible to estimate the apparent line center 
of the transition and to compare this with the actual 
center of gravity of the hyperfine multiplet, thus pro- 
viding an estimate for the hyperfine offset. Owing to 
problems inherent in such a subjective correction, we 
estimate that the accuracy of the "line center" 
measurements reported here are on the order of 
t-0.005 cm-'. 

The measured line positions (corrected for hyperfine 
offsets) are-:collected in the Appendix. Technical diffi- 
culties, due.to reduced dye efficiency and poorer laser 
performance in the C?-X sub-band, resulted in the 
measurement of only 60 lines in this sub-band, while 
369 lines are included in the C l  -X sub-band. 

3.2 Lerrst srptares Jit 

The line positions were fit to the usual 'n - '2' 
Hamiltonian using the LlNFlT nonlinear least squares 
program (14). To indicate the overall quality of the fit, 
the residuals (observed - calculated) are plotted for all 
rotational branches of each sub-band in Figs. 6 and 7. 
The standard deviation of the overall fit was 2.00 X 

cm-I and the residuals shown in Figs. 6 and 7 
appear free from any serious systematic deviations 
other than what might be expected owing to problems 
with the correction for hyperfine offsets. Most line pos- 
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JOHNSON ET AL.  147 1 

FIG. 6. Residuals betwecn the observed and calculated line 
positions for the Bal C'll,,z - X'X' (0.0) band. 

0.010 , , I 1 I '  TABLE I. Spectroscopic constants of thc Bal 
r P, op12 . c'n - XZX' (0,O) band ( in  cm~.'). Numbers 

0, -Ol2 in parentheses are 2rr uncertainties 
0.005 

o,"- ., .A R, uR12 - - m n  - 3 vo 18 178.310(83) 
m  - A' + of 756.10(17) 

A'" 782.10(17) 
B' 2.6727(15)X lo-.' 

rn 
D' 2.16(19)X lo-') 

W 
u ol*  -26.00 

FIG. 7. Residuals betwecn the observed and calculated line 
positions for the Bal C'lll,z - X'X' (0,O) band. 

-0.005 

itions are reproduced to withln the standard deviation of 
the fit, which essent~ally corresponds to our estimates 
of the overall measurement uncertainty. 

The least squares constants obta~ned from this fit are 
collected in Table I .  The removal of any of these 

- constants causes a significant increase in the standard 
deviation of the fit, while the inclusion of additional 
parameters (third-order distort~on constants, distortion 
corrections for spin-orbit and A-doubling interactions, 
or phenomenological spin-rotation interactions in the C 
state) did not significantly decrease the standard devi- 
ation of the fit.  Thus, the constants presented here 
should be considered as the minimal data set required to 
reproduce the experimental line positions. 

It should also be pointed out that the spin-orbit cou- 
pling constant, A, is totally correlated with the 
A-doubling parameter, o.  Thus, only the sum of A and 
o may be uniquely determined. The value of A reported 

- 

*Calculated using pure precession model (see 
ref. 14). 

-~ P' 7.107(48)X lo- '  
4' -9.6(2.9)X 10 
B" 2.67548 X lo-' 

in Table 1 is estimated using pure precession relations 
to calculate the value of o.  However. pure precession is 
a poor description for the C211 state (as will be dis- 
cussed later). Therefore, great care should be taken 
when attaching physical meaning to constants deter- 
mined in such a fit (14). 

4. Discussion 
4.1 Rotntior~al clt~cl centrifirgnl elistortion C ~ O I I S ~ ~ ~ I I ~ S  

The observed rotational constants for the v = 0 level 
of the X and C states (0.02675 and 0.02673 cm-I, 
respectively) are generally in accord with those ex- 
pected via extrapolation from the other alkali and alka- 
line earth halides. For instance, the B,, value of the X 
state is estimated to be 0.0270 cm-' (12) from bond 
length extrapolation using trends in the alkali halides 
and the estimated rotational constant of BaBr (15). The 
distortion constants are of the same order of magnitude 
as predicted by the Pekeris relations using the 
vibrational frequencies of Patel and Shah (5) (2.4 x 
lo-' exptl. vs. 3 X lo-' cm-' calc.) 

