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Vibration—Rotation and Deperturbation Analysis of AZII-X23*
and B23*-X?%3* Systems of the Cal Molecule

DaviD E. REISNER, PETER F. BERNATH,! AND R. W. FIELD

Department of Chemistry and Spectroscopy Laboratory, Massachusetts Institute of Technology.
Cambridge, Massachusetts 02139

Doppler-limited laser excitation spectroscopy employing narrow-band fluorescence de-
tection was used to obtain a rotational and vibrational analysis in the (0, 0) and (1, 1) bands
of the A2[T-X23* system and the (4, 2) (3, 1), (0, 0), (0, D), (1, 2), (2, 3), and (3, 4) bands
of the B2 *-X?3* system of Cal. The A and B states are deperturbed to obtain spectroscopic
constants and Franck—Condon factors. Deperturbation was necessary because of the small
separation of the A and B states relative to the A ~ B interaction strength and the A>Il
spin—orbit splitting. The main deperturbed constants (in cm™!) are

X323 Al B3t
T, 0 15 624.67(5) 15 700.52(12)
w, 238.7496(33) 241.19(D 242.63(17)
WeXe 0.62789(64) 0.53(5) (Pekeris) 1.17(12) (Pekeris)
B, 0.0693254(84) 0.070460(14) 0.071572(22)
a, X 10* 2.640(35) 2.15(10) 3.95(2)
A, — 45.8968(52) —
R. (A) 2.8286(2) 2.8057(3) 2.7839(4)

where lo uncertainties are given in parentheses. The molecular constants provide insight
into the orbital composition of the A and B states.

I. INTRODUCTION

The first Cal A2I1-X23+ and B23*-X 23" spectra were observed in absorption
by Walters and Barratt in 1928 (/). Several vibrational analyses of the A—-X and
B-X bandheads have been performed (2), the most recent of which was by Rao
et al. in 1978 (3). Cal has also been tentatively identified in the spectra of certain
cool stars (4). In spite of the early and frequent observation of Cal spectra, no ro-
tational analysis has been reported.

Cal is a very ionic molecule so the charge distribution is well represented by
Ca*I~. The remaining Ca* valence electron resides in a nonbonding metal-centered
orbital (5). Transitions from the X23+ state correspond to excitations of the 4sco
nonbonding electron to higher nonbonding metal-centered orbitals, resulting in
nearly identical potential curves for the X, A, and B states. The similarity of the
rotational and vibrational constants in the ground and excited states causes the
spectrum to be highly congested, precluding the possibility of correct rotational
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or vibrational analyses by classical techniques. Earlier attempts at vibrational
bandhead analyses, including the most recent, were not entirely correct (2, 3).
The technique of laser excitation spectroscopy using a tunable single-mode cw dye
laser, coupled with selective, narrow-bandpass fluorescence detection, has enabled
rotation—vibration assignment of over 1600 lines.

The A%Il and B%3* states are separated by only about 90 cm~'. This separation
is similar to the 2II,,~2I1,, separation (60 cm™) and the *II ~ 23* interaction
matrix element (40 cm™!), thus the usual expressions for A doubling (7), derived
using second-order perturbation theory, are inadequate.

Nevertheless, the usual 2X* energy level expressions (Ref. (6, p. 249)) ade-
quately reproduce the line positions of the B2Z*-X2%* transition. However, the
spin-rotation constant of the B state is larger than the rotational constant because
of the sirong interaciion with the nearby A *11 state. Thus, the effective rotational
constant of the B23+ state has no mechanical significance (8).

In order to fit the A -X transition and obtain mechanically significant A-X and
B -X constants, A%l ~ B23" interaction matrix elements were explicitly included
in a *‘direct approach” fit (7). The (0, 0) A-X and B-X bands were fitted simul-
taneously, as were the (1, 1) A-X and (1, 2) B—X bands, in order to deperturb
the A and B state constants. For the B23* state, two sets of constants are presented
in order to provide effective constants for convenient calculation of energy levels
as weil as to provide deperturbed constants for the caicuiation of potentiai energy
curves.

II. EXPERIMENTAL DETAILS

Cal was produced in a Broida-type oven (9) by the reaction of ethyl iodide,
C,H;I, with calcium vapor produced by heating calcium metal in an alumina
crucible. Operating pressure was typically 1 Torr of argon carrier gas. Four watts
of 514-nm radiation from a Coherent CR 10 Ar* laser pumped a Coherent Model
599-21 dye laser (1-MHz bandwidth) operated with rhodamine 6G (50 mW) or
rhodamine 101 (30 mW). The dye laser was used to excite fluorescence in the
Av = 0 band sequence of the A—-X system and the Av = 2, 0, and —1 band se-
quences of the B—X system.

