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The A''TI-X'S" near-infrared system of CaO was observed for the first time at high resolution using a Fourier transform
spectrometer. Tha"'TI-X'S " chemiluminescence was excited in a €a\,0 flame produced in a Broida-type oven. More than
3000 rotational lines, classified into 19 bands involving A1 0 = v’ = 3 and theX'S" 1 = v” = 7 vibrational levels were
measured in the 4000—10 000 chmegion with a precision of 0.005 crh TheX'X* (v = 0, 1) milimeter-wave anX'S" (v =
0-3) infrared data available in the literature were merged with our new electronic data in order to obtain improved Dunham constants
for the ground state of CaO. Very peculiar perturbations are observed in the higher vibrational levels Ui thiate, so the upper
levels of transitions witlv' = 2 and 3 were represented by term values in our least-squares analysis. The interactié’'of (e
= 2) levels with the nearblp®> " (v—2) levels has been detected. An extended sat'®f (v = 0-3) data has been obtained which
is suitable for use in a future multistate deperturbation analysis @f'flhe- A''II ~ b®S" ~ A'S* complex of excited states. The
new near-infrared spectra of tA&'TI-X"S,* transition of CaO also permits the first direct high-resolution linkage between the orange
and green systems and the near-infrared bard®oo Academic Press

I. INTRODUCTION In 1968, Brewer and Haug®)(recorded the\v = —1, —2,

) . . . . and —3 sequences of thA—X system with a 1.5-m spectro-
The first spectroscopic studies of the calcium oxide were q 4 b

conducted by Mahantil], BrodersenZ, 3), and Meggers4) graph and performed bandhead measurements giving vib

) tional assignments involving < 12 andv” < 14 levels. Four
in the early 1930s. They remarked on the very complex af))énds (na?’nely 3.5 4-6 g5_7 and 6-8) were also recorc

pearance of the spectrum, with numerous bands eXtendWﬁhaG 1-m spectrograph, allowing rotational analysis and tt
from the ultraviolet to the near-infrared, and tried variou >---M SP grapn, 9 } AYSIE
ermination of molecular constants fof = 8 vibrational

schemes for arranging these bands into systems and giv?rﬂe
vibrational assignments. In 1945, Lejeur® {ried to clarify evels of the ground state. o
the structure of the orange and green bands, Lejeune and Rosen'€ data of Refs.7) and ©) were used by Field in 1974 for
(6) contributed bandhead equations for the blue and UV ban deperturtl)atlon analysisQ) leading to the assignment of the
and Lejeune and Rosef)(collected all of the known systems@ IT andA'"IT states of CaO (and also for BaO and SrO) as tf
into a term scheme. perturber states observed by Hultin and Lagerqvisirn( their

In the early 1950s, Hultin and Lagerqvidt) (photographed study of theA—X system. The analysis of Field undoubtedly
the 7000-11 000 A spectral region and provided a crucigfoved the’>" symmetry of the ground state of CaO (also tha
analysis of a3—'3 infrared system, which was subsequentl?f BaO and SrO), correcting an erroneous result obtained |
named theA—X system. They remarked on the presence &rewer and Wangl(l) from an Ar-matrix study. At about the
numerous perturbations in the upper state and described tre@me time, Fielcet al. (12) reported the observation of the
in great detail. Hultin and Lagerqvist's study of t#e> *— A’ 'TI-X'X " system at low resolution. Twenty bandheads wer
X3 " system of CaO remains the reference study of thidentified, involving high-vibrational levels of tha'’ I state
transition. Lagerqvist8) also gave a rotational analysis of a9 = v’ = 21), but only thev = 0, 1, and 2 vibrational levels
ultraviolet (C'S*—X'S ") system and a blueB(II-X'3 ) of the X'X" ground state. In the early studies, CaO wa
system of CaO. In this study, the common lower state of tiggoduced in arc discharges, but in the mid-1970s Broida-tyj
three systems (IR, blue, and UV) was called the ground stat&ens started to become the standard source, using the Ce
although no direct evidence was presented for that assignméhiO or Ca+ O; reactions 12, 13.
The study of the infrared systerd)(gave access to the= 0 The availability of cw single-mode lasers offered the oppol
to 3 vibrational levels of the ground state, and ¥XI& * (v = tunity for high-resolution studies of the very complex structur
4) level was reached in one band of the UV syst@&@n ( of the orange and green bands of CaO. By using variol