4.2 Spit1 splittitlg qf' the C stelre 
Historically, the marked halogen dependence of the 

spin-orbit splitting in the BaX C state has caused some 
uncertainty regarding the nature of its molecular orbital 
description. Generally this splitting increases from BaF 
(A - 200 cm-')  to BaI (A - 750 cm- ' )  (16). We 
observe here, both through the direct probing of the 
branch origins (6) and through the A-doubling behav- 
ior, that the C state in BaI is definitely regular, as 
predicted for a predominantly metal-centered molecular 
orbital. The CaCl C211 state was similarly observed to 
have a regular spin-orbit ordering (9). Thus, a direct 
mapping of the halogen spin-orbit splitting onto the C 
state of Bal would not account for the spin-orbit 
ordering observed here. More detailed information con- 
cerning the nature of unpaired electron-spin density in 
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the Bal molecule, especially at the Ba nucleus, will be 
necessary to clarify the origin of this splitting. 

4.3 A-Type doubling ancl spin-rotation splitting 
The ground states of MX systems are expected to be 

largely ionic (M + X - )  in character with a valence elec- 
tron occupying a nonbonding orbital centered predom- 
inantly on the metal atom (17). Transitions to excited 
electronic states correspond primarily to the promotion 
of this nonbonding electron to higher lying nonbonding 
orbitals that are also metal centered. It has thus been 
tempting to use pure precession relationships to under- 
stand the A-doubling, hyperfine, and spin-rotation 
splittings observed in these systems (I 8). The pure pre- 
cession relationships require, however, that the sign of 
the p and q A-doubling parameters be the same for a 
regular 'n state. Here we find that p = 7.1 I (k 0.05) 
x 1 0 - h m - '  and q = -9.6 ( 2 2 . 9 )  X lo-' c m - ' ,  so  
that the pure precession relationship does not hold for 
the case of the Bal C state. Such a situation is not 
uncommon in the alkaline earth halides, however, and 
has been observed in the A ' n  state of Cal ,  where the 
interaction is occurring with a nearby 5' state (19), 
and in BeF where the A'n state is regular, while p and 
q are opposite in sign (20). The failure of pure pre- 
cession to account for the observed values of p and q 
indicates that the value of o calculated using these 
relationships has little physical significance. 

Since the spin uncoupling parameter Y = A / B  is on 
the order of 3 X lo4 for the C state of Bal,  Hund's case 
(a) behavior is expected to be valid well beyond the 
highest rotational levels measured here (I) .  Thus, A 
doubling is anticipated to be more significant in the 
C! = 112 state than in the C! = 312 state, as is observed. 
The magnitude of the observed A-doubling parameters 
also suggests significant interaction by one or more 'C' 
states with the C! = 112 comDonent of the C state. 
Further evidence for sudh an inieraction is provided by 
the magnitude of the hyperfine doubling interaction in 
the C 2 n l i ,  state (I 3), although additional measurements 
on the X-state hyperfine structure will be required be- 
fore this can be verified. 

While the above discussion of the A doubling casts 
doubt on the validity of applying pure precession 
relations to the Bal molecule, it is perhaps worth 
pointing out that the magnitude and sign of the observed 
spin-rotation constant, y,  in the X'C ' state is also not 
consistent with a pure precession interaction with any 
known 2n state. 

5. Conclusions 
The (0,O) band of the Bal C 2 n  - X 2 C  ' system has 

been rotationally analyzed using both molecular beam 
optical-optical double resonance and molecular beam 
selectively detected laser-induced fluorescence tech- 

VOL. 62. I984 

niques. The spectra are unperturbed and the observed 
rotational constants ( B  and D )  are essentially the same 
as predicted by extrapolation from the known behavior 
of related molecules. The spin-orbit splitting of the C 
state is regular, as was previously assumed. The 
A-doubling interactions indicate, however, that the 
C'n,, ,  spin-orbit state is strongly interacting with 
several '2 ' state?. This conclusion is supported by the 
observed hyperfine structure. More detailed hyperfine 
studies of this system will be required to establish fur- 
ther the nature of the molecular orbitals involved in the 
Bal C state, however, and to explain the spin-orbit and 
A-doubling behavior observed in this state. 
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Assignments and measured line positions of transitons in the Bal ~ ' 1 1  - X'Z' (0.0) band 
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