Fluorescence was viewed (10, /1) through a 1-m monochromator (spectral slit-
width, 1-2 cm™!) which provided the narrow bandwrdth detection necessary to
isolate transitions in a selected branch. While fluorescence detection was generally
UUI]C lIl LHC saime Ud[lu lll Wlllb[l LHC ldbCl belldlloll ULLUIICU On ULL«dblU]l ll was
advantageous to view fluorescence in another band sequence, which might possess
more convenient bandhead separations or more favorable Franck—Condon factors.

Each of the bands in the B-X system displays double heads, as expected from
the large spin-rotation constant in the B state, and is shaded to the violet. The
single-mode dye laser was scanned through a selected P or R branch and fluores-
cence was detected exclusively in the corresponding R or P branch (of the same
parity), respectively The spectral bandwidth of the monochromator could be

adiusted to dis ata againgt arcantrallahly 0"1‘\1!1 for. detection of flu
UJ usLvu LU Ula\'l lllllllal\f asaluol, i \/Ullll UllaUl] AUL, U\/t\r\r iV Ul uuux \ro\rbll\/\f

from other bands of the sequence. Similar scans were made for the A -X system.



Cal A%l AND B?2*-X23+ 109

Although many branches occur in the same spectral region, overlapped lines
coming from different branches often have different N values. This difference in N
means that the separations betweenresultant P(N + 1)and R(N — 1) fluorescence
lines are different, permitting the lines in a given small spectral region to be sorted
into branches. The different branches in the same spectral region give rise to
fluorescence that occurs in distinct spectral regions. By using the monochromator
as a narrow-bandpass filter, fluorescence arising from excitation in a specific branch
can be detected selectively. When the laser is scanned and the monochromator
used as a filter, the excitation spectrum is simplified.

Overlapping sequence bands can result in more than 100 lines/cm~!. Without the
simplification provided by narrow-band detection, our analysis would have been
impossible. The technique is illustrated by Figs. 1 and 2 of Ref. (/7).

The fluorescence excitation spectrum was calibrated with respect to I, B 0} -
X%} lines (12) by simultaneously recording I, and Cal excitation spectra as well
as fringes from a 300-MHz FSR semiconfocal Fabry-Perot etalon. The absolute
accuracy of unblended lines is +0.003 cm™!. The estimated precision, from rms
error of the fit, is 0.003 cm™!. The line positions and band origins given have not
been corrected by subtraction of 0.0056 cm™!, contrary to the suggestion by Ger-
stenkorn and Luc (/3).

III. RESULTS AND DISCUSSION

Initial fluorescence excitation spectra of Cal were recorded inthe Av = 2,0, and
—1 sequences of the B—X system. Attempts to analyze the Av = 1 bands were

TABLE ]
B23¥*-X?3* Bandheads (cm™")

sttt - X%t Band Heads (in cm ')
hv Py Pos v Py, Pat
(2,0) 16 191.70 16 187.4k (4,3) 15 950.47 15 953.57
(3,1) 16 190.06 16 186.14 (5,4) 15 950,28 --
(4,2) 16 188.36 16 184.79 (6,5) 15 950.00 --
(5,3) 16 186.61 16 183.36 (7,6) 15 949.61 --
(6,4 16 184.79 16 181.82 (8,7) 15 949.11 --
(7,5) 16 182.91 16 180.20 (0,0) 15 712.22 15 716.29
(8,6) 16 180.95 16 178.47 (1,1) 15 713.59 15 717.28
(9,7) 16 178.92 -- {0,1) 15 475.17 15 478.85
(1,6) 15 950.59 15 954.68 (1,2) 15 477.79 15 481.10

(2,1) 15 950.59 15 954.36 (2,3) 15 480.33 15 483.32
(3,2) 15 950.54 15 953.97 (3,4) 15 482.79 -

Accuracy ¥ 0.01 cm
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TABLE Il

Franck-Condon Factors Calculated from Deperturbed Constants

82" - A%n
N T U A S SO
0 0.957 0.041  0.002 -- -- --
1 0.043 0.888 0.064 0.005 -- --
2 - 0.071  0.847 0.075 0.007 -
3 - -- 0.086 0.828 0.076 0.010
4 - -- - 0,092 0.827 0.070
5 - -- - -- 0.089 0.838

Only values 2 0.0005 have been included.

frustrated by extreme sequence congestion and spectral overlap, as evidenced by
the head of heads shown in Table I. The (0, 1) band was found to be relatively
free of overlap and was analyzed first to obtain preliminary constants for the X and
B states. These constants were then used to guide the analysis of the remainder
of the bands in the B-X system. The B-X data were fitted using standard ?2* energy
level expressions (6, p. 249), but v’ and y" were strongly correlated.