Supplementary data for this article are available on IDEAL (http://wwwl.aser_IndUCGd fluorescence and double-resonance techniq

idealibrary.com) and as part of the Ohio State University Molecular Spectrdsi€ld’s group at MIT performed an enormous quantity of worl
copy Archives (http:/msa.lib.ohio-state.edu/jmsa_hp.htm). on these bandslé4—20Q and provided an interpretation for the
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electronic structure of CaO. The 'I1 anda®Il states were the two CaF, lenses. Using a spherical mirror on the “back” side o
lower states for all the systems observédd**A—a’ll (14, the flame resulted in a gain of as much as 30% in the sign:
15), ¢®>"-a’ll (16), C''X"-A"'II (17), > —a’ll and  An InSb detector was used to cover the 1800—-10 000'cm
E'S —A"'II (18), F'TI-A"*II and B'II-A"'II (19), with the spectral region (we also recorded the CaO emission in tl
sole exception of th&'I1-b®X " (1, 1) band 20). 10 000-16 000 cit range by using a Si photodiodgqj). The
Highly precise millimeter-wave measurements of CaO wefieg800—10 000 cnt region was split into two parts: 1800—6600
also performed with eight pure rotational lines recorded in tleen™ and 5300—10 000 cm, by using red- and/or blue-pass
v = 0 and 1 vibrational levels of th¥'Y, " ground stateZ1, filters. The instrumental resolution was set at 0.03 ¢c¢higher
22). The vibrational spectrum was investigated by infraregésolution was not necessary, as the linewidth of the CaO lin
laser absorption spectrosco®8( 24, giving access tX'S " was about 0.04 cit). A total of 100 scans were co-added for
(v = 3). The millimeter-wave and infrared data were used Bach spectrum to obtain a good signal-to-noise ratio.
Blom et al. (25) to derive Dunham constants for th€'s " The line positions were measured by fitting Voigt lineshap
ground state of CaO (in parallel with their study of SrO antlinctions to the experimental lines in a nonlinear, least-squar
BaO). Due to the intrinsic precision of these measurements, fe@cedure included in the WSpectra program written by Dr. M
constants so derived were the most accurate to date. Calci@arleer at the Laboratoire de Chimie Physique Malaire of
oxide was also a target for several theoretical studies, focusihg UniversiteLibre de Bruxelles. The precision of our mea-
on the nature of the ground staf6), or more generally, on the surements is estimated to be0.005 cm* for medium-
electronic structure of the molecul27-29. strength, unblended lines. The air-to-vacuum conversion of tl
As part of a measurement campaign on the alkaline—eavtavenumbers was carried out using Edéeformula @3, 34.
oxides (CaO, SrO, and BaO), we have recorded the ned@ihe absolute calibration of the wavenumber scale we
infrared spectrum of CaO using a Fourier transform spectromechieved using the positions of Ca | atomic lines measured |
eter (FTS). TheA''TI-X'S " system is observed for the firstEngleman 85). Four strong atomic lines were present on th
time at high resolution in the 4000-10 000 Cmspectral 1800—6600 cm' spectrum, and we used them to calibrate thi
range. TheA'X "—X'Y " system was also observed in thespectral range. The 5300—10 000 ¢rmegion was then cali
10 000-16 000 cnt region, but its analysis will be reportedbrated using about 30 intense, isolated CaO molecular line
elsewhere 30). The rotational analysis of th&'*II-X'S" common to the two spectra (in the overlapping 5300—66(
transition presented here involves vibrational levels of tham ' region). The absolute accuracy of the wavenumber sce
lower state up to” = 7 and allows us to improve the Dunharis estimated to be-0.005 cm*. In some of our experiments,
constants of th&X'X, ™ ground state of CaO. Our new data aran Ar pen lamp was lit for several minutes, and this explair
fitted together with millimeter-wave (for” = 0 and 1 21, 22) the presence of Ar atomic lines in our spectra. However, w
and infrared (for the&” = 0-3 23, 29) data from the literature preferred to use the Ca | lines for calibration, as they share t
to obtain improved Dunham constants. TAeII upper state is same optical path as the CaO chemiluminescence.
affected by significant perturbations and has been consequently
represented by term values fér= 2 and 3 in our least-squares
treatment and band constants for= 0 and 1. Some new
afpejcts oflth+e interactions taking place in e ~ AT ~ 1. Observations and Assignments
b’%" ~ A'S" manifold of excited states have been noticed.

I1l. RESULTS

An overview spectrum of thé\''I[I-X'S" transition ob
1. EXPERIMENTAL DETAILS served between 4000 and 10 000 ¢iis displayed in Fig. 1A
vibrational assignment (indicating the position of the banc
The CaO molecule was produced in a Broida-type on ( heads) of the identified bands is also given in this figure. .
32) by the exothermic reaction between Ca an®N13). The total of 19 bands were identified, involving theO v’ = 3
Ca vapor was obtained by heating a few grams of Ca metaliiorational levels of theA’'II upper state and £ v’ = 7
an alumina crucible in a tungsten wire baske#Q A current). vibrational levels of theX'>" ground state. A list of these
A flow of Ar carrier gas (typical pressure5 Torr) entrained bands (including band origins and, when observed, bandhea
the Ca vapor, which was then mixed with,®l gas. The is given in Table 1 in the form of a Deslandres table.
optimum flame intensity and stability were obtained by sepa-The rotational assignment of the lines was (until a certal
rately adjusting the Ar and JO partial pressures. Under thesetage of the work) quite straightforward, as the bands presern
conditions, a stable CaO chemiluminescence was obtained ‘fdassical” P-Q—R structure (shaded to lower wavenumbers)
several hours. typical for a'TI-'X transition. An example of such a band car
A Bruker IFS 120 HR Fourier transform spectrometer, modbe seen in Fig. 2, where an expanded portion of the 0-5 ba
ified to record double-sided interferograms, was used to recaesddisplayed. The rotational assignment was particularly ea
the near-infrared emission spectrum of CaO. The chemilunfior thev’ = 0 bands, as tha’*'II (v’ = 0) level is not visibly
nescence was focused on the entrance aperture of the FT$ésturbed (at least up to the maximuhvalue of 80 that we
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FIG. 2. An expanded portion of thé''TI-X'3* emission spectrum of
CaO displaying the 0-5 band. The rotational assignments are indicated.
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FIG. 1. An overview of theA”"[1-X"3." chemiluminescence spectrum of g o s were used in order to make the assignments. Howe
CaO recorded by Fourier transform spectroscopy. The vibrational assignment . . .
of the 19 bands identified is indicated. no extra lines were observed (in contrast with our measur

ments of theA'> "—X'S " systems of Ba036), SrO (7), and

CaO @0)). This implies that the observed vibrational levels o
observed), and especially in the long-wave part of the spectrtine A''II state are rather “continuously” perturbed by the
(~4000 to 7000 cm'), where the Ov” bands are the strongestvibrational levels of other electronic state(s) which are prese
(see Fig. 1). For these bands a Loomis—Wood program wiagheir vicinity. The crossing of levels, which would generate
used successfully to get quick results. extra lines, does not occur for the obsendedhnge.

The assignments of these bands gave us improved constani&hen using our Loomis—Wood program, perturbations aj
for thev” = 2—6 vibrational levels of th&'> " ground state pear as increasing deviations from the expected line positio
that were used in the subsequent assignment of bands oriffie manually double-checked and assigned all the lines of t
nating from thev’ = 1, 2, and 3 vibrational levels of th& 'II  bands involving the highly perturbed’'II v’ = 2 and 3
state. Very accurate constants derived from the millimeteribrational levels. Once a set of term values was derived for
wave and infrared studies of CaQ1(29 for thev” = 0-3 specific A’*II v’ vibrational level, they were then used to
vibrational levels of the ground state are already available, aassign the othev’'—v” bands that share the same upper leve
we also used them in making our assignments. We noted that there was very good agreement (systeme

Accurate ground state constants were crucial, becaug¥® thaliscrepancies< 0.01 cm') between the combination differ
I upper state is heavily perturbed in tvé = 2 and 3 ences for ourA’'II term values and those computed for the
vibrational levels. In this case, ground state combination dii: = 0, 1, and 2 vibrational levels from the experimental line

TABLE 1
Deslandres Table of the 19 A" TI-X'3* Vibrational Bands Assigned
v \¢ 0 1 2 3 4 5 6 7
0 7885.700 7172.877 6469.598 5775.761 5091.290 4416.059
- 7174.476 6471.237 5777.433 5093.017 4417.866
1 8425983 7713.163 7009.872 6316.044 42990.221
- 8427.483 7714.711 7011.471 6317.674 - 4292.02
2 8968.00 8255.20  7551.88 6173.59  5498.37
- 8969.47  8256.69 7553.44 -
3 9499.31 8786.44 6704.87
- 9500.73 - 6706.23 - -

Note. The upper figures are the band origins (in ¢jnand the lower ones represent the position of the

bandheads (when observed).
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reported by Field and co-workers in ti@ > —A'*II (17), heavily perturbed. The present analysis therefore utilize
E'S -A"'II (18), F'II-A''I, andB*'II-A"'TI (19) systems. DSParFit's ability to use different types of representations fc
However, forv’ = 1 and 2 very few combination differencedifferent electronic states and/or for different subsets of tt
can be deduced from the previous work7£19, and this data B8). In particular, the preliminary stage of the presen
comparison is not very conclusive. (We note also that tlamalysis involved fits to the expression

maximumJ values that we observed for these levels are much

larger than those obtained in the laser studigs-19). Thev’ LN e o b

= 3 vibrational level was observed for the first time in thev(v PV ) =T I P

present work. The main check on our assignments of the Imaa{m) | . [1]
perturbedA’ 'II v’ = 3 levels was the simultaneous presence = > 2 Yiav+1/2TIT+ 1)Im
of the same/’ level in at least three bands involving different m=0

vibrational levels of the ground state.