The X-state constants were then used to assign the Av = 0 bands in the A-X
system. Analysis of the A -X system and a combined fit of the A —X bands with
selected B—X bands provided well determined values for v". The B—X bands were
then refit with ¥” fixed.

The standard *[I-*Z* Hamiltonian uses A doubling and spin-rotation parameters
derived using the Van Vleck transformation (8). In Cal, the 2[I ~ 23+ interaction
is so strong that second-order perturbation theory cannot adequately explain the
A doubling of the A*II state. In order to fit the A —X transition, the 2I1 ~ X7 inter-
action parameters 7 and ¢ (/4) were explicitly used in combined A-X and B-X
fits. These fits also provided estimates of the ‘‘true’” mechanical B and w constants,
uncontaminated by magnetic contributions introduced by Born-Oppenheimer
breakdown (8).



TABLE III

B?3*-X?3* Observed Transitions (cm™!)
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TABLE IV

B23*-X*3+ Rotational Constants (cm™)

S S R . . s M
B, x 102 7.16232(19) 7.13135(34) 7.09563(35) 7.065704(66) 7.03562(36)
b, x 108 3.099(12) 3.069(27) 3.079{31) 3.100° 3.100°
Y, ~0.150017{26) ~0.123334(40) ~0.108778(38) ~0.095639(83) ~0.084701 (58)
Yoy ¥ 1% 2.306017) 2.250(25) 2.274(22) 1.981(41) 2.004(60)
R S e A 3 e M
B, x 100 5.91928(19) 6.89300(19) 6.86815(33) 6.83842(33) 6.81461(19)

<
o, x10® 2.3 2.34 2.34 2.3h 2.3h

d

N

v, x 107 56.01 55.70 55.39 55.08 54.77

Numbers in parentheses are lo uncertainties.
®The BZ5* constants are not deperturbed and must not be used for generation of potential energy curves.
b H Ll

Fixed at the value for v' =0 .

“Values calculated using program DHL (13).

dValues obtained from A-X fits for ¥'=0 and 1 and extrapolated for v'=2,3,4 using ay = -0.00031.

The B-X bands were also fit alone, since the simple 223 energy level ex-
pressions adequately reproduce the spectra. However, the B-state constants are
to be treated as effective parameters because of the strong 2T ~ 2%* interaction.
These constants must never be used to derive RKR potentials.

A. BEET-X?*E* Analysis

The most recent vibrational bandhead analysis was performed by Rao et al. (3),
but they made several vibrational band misassignments. In addition, the parity as-
signment of the P, and P, bandheads was reversed.? Extreme spectral congestion
rendered it virtually impossible to disentangle a head of heads that occurs in the
Av = 1 sequence. Also, small Franck- Condon factors (see Table II) for the (2, 0)
and (3, 1) bands prevented their observation by nonlaser methods, and led to an
incorrect absolute numbering of the bands in the Av = 2 sequence. A list of meas-
ured bandheads appears in Table 1.

Even in our initial laser excitation survey of bandheads, detecting total fluores-
cence, the heads belonging to the (2, 0) and (3, 1) bands were overlooked. The
rapid decrease in Franck-Condon factors (Table IT) with decreasing v” level out-
weighs the increase in population. The weak (2, 0) and (3, 1) bands were buried

* Proper assignment of ¢/f parity (15) should have been possible on the basis of the known ordering
of the A and B states in Cal. The presence of a B*S* state to higher energy than the A 211 state suggests a
negative value of the spin-rotation constant (). This information is sufficient to determine the correct
parity assignments of the P, and P, heads using the standard energy level expressions (6, p. 222).
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TABLE V

B?3*-X?3* Band Origins (cm™")*

(4,2) 16 189.694(2) (1,2) 15 481.635(1)
(3,1) 16 191.213(1) (2,3) 15 483.975(1)
(0,0) 15 716.750(1) (3,8) 15 486.263(2)
{0,1) 15 479.257(1)

Numbers in parentheses represent lg uncertainties.