Good agreement was generally observed between our sgaawhich the levels of the ground state were represented by
tra and the predictions of FieldlQ) for the A"'TI-X'X" conventional Dunham expansio#gj, while the term value
transition, based on the deperturbation analysis ofA®'— T(v’, J’, p’) (wherep’ is the parity label for the rotational
X'3 " system 7, 9). The positions of the bands that we idenlevels of theA’*IT state, with valueg or f) of each observed
tified agree well (within the uncertainty stated by the autholgvel of theA’ state was treated as an independent parametet
with the positions predicted in Table X of ReflQ). This is the fit. This term-value treatment of the upp@estate levels is
also true for the relative intensities predicted by Fidld) from  a type of procedure suggested by Asluag)( However, it may
the Franck—Condon factors (note that the figures displayedalgo be thought of as a sorting of the electronic vibrational bar
Table X of Ref. (L0) are relative intensities of thé—v” bands data into groups of lines associated with distinct upper sta
sharing a common’ upper vibrational level). levels, followed by an analysis which treats those groups

The behavior of the Franck—Condon factors explains thigiorescence series; this is what DSparFit does. For the pres
absence of some vibrational bands in our spectrum, e.g., Ha set this involves “fluorescence series” associated w
1-5, 1-6, 2—-4, 3-3, and 3—-4 bands (see Table 1). These bagisise 560 levels oA’ -state CaO. This type of approach seem
are not present among Field’s predictioti§)(for the strongest desirable, as our data set involves perturbed upper state vik
bands of theA’'TI-X'X" system. Note, however, that wetional levels (especially’ = 2 and 3), and this allows us to
identified other bands (e.g., the 0-1, 0-2, 1-7, 2-6, etadisconnect” the unperturbex-state levels from the perturbed
bands, see Table 1) which are not displayed in Table X of Ref:-state ones without first converting the electronic data into
(10). Despite our efforts, ne’—0 vibrational bands could beset of combination differences. The estimated experiment

identified in our spectra. line position uncertainties of 0.005 ¢mcan then be used
directly to weight the data.
2. Data Analysis The presence of perturbations in a given electronic state c

be discerned in a variety of ways, the first and most commc

The data analyses reported herein were performed using g being difficulty in the assignment of the spectral lines
program DSParFit38) which was developed for fitting di- Another signature is unusual behavior of the splitting or ave
atomic spectroscopic data involving one or more isotopomeige of the term values correspondinget@nd f parity in a
and one or more electronic states to a variety of parameterizfiden rotational series. Using th& -state term values deter-
level energy expressions (see Re6,(37, 39—4yfor illus-  mined in our preliminary analysis, Fig. 3 shows the deper
trative applications of this program). This program weightgence onJ(J + 1) of the quantities
each experimental datum by the inverse square of its estimated
uncertainty, and the quality of the fit is indicated by the
dimensionless standard eri@y, which has a value of about 1.0
when, on average, the deviations from the model match the
experimental uncertainties. All of our new data were assignéat A’-state vibrational levels’ = 0-3. For a'll electronic
uncertainties of 0.005 cm. The eight millimeter-wave21, state exhibiting\-doubling, this quantity is normally equal to
22) and 41 infraredZ3, 24 data available in the literature were(50) qg(v') + qp(v')[J'(J" + 1)], in which case the plots in
combined with our 3009'—X lines in order to provide the bestFig. 3 would be expected to be straight lines with slope
possible overall description of the = 0—7 vibrational levels gp(v'). This “normal” behavior can be seen in Fig. 3 for the
of the X' " ground state of CaO. The millimeter-wave and’ = 0 and 1 vibrational levels, but the plots for = 2 and 3
infrared data were weighted using the respective estimatelviate sharply from linearity, indicating the significant per
uncertainties reported in Ref1-24. turbation of those levels.

While the ground state of CaO is known to be well-behaved, Another illustration of the perturbation of the uppéievels
vibrational levelsv’ = 2 of the A’ 'II state were found to be of the A’ state is provided by Fig. 4, which shows the deper

[Te(v', 3) = Te(v", INVI (I + 1] (2]
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! ' treated as independent parameters. After some experimenta
it was found that an optimum fit was obtained when th
Dunham expansions for the ground state included= 0-2
and vibrational expansions of order,(m) = 4, 3, and 2 for
m = 0, 1, and 2, respectively. However, the band-consta
treatment ofA’-state levelsy’ = 0 and 1 also requireth = 3
(H,) coefficients. Since they would not contribute to oul
knowledge of the ground state and the resulitigstate term
values would have no statistical significance, “fluorescen
series” consisting of only a single transition were omitted fror
the present analysis. However, those 40 omitted lines are s
y T - available for use in a deperturbation analysis of Alestate.
0 2000 4000 6000 . :
JU+1) In view of the apparently smooth (albeit very sharply
FIG. 3. The evolution (as a function ad(J + 1)) of the difference f:urv_ed) functional behaVIOr_Of the plOtS_fo - 2_ and 3 seen
between the term values corresponding toarandf parities of the observed IN Figs. 3 and 4, we also tried performing fits in which thos:
J rotational levels of the’ = 0, 1, 2, and 3 vibrational levels of t& 1 two A’-state vibrational levels were represented by the bat
upper state, divided by(J + 1) (see text). constant expression of Eq. [4]. For= 2 data a good fit could
be obtained if the rotational sum in Eq. [4] was extended t
M. = 5 (M,), but forv’ = 3 data even extending this series
dence onJ’(J" + 1) of the arithmetic mean of the/f term  to m = 7 did not suffice to give a good fit. However, since
values, divided byl’'(J’" + 1): excellent fits to the data far = 0 and 1 only requiredh,,, =
2, this approach seemed inappropriate, and our final fit repi
[To(v', J') + Ti(v', J") — 2T(v/, 0)]/2[ ' (J" + 1)]. [3] sentedalv’ = 2 and 3 vibration—rotation levels by individual
term values.
For unperturbed levels this quantity is expected to be approx-Our final fit therefore involved 11 Dunham parameters fo
imately 60) B,, — D,[J'(J" + 1)], which would yield a the X state, eight band constants, and fowdoubling con-
straight line of slope—D, and intercepB,. for these plots. stants forA’-state levels’ = 0 and 1, and 185 term values for
Once again, normal behavior is observed forthe= 0 and 1 the heavily perturbed’ = 2 and 3 levels of thé\’ state. The
levels, while the anomalous curves seen ¥or= 2 and 3 resulting parameters and their 95% confidence limit uncertai
indicate that those levels are affected by strong perturbatioties are presented in Tables 2 and 3; these results were obtai
These curves could also indicate an asymmetry in the pertusing the “sequential rounding and refitting” procedure of th
bation of thee andf levels of theA’'TI v’ = 2 and 3 levels. DSParFit program, which yields a final parameter set involvin
Figures 3 and 4 show that although they may also @eminimum number of significant digits with no significant loss
somewhat perturbedd’-state levelsv’ = 0 and 1 may be of accuracy in the predictions they providé0). The dimen-
effectively treated as “regularA-doubled levels. In our final sionless standard error of the fit was= 0.93. Theresults of
analysis of the data for this state, their term values wetke fit (including a list of [calc— obs.] values) and a complete
therefore represented by band constants listing of the experimental input data are available electron

TV, J,p)=Ty+ 2 K(O[J (I + 1™

m=1

+3 2 Uu(VH[II+ D"
m=1 [4]

=T, +[B, = 30s(v)][J'(J" + 1)]

—[Dy F3ap(V)I[I (I +D]*+ - - -,

|
where the upper and lower af and = are fore andf levels, =
respectivelyg;(v') = qs(v'), 9.(v") = qp(v'), and we have %
followed the usual convention thB, is the only band constant E it
preceded by a negative sign. As a result, in this final fit to Eq. =™ 77 2000 4000 8000
[1], X-state term values were again represented by Dunham JE+1)

expansions, the’ = 0 and 1A’-state term values by EQ. [4], FiG. 4. The evolution (as a function di(J + 1)) of the arithmetic mean
and thev’ = 2 and 3A’-state term value$(v’, J’', p’) were of the e/f term values divided by(J + 1).
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TABLE 2
Parameters (in cm ™) for the A" TI-X'Y* System of “Ca**0
m=20 m=1 m=2 m=3
X 13+ State Dunham Constants
Yom - 0.44443872 (18) —6.5418 (48) x 1077
Yim 732.01377 (140) —3.27456 (36) x 10~° —8.25 (16) x 10~°
Vom —4.81268(74) —2.058(18) x 10°  2.0(2) x 10710
Vim 0.0020 (2) 9.9(2) x 1077
Yim 0.000861 (10)
A’ 'TI State Band Constants
Kn(v="0) 8608.4386 (9) 0.341743 (1) ~5.403(7) x 107 1.9(5) x 10-18
Kn(v=1) 9148.7173(9) 0.339471 (1) —5.657(6) x 107 14.1(5) x 10-1
A''TI State Lambda-Doubling Constants
(v = 0) - ~9.28(7) x 107 2.2(2) x 10°
gmlv=1) - ~9.04(8) x 107 2.1(2) x 10~°

Note.Numbers in parentheses are the 95% confidence limit uncertainties in the last significant digits
shown.