310 be used only with the constants of Table IV.

under the stronger lines of other bands in the sequence. Our preliminary vibrational
analysis suggested their presence. The bandheads were then located using excita-
tion spectroscopy with narrow-bandpass detection of fluorescence, which elimi-
nated most of the lines from the stronger bands of the sequence.

Rotational assignments were established by the standard method of combination
differences between transitions from a common N’ level. Measured line positions
for the Av = 2 [(4, 2), (3, D], 0 (0, 0) and —1 [(3. 4), (2, 3), (1, 2), (0, 1)] bands
appear in Table III. Blended lines are marked with an asterisk. In most cases,
blended lines arise from accidental overlap between transitions of similar N values
in the same branch but belonging to different vibrational bands of the same se-
quence. The Cal bands were so severely overlapped that it was seldom possible
to isolate a single branch.

A useful preliminary estimate of y' ~ —0.17 cm™! was supplied by the pure-
precession relationship (/6) with / = 1. The magnitude of y" was thus expected to
be 2 to 3 times larger than the rotational constant, B'. The very large v’ explained
the sizable P,, P, bandhead separations of Table 1.

The B-X system was successfully fitted by the direct approach of Zare et al. (8),
using standard 22" matrix elements (/7). However, in the initial fits, y' and "
were badly correlated. In order to break this correlation, values for y; and v}
were obtained from A —X fits (see Section IIIB). Values for ¥, for v = 2 through
v = 4 of the X state were then extrapolated and fixed in the fits of the B—X system.
The B-X (0, 0) and (0, 1) bands were fitted together as were the (4, 2), (1, 2) and
(3, 1, (3, 4) pairs of bands. The (2, 3) band was fitted alone. The rotational
constants determined from the fits appear in Table IV. Seven band origins were
determined from the B-X fits and appear in Table V. In the final fits the D" values
were fixed to the values computed using the program DHL of Albritton et «l.
(18). This program was found to give accurate values for the X?%* state of CaBr(//).

Values of the rotational constants, B’ and B”, as well as y’, were fitted by
weighted least squares to the usual polynomials in (v + 1/2) (6, p. 106) with

Ve = Yo T ay(v + 1/2) + yy(v + 1724 (n

The band origins of Table V were also fitted to the usual polynomial expression
(6, p. 151). The results of these fits comprise a table of effective equilibrium mo-
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TABLE VI

Equilibrium Molecular Constants for B2%* and X2Z* States

2t 2zt
T, 0.0 15 716.1713(30)
o 238.7496 (33) 239.9183(37)
v X, 0.62789(64) 0.64985(79)
B, x 107 6.93254 (84) 7.17916(116)
a, x 10° 2.640(35) 3.255(66)
0y X 108 2.34° 3.099(12)
yec x 10 56.17(9)° -1 490.65(22)
0 x 10" s0.3101)¢ 185.74(31)
v, x 10" -- -9.492(65)
Re (R) 2.8286 --

a . . .
B state values are effective constants that reproduce line positions.
These congtants must not be used to generate potential energy curves
for the B2:* state.

bValue calculated using program DHL (13).

CSpin-rotation expansion constants obtained from expression
1 1,2

= + + =) + + =

Y, = Y, aY(v 7) YY(V 7)

dValue obtained from A-X fits for v'' = 0 and 1.

lecular constants (Table VI), in the sense that the A- and B-state interaction has
destroyed the simple mechanical meaning of the B-state rotational and vibrational
constants. The B-X fits were made without consideration of contributions from
electronic perturbation parameters, and hence do not remove these electronic con-
tributions from the molecular constants. This problem will be discussed in the next
section on the A —X system. Note that the X-state constants of Table VI are free of
perturbation effects and can be considered as mechanical constants.

The large vibrational dependence of y' results from the increasing size of the
nondiagonal Franck ~Condon factors as v increases (Table ). This allows the in-
teraction of vibrational levels of the A %I1 state lying above a given v level of the B
state to partially cancel the effects of the A *I1 vibrational levels lying below this v.