cally on request from the authors or from the Journal’'s wwwal. (25), especially for the first’s of the Y, ,, expansions, and
page. the calculated uncertainties are systematically smaller (s
Table 2 of the present work and Table V of Ref5)).
IV. DISCUSSION However, for higher values this agreement deteriorates, al
though the corresponding values remain of the same order
To date, the most accurate Dunham parameters foxtié  magnitude. This occurs because of the different orders usec
ground state of CaO were those derived by Bletral. (25) the Dunham expansions and the differefitranges.
from a fit of eight millimeter-wave pure rotation (in = 0and  High v” vibrational levels of thex'X " ground state of CaO
1) lines @1, 22 and 41 infrared rovibrational (involving” = were also observed by Brewer and Hau@g and effective
0 to 3) lines 23, 24. Our A"'II-X'S " electronic data extend rotational constants were derived fof = 8. However, the
the high-resolution knowledge of the ground state to vibrdimited resolution of those photographic measurements r
tional levels up tov” = 7 and also to highel rotational levels stricted the precision of the constants. In his deperturbatic
(J" up to~90, compared to 54 in the infrared stud®4)). By study, Field {0) used the data of Hultin and Lagerqvig) @nd
merging the electronic, millimeter-wave, and infrared data sédsewer and Hauge9] in a weighted least-squares fit to get
in our least-squares treatment, one can expect improved @mgrovedB, anda. constants for the ground state, but they ar
extended Dunham constants, so a comparison of paramesgibtwo orders of magnitude less precise than those derived
derived from our fit (presented in Table 2) and those obtain#lie present work.
in the previous millimeter-wave/infrared worR%) is neces- A great advantage of the FTS recording of thel1-X'3
sary. transition is the fact that it permits a direct high-resolutiol
In Table V of Ref. @5) it is interesting to note that a verylinkage between the orange and green bands of CaO (involvi
long (in m) expansion was presented for tNg, constants A’'Tl, a’Il, andb®3 " as lower states) and the infrared band
(with m as high as six). These higher-order expansion terrfisvolving the X'S ™ ground state as the lower state). Indeec
were in fact derived from implicit relationships among thep to now the linkage between these systems has been provi
Dunham parameters, and not determined by experiment. In édirectly by theB'I1-X'S * blue system studied in the early
case, we need only empiricdl,, B,, and D, constants to 1950s by Lagerqvist3) using photographic plates. The intrin-
describe each vibrational level of the ground state, so s&ally precise laser measuremer6)(are limited by the lack
decided to use only the Dunham series corresponding to of a direct connection to the ground state. A new set of absolt
these parameters (i.€(,o, Y1, andY,,). With this expansion, term values for the excited states of CaO has now been deri\
the experimental data (including the millimeter-wave and irfrom our study.
frared data) are well represented within the limits of the ex- Although the main focus of thia’ 'II-X'3, * study has been
perimental precision (rms deviation 0.89). Note, however, on theX'>" ground state, some very interesting features we
that we needed longer (by one unit) vibrational expansions faavealed in theA’'II perturbations. First, the present stud
T,’s, B,’s, andD,’s than did the previous work of Blorat al. permits the different vibrational levels to be positioned acct
(25) because our data extendedvto= 7, instead ofv” = 3. rately with respect to each other. This has not been possil
Our constants are in good agreement with those of Bémuntil now, as noAv # 0 bands were observed in transitions
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Term Values (in cm™) for the v = 2 and 3 Vibrational Levels of
the A"'II State of “°Ca’®O Expressed Relative to the X State (v” =

0, 3" = 0) Level

TABLE 3

FOCSA ET AL.

Ty(v=2)

Te(v=2)

T5(v=3)

T.(v=3)

9694.4400 (46)
9697.1461 (46)
9700.5240 (46)
9704.5699 (46)
9709.2972 (46)
9714.6980 (41)
9720.7767 (41)
9727.5272 (41)
9734.9540 (41)
9743.0551 (41)
9751.8300 (41)
9761.2811 (41)
9771.4053 (41)
9782.2089 (46)
9793.6807 (41)
9805.8285 (41)
0818.6484 (41)
0832.1478 (41)
9846.3193 (41)
9861.1618 (41)
9876.6838 (41)
9892.8779 (41)
9909.7473 (41)
9927.2843 (41)
9945.5021 (41)
9964.3920 (41)
9983.9560 (41)
10004.1949 (41)
10025.1102 (41)
10046.6999 (46)
10068.9639 (41)
10091.9075 (42)
10115.5271 (42)
10139.8236 (42)
10164.8021 (42)
10190.4612 (42)
10216.7997 (42)
10243.8313 (43)
10271.5468 (48)
10299.9596 (43)
10329.0700 (44)
10358.8868 (45)
10389.4213 (45)
10420.6810 (46)
104526852 (47)
104854570 (58)
10519.0210 (59)
105534321 (70)

9694.4501 (53)
9697.1400 (41)
9700.5251 (37)
9704.5652 (37)
9709.2910 (35)
9714.6931 (37)
9720.7667 (35)
9727.5210 (35)
9734.9421 (35)
9743.0378 (35)
9751.8123 (33)
9761.2626 (33)
9771.3834 (33)
9782.1833 (33)
9793.6542 (33)
9805.7989 (33)
9818.6186 (35)
9832.1113 (33)
9846.2769 (31)
9861.1196 (33)
9876.6310 (31)
9892.8222 (35)
9909.6822 (31)
9927.2181 (38)
9945.4277 (31)
9964.3082 (31)
9983.8658 (35)
10004.0951 {31)
10024.9993 (33)
10046.5743 (35)
10068.8282 (35)
10091.7550 (35)
10115.3559 (35)
10139.6373 (36)
10164.5907 (38)
10190.2152 (36)
10216.5272 (39)
10243.5095 (39)
10271.1810 (40)
10299.5334 (40)
10328.5617 (44)
10358.2874 (44)
10388.6885 (45)
10419.7931 {46)
10451.5905 (46)
10484.0856 (52)
10517.3131 (53)
10551.2382 (70)
10585.9036 (71)
10621.2988 (72)
10657.4484 (73)
10694.3694 (75)
10732.0884 (76)
10770.6263 (78)

10235.8067 (64)
10240.4876 (53)
102458604 (53)
10251.8952 (53)
10258.5965 (53)
10265.9808 (53)
10274.0256 (53)
10282.7466 (53)
10292.1322 (53)
10302.1933 (53)
10312.9265 (53)
10324.3236 (53)
10336.3965 (53)
10349.1375 (53)
10362.5518 (53)
10376.6330 (53)
10391.3926 (53)
10406.8250 (53)
10422.9240 (53)
10439.6955 (53)
10457.1404 (53)
10475.2663 (53)
10494.0615 (53)
105135313 (53)
10533.6864 (53)
10554.5161 (53)
10576.0319 (53)
10598.2317 (53)
10621.1144 (53)
10644.7110 (53)
10669.0044 (53)
10694.0080 (53)
10719.7320 (54)
10746.2071 (54)
10773.4473 (54)
10801.4830 (54)
10830.3659 (55)
10860.1364 (55)
10890.8860 (55)
10922.6673 (56)

10235.7916 (46)
10240.4816 (46)
10245 8454 (53)
10251.8713 (46)
10258.5800 (46)
10265.9606 (46)
10274.0002 (53)
10282.7199 (46)
10292.1064 (46)
10302.1606 (46)
10312.8797 (46)
10324.2774 (41)
10336.3396 (46)
10349.0756 (46)
10362.4784 (46)
10376.5420 (46)
10391.2045 (46)
10406.7184 (41)
10422.8091 (41)
10439.5649 (41)
10457.0010 (41)
10475.0965 (41)
10493.8700 (41)
10513.3133 (41)
10533.4318 (46)
10554.2251 (41)
10575.6926 (41)
10597.8382 (41)
10620.6558 (46)
10644.1632 (42)
10668.3408 (46)
10693.1987 (42)
10718.7578 (42)
10745.0054 (42)
10771.9368 (43)
10799.5805 (43)
10827.9252 (43)
10856.9967 (44)
10886.7894 (44)
10917.3190 (49)
10948.6198 (50)
10980.6749 (57)
11013.5515 (58)

gave access to high vibrational levels €9v' = 21) of the
A''II state and provided the vibrational constants vatugs:
545.7(8) cm' and w.x, = 2.54(3) cm'. The fundamental
vibrational spacingAG},, = 540.6 cm" obtained in that
study is in surprisingly good agreement with the vall@?,,

= 540.279(1) cm" implied by the results listed in Table 2 of
the present work. Note also that relatively good agreement
obtained between th&’'Il v’ = 0 term values and those
derived by Normaret al. (16, Table 4), especially for low
levels (although a 0.05 cm systematic deviation is observed,
probably due to calibration problems). This agreement slow
deteriorates with increasingjto ~0.2 cm* atJ = 69. The
constants derived from our analysis of the'Tl v = 0 and 1
levels are in reasonable agreement with those published
various studiesl(6—19. The higherd’s observed in the present
work allowed us to determine the addition&tdoubling pa-
rameterq,, as well as arH, constant for each “unperturbed”
vibrational level (see Table 2). It is likely that these additione
constants are affected by perturbations. Some evidence for t
conclusion is provided by the very different magnitudes of th
H, constants determined for = 0 and 1.