B. AI-X?%3* Analysis

The appearance of the A -X band system of Cal is characteristic of a transition
between a Hund's case (a) Il state and a 25* state. The Quop Poieer Pagr and
Q12e, Piees P1ogr branches belonging to the *Il;, and *I1,,, subbands, respectively,
all form bandheads shaded to the violet. Laser-induced fluorescence was observed
in the (0, 0) and (1, 1) bands of the Av = 0 sequence. The bandheads are listed in
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TABLE VII
A?Z-X?%* Bandheads (cm™!)
a
band  Prafs Qaer * Plee Pars Prlee Qef

(0,0) 15 572.87 15 588.53 15 637.66 15 647.12 15 647.35
(1,1) 15578.16 15 592.71 15 640.59 15 650.01 15 650,22

Accuracy 0.0l em L.

é d Tapped.
QlZef and Plee heads are overlappe

Table VII. The large II ~ 23* interaction causes the Q,,,, and P,,, heads to occur
at very low J and hence prevents their resolution. Rotational assignments in the
A -X system were made in the same fashion as in the B—X system, with the added
advantage that good X-state constants were available. The measured line positions
for the (0, 0) and (1, 1) bands appear in Table VIII.

Attempts were made to fit the A — X transitions using the standard *I1 Hamiltonian
with A-doubling parameters derived using the Van Vleck transformation (17 ). This
approacll was not successful because the A 113,2—A 111,2 separation of ~60 cm™!
is about the same size as the ~90-cm™! A 2[1-B23* separation. The two spin com-
ponents of the A state thus have significantly different separations from the B23*
state. The usual definition of a single set of 0, p, and ¢ parameters for both spin

components of the A %11 state is clearly not appropriate in the case of Cal. In addi-
tion, the 2I1 ~ 23* interaction is so lm‘cp that |n| ~ 2B, thus an approach based

I AQLRIVIL 1 30 142 L2i4l 2is all - Vavil VaSO

on second-order perturbation theory wxll nexther have the correct functwnal form
nor provide physically meaningful parameters.

The A doubiing was fitted by expiicit introduction of perturbation matrix ele-
ments, 7 and &, that connect the A 'Il and B23* states (14):

New = (1/2)(n*I10’ | B(R)!
Ever = (1/2){n2Ilv’
The interaction matrix elements are
HCILyp, 227) =€ —m(J = 172)  (e)
=&+ d +32) (), (3)
H(My,, 257) = —[J% + J — 3/4]2, 4

)\"_L Véo PO\
[ |n2Zo), (2a)

|n23tv). (2b)

Since the A- and B-state potential curves are similar, the interaction is approxi-
mately diagonal in v for v = 0 and 1. Thus the major portion of the A doubling of
v = 0 of the A state results from v = 0 of the B state, so the (0, 0) A-X and B—X
bands were fitted together. Similarly, the (1, 1) A-X and (1, 2) B—X bands [the

anmd oo ; Httad ¢+ +h
{1, 1) B-X band was not ananyzeuj WEre Nnuea ogeuncr.

It was found that ¢ was badly correlated with T, T, (band origins), A, and
7 and so could not be independently determined. Equations (2) suggest that
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TABLE VlIila
Observed Transitions in A 21, ,-X?2t (0, 0) Subband (cm™)

a
J o Riee Arv Ry Ov Qe Bv Py Oy

6.5 - - 15 986.764 -8
7.5 - - 15 586.%00 -7
8.5 - 5 5 -5
9.5 - - 3 -a
10.5 - 5 -a
1.5 - - 5 3
12.5 -a - - 5 o
13.5 -3 - - 5 =
14.5 ~ax - - 5 -6
2 - - -8
15 593,881 1 - - -7

15 594,206 O - - -

15 594.529
1% 594.862
15 553,158

15 595.532
870
212

'
o

19 589,147
15 589.203
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15 589,224 -1
15 S89.287 ©
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TABLE VIIIb
Observed Transitions in A 2Tl;,—X?2* (0, 0) Subband (cm™)

a
J Rojee &% Rogs Dv Qe Ov Ppy Oy

- 15 640.929 8 -
- 15 649.007 7 5 448,906 % -
- 15 649.092 10 15 448,980 4 -
15 649,963 1 15 649,172 7 1G5 649,055 3
15 450.180 1 15 449.259 8 5 649,135 5 15 447,299 7
15 450.403 4 15 649.343 & 5 649.211 2
15 650.622 1 1% 449.433 & 1% 689,296 & 15 686,909
15 650.844 1 15 449,525 8 15 649,378 5 15 444,718 4
H 15 649,618 9 15 449,451 3 -
2 15 649.713 9% 15 649,548 4 -
3 15 549.812 13x% 15 649,636 O 15 446,158 2
1 15 449.908 11% 15 649,728 A% 15 445.973 -1
1 15 650.004 7% 15 649.813 -3% 15 445,790 -1
15 652.218 1 15 650.100 I 15 449,909 —1% 15 645,613 -1
15 652.452 0 15 650,203 2% 15 650,004 - 1% 15 645,437 0
652,689 © 15 450,305 -1 15 450,102 1% 15 645,242 1
15 450.406 -6% 15 650.204 2% 15 445.088 0
5 L1638 -4 15 450.514 ~7x% 15 650.305 2% 15 644.917 O
15 653,406 -4 15 650.406 OX 15 644,747 O
15 653.649 -3 15 650.747 3 15 450,514 3% 15 644,578 U
15 653.893 -5 15 450.864 & 15 650,426 7% 15 644.413 0
15 454,144 -1 15 650.978 4 15 650,731 4% 15 644,247 -0
15 654.391 -3 15 851,096 4 15 450,841 4 15 z
15 654.645 1 15 651.214 3 15 650,951 o 15
15 654.897 1 15 651.336 3 15 651.064 1 1
15 655.147 -3 15 651.459 2 15 451,179 © 1
15 655.395-10 15 651.583 1 15 451.298 1 1
15 655.653-10 15 451,712 3 15 451.416 -1 t
15 455.912 -9 15 451.840 3 15 651.534 -4 1
15 656,175 -7 15 651.974 & 15 651,463 2 1
15 656.435-10 15 452,104 3 15 651.709 3 1
15 656,701 -7 15 652,239 3 15 651,915 2 1
- 1% 652,374 1 15 652,043 0 1
- 15 652,513 2 15 652,173 -1 1
- 15 652,652 1 3 1s
- 15 452,795 2 1
- 15 452.939 1 15 442,008
- 15 453,084 0 15 441.875
- 15 653.232 © 15 441.744
- 15 453,380 -1 2 15 441,613 -5
15 653,532 -0 2 15 641.487 -4
- 15 653,687 © 3 15 441.382 -3
15 653,844 0O 2 -
- 15 654.002 1 3 15 641.114 4
15 654,162 2 3 15 640,994
- 15 454,323 1 1 15 640,877
- 15 654,487 1 1 15
: 15 454,652 0 0 15
- 15 854.818 -1 15 654,367 2 15
15 454.989 1 15 654,530 -1 15
15 655,159 -1 15 654,493 -1 1
- 15 655.332 2 15 654.858 -2 15
15 2 1%
- 1t -3 1%
- 15 5 1
o 15 5 15
15 656.233 2 15 5 1%
- 15 656.419 2 IS 655.894 -4 15
- 15 656.604 0 15 656.077 -1 1%
15 656,795 1 15 656.098 2 1
- 15 656,441 -0 Y
15 604,427 -3 it :
- - - y 639,189 -8
. N 439,109 -3
- an7. ok 5 639,028 L

438,903 -4
HA3B.HIR -4
438,006 4
438,747 -4
a3g. 669 4

1
f657.398  Jx
D O657.591 1%

658,193 X
O 6N8. 398 2%
D 658,603 OX

7]

1

1

1

1 1
1 1
1 1
L5 657,790 1x 1
15 AN7.990 ¥ 1
1 I
1 1
1 1
1

438,400
638, 3564
438,314
v 638,258
Bo&3H. 711
D 438,141
4H38,11%
433,070
5 &38.03¢
- 1% &37.99

- - 15 A37.955
- . L 437,919
- - 1% A%47.888
‘ 19 637.8%54 &

- - 1% A17.828 %

1% 437.8020 7

15 &37.779 8

[ERTRTRERE

RS ST

@ Observed minus calculated in 10 >cm
Lines marked with an asterisk are blended.
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TABLE VlIIic
Observed Transitions in A%1,,,-X*3* (1, 1) Subband (cm™)

a
J Riee Ov° Q¢ Ov Rypgp Ov Prog Ov

15 597.516 -4 - - 15 588.757 O
1§ §97.825 -7 - - 15 588.526 2x
15 598.144 -4 - - 15 588,289 -3
15 598.462 -4 15 593.,246-12% - -

15 598.781 -4 15 593.299-14% - -

15 599.104 -4 15 593.356-14% - 15 587.40% -5
15 599.430 -3 15 593.416-13% 15 593.246 4% 15 587.389 -4

- 15 593.477-13% 15 593,299 -5k 15 587,171 -4
15 600,091 3% 15 593.544-11% 15 593.3546 ~4% 15 586.954 -5