In the previous sections, we referred to te= 0 and 1
vibrational levels of theA’'I1 upper state as unperturbed (or
“less perturbed”) compared to th& Il v = 2 and 3 levels,
which were said to be “perturbed.” This view is based on th
appearance of the spectrum, on the ease of making line assi
ments, and finally on the fit using a classical polynomie
expansion. In fact a significant interaction between the vibr:
tional levels of theA’'Il and a’ll states does take place.
Baldwin et al. (18) treated this interaction for tha’Il (v =
0) ~ A"'II (v = 0) pair of levels in a deperturbation analysis
The relatively large separation between these two vibration
levels (~300 cm*) and nearly identical rotational constants
(18) results in a rather “smooth” perturbation with the two set
of rotational levels remaining almost parallel ar@00 cm*
from each other for the sandevalue. This pattern should then
repeat for each given of the a’II(v) ~ A’''II(v) pair of
levels, because the vibrational constants ofafid and A’ 11
electronic states are almost identical. This interaction does r
result in any level crossings (i.e., no extra lines), and the ener
levels will be well represented by a polynomial fit to effective
constants (even if they are perturbed and not “mechanice
constants), as was the case for tA¢'Il v = 0 and 1
vibrational levels in the present work (see Table 2 and Figs.
and 4). TheA’'II anda®ll states do not strongly interact with
the A'> " state untilv = 6.

However, theA''T1 v = 2 and 3 levels are found to be much

Note.Numbers in parentheses are the 95% confidence limit uncertaintiesiore massively perturbed than= 0 and 1. This is surprising
the last significant digits shown.

at first sight, but there is another electronic state in this regio
namelyb®s,*, identified through the observation of tB&I1-

involving theA’ 1 state as lower levell7—19, with the single b®X; (1, 1) band 20). Examining theA’ ‘Il v = 3 term values
exception of theB'TI-A’TI(1, 0) band 19), but in that case listed in Table 3 and those for thi€3 " v = 1 anda’ll v =

only thev =

0 vibrational level of theA''Il state was ob 3 displayed in Table | of Ref.2Q), one sees that tha’'I1

served. A low-resolution studyLp) of the A" 'TI-X'Y,* system (v = 3, J) andb®Xy (v = 1, J) levels, separated by 114
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cm ™ atJ = 14, become closer a% increases 86 cm* N,O gas. The observation of this transition provides a dire:
separation afl = 25), while theA"'II (v = 3, J)-a’ll (v = high-resolution linkage between the orange—green bands
3, J) separation remains almost constant-&75 cm*. Con-  CaO (involvingA’'II, a’I1, andb®s " as lower states) and the
sequently, only thé\' 'II (v = 3) ~ b®3 " (v = 1) interaction near-infrared systems (involving th€>.~ ground state as the
can explain the very peculiar behavior of tA¢'Il (v = 3) lower state).
level observed in Figs. 3 and 4. Because the estimated vibraA total of 3009 rotational lines were assigned in 19 vibra
tional constantg, ~ 580 cm ) for theb®s, * state R0) is not  tional bands joining the 6= v’ = 3 vibrational levels of the
very different from that of theA’'II electronic level . ~ A’'Il upper state to th¥'S " 1 = v” = 7 ground state levels.
545 cm), the corresponding’ 'IT (v = 2) ~ b®3" (v = 0) This study extends the high-resolution knowledge of the v
interaction should also be responsible for the behavior of theational levels of the ground state uptb= 7. An improved
A''Il (v = 2) vibrational level. The difference in the vibra set of Dunham constants was derived for ¥1& * state from
tional constants of thé\''Il and b®X " states ¢35 cm') a least-squares fitting of our data, together with millimetel
results in a larger separation (approximately by this amoumtpve and infrared data available in the literature.
between the levels of tha''II (v = 2) ~ b°Y " (v = 0) pair, The observed vibrational levels of theé'I1 upper state are
compared to those of th& *TI (v = 3) ~ b°X" (v = 1) pair, found to be heavily perturbed, especially in the case’ of 2
and this fact explains the smaller perturbation of eIl and 3. These perturbations are explained by a sttong- 2
(v = 2) levels. interaction between close-lyingy 'I1 (v = 2) andb®> " (v —
Note that only theb®S, - levels were observed in the previ 2) levels. Thus, while band constants could be effectively ust
ous study of Baldwin and Fiel@(), and theA’ 'II state should for transitions involvingA’-state levels/’ = 0 and 1, a term
experience a strong homogeneous spin—orbit interacin (value representation was necessaryvior= 2 and 3 in our
with the b®3 ] component, which must be nebfX .. The least-squares treatment. We intend to use AUl observa
A’'11 state can interact directly with tieS, * state through the tions in a multistate deperturbation analysis of #idl ~
microscopic form of the spin—orbit operatdslj: AT ~ b3 " ~ A'S™ complex of excited states.

Ho= 2> ali-5 =2 a8 +3(1.5 +1.8))). ACKNOWLEDGMENTS
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