15 600.422 3 15 593,613 -9% 15 593.416 -2% 15 586,742 -3
15 600,755 2 15 593.682 -9% 15 593.477 -3x 15 586.531 -3
15 601.092 3 15 593.759 -5 15 593.544 Ox% 15 586.324 -2
15 601,429 2 15 593,832 -5x 15 593,613 3% 15 986.120 ©
15 601.770 2 15 593,910 -5x 15 593.482 3x 15 5385.918 2
15 602.116 &% 15 593.991 -4x 15 593.759 8x% 15 585.716 0
15 602,460 5 - 15 593.832 8x% 15 585,519 1
15 602,807 5 15 594.150-13% 15 593.910 %% 15 585.325 3
15 603.1546 & 15 594.238-10% 15 593.991 10x% 15 585,130 1
15 603,506 4 15 594,325-12% - 15 584.941 3

- 15 594,426 —4% 15 594.150 4x% 15 584.756 6

- 15 594,522 -3x% 15 594.238 éx% -

- 15 594.619 -3x% 15 594,325 4% 15 584.381 -2
- 15 594.719 -3x% 15 594.416 3% 15 584,199 -3
- 15 594.824 -1ix 15 594,509 2% 15 584,024 -1

- 15 594,928 -1 15 594.408 4% 15 583.848 -2

- 15 595.035 -1 15 594.707 3Ix -

- 15 595.146 -1 15 594.807 1x -

- 15 595.256 -3 15 594,913 4 -

- 15 595.372 -3 15 595.021 4 15 583,174 -2

- 15 595.490 -2 15 595.129 3 15 583.014 0O

- 15 595.612 © 15 595.240 2 15 582,856 2

- 15 595.735 -1 15 595.355 2 15 582.698 1

- 15 595.861 © 15 59%.471 O 15 582.544 1

- 15 595.987 -2 15 595.592 2 15 582,394 2x
- 15 596.118 -1 15 595.713 © 15 582,245 2

- 15 596.252 0 15 595.836 -2 15 582,100 4

- 15 §96.386 -2 15 595.963 -2 15 581.957 4%
- 15 994,525 -1 15 596.0946 O 15 581.817 S

- - 15 5%96.228 © 15 581.677 4

- - 15 596.363 © 15 581.542 4

- - 15 596,501 O 15 581.410 5

- 15 581.290 16x%
- 15 581,153 6

- 15 597.413 2 - 15 581.026 5
- 15 597.568 1 - 15 580.897-17x%
- 15 597.728 2 - 19 580.783 4
- 15 597.890 3 - 15 580.666 4x
- 15 598,053 2 15 597.540 1 15 580.%551 4
- 15 598,222 3 15 597.498 0 -

- 15 598.389 2 15 597.840 1 15 580.331 5
- 15 598.559 0 15 598.024 1 15 580,223 4
- 15 598.734 0O 15 598.191 2 -

- 15 598.%914 2 15 598.358 0 -

- 15 599.094 3 15 598.52%9 O -

- 15 599.276 3 15 598.704 O -

- 15 599.459 0 15 598.881 0 -

- - 15 599.062 1 -

- - 15 599.241 -1 -

- - 15 599.428 1 -

- - 15 599.615 1 -

- 15 600,425 3 - -

- 15 600,425 2 - -

- 15 400.827 1 - -

- 15 401.033 2 15 600.390 1 -

- 15 401,239 -1 15 600.590 1 -

- 15 401.451 O 15 600.792 1 -

b 15 601,663 -2 15 600.998 1 -

- 15 4601.879 -1 15 601,205 O -

- 15 602,098 -2 15 601.414 -2 -

- 15 602,318 -3 15 601,626 -2 -

- 15 602,543 -2 15 601.843 -1 -

- 15 602,769 -2 15 602.061 -1 -

- 15 602,997 -3 15 602,281 -2 -

- 15 603.228 -4 15 602,505 -2 -

- 15 603.461 -5 15 602,730 -3 -

- - 15 602,960 -2 -

- - 15 603.190 -3 -

- - 15 603.424 -3 ~

9 Observed minus calculated in 107> cm

Lines marked with an asterisk are blended.
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TABLE VIIId
Observed Transitions in A 2[1;,-X?2* (1, 1) Subband (cm™1)

a
J Rotee BY  Rpgr By Qppe Ov Pogg Av

15 653.674 4 -
15 453.898 3 - -
15 654,125 5 - -
15 654.346 -2 - -
15 654.578 1 - -
15 1 - -
15 2 - -
15 1 - -
15 1 - -
15 -1 - - -
15 655,990 -1 -
15 656.232 0
15 656.475 0 - - -
15 658,720 -1 - - 2
15 657.216 15 453.929 6 - 3
15 657,466 15 654.049 6 - 2
15 657,716 -2 15 654,169 4 15 653,899 3
15 657,970 - 15 654,292 5 15 654,014 -1
- 15 654.417 5 15 654,132 -2
- 15 654,544 4 15 654,251 -2
. 15 6S4.672 3 654.372 -1
15 654.804 4 654,494 -2
654.936 4 15 654,622 -1
659,071 3 LS 654.747
5 655,206 2 15 654.877
655,341 -1 15 455.010
- 5 655,481 -1 15
655,624 -1 15
S 655.769 0 1%
- G 655,914 -2 15
5 656,065 2 15
- ) 656.217 3 15
656,363 -2 15
- 656, 2 15
556 3 15
- 15
- 15 .
- 15 -2
- 1% 457,320 3 -3
- 15 657.484 1 -3
- 15 657,650 1 o -3
15 657,820 0 15 -9
- 15 657,993 1 18 -1
- 15 658.165 0 15 -a
15 658,339 -2 15 -2
15 658,515 -3 15 2
1S 458,695 -2 15 -2
- - 15 0
- - 15 -3
- 1% -3
- - .2
- - -1
- -1
- o
- 5
- - -4
- -3
. - : 5
- - 19 641,781 -2
- 15 441,708 -3
- 5 641,639 -3
- - 15 441.525 0
- 15 441,508 -1
- - 15 641,445 -2
- - 15 641,385 -1
- - 15 641,327 ©
- 15 641,269 -1
- 15 641,215 -1
- - 15 647.163 -1
14 641,113 -1
- 15 641,066 1
- 15 641.019 0
15 640,977 1
15 640.937 3
- - 15 640.895 1
- IS 440.862 T
- 15 640.827 9
- 15 640,794 5
- 15 640.764 &
- - 10 640,737 7
- - 15 640,713 10

9 Observed minus calculated in 10”2 cm™ .

Lines marked with an asterisk are blended.
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TABLE IX

Deperturbed A-X, B-X Constants {cm™)

v= 0 1 2
- B x 107 7.13747{93)  7.09797(176) -
Bs M 8
D, x 10 2.344{24) 2.054(35} -~
nx 102 6.2311(10)  5.7758(12) -
Interaction gy * ro’ -1.72(23) -9.32(49) --
Matrix M
Elements g2 50,4828 37.8377 --
Epy X 10t 0.33(11) 2.03(24) --
g, x 10% 7.03523(h5)  7.01369(93) -~
b, x 10° 2.501(11) 2.604(15) -
a2y A, 45.7075(29)  46.0860(32) -
A x 107 -1.18(43) -8.72(87) -
Dv
pox 10%  -1.3674(38)  ~1.1475(56) -
8, x 10 6.91827(17)  6.83192(25)  6.86926(33)
xlpt b, 108 2.34° 2.34° 2.34P
v, x 0% 56.007(69)  55.698(81) 55.35°

Numbers in parentheses refer to lo uncertainties.
BDatermined by the approximate expression § = %<Aﬁ+> ~ An/Bn .
bFixed at values determined by program DHL (13) .

CFixed at a value linearly extrapolated from v'' = 0 and | levels.

(v(*ID) l v(’ZY))
" CDBlCE)
where A is the A®I1 spin—orbit constant. The (v(*I1)|B|v(25))/(v(*IT) | v(22)) ratio
of vibrational integrals was computed from the vibrational wavefunctions. The
ratio was found to be within 1% of By, so

A,
lgr“

§e = (5)

In subsequent fits, the parameter ¢ was fixed at the value determined from Eq. (6).
This procedure removed the correlation between ¢ and the origins as well as be-
tween £ and 7. While 1 and ¢ account for most of the interaction between the A
and B states, there still exists a nonnegligible interaction with other (Av # 0)
vibrational levels. This is especially true for v > 0, because the Franck—-Condon
factors become increasingly nondiagonal as v increases.
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TABLE X

Deperturbed Band Origins (cm™")

(v AZn - X3t 82t - X%t
(0,0) 15 625.905(2) 15 702.326(3)
(1,1) 15 628.549(2) 15 705.124(3)

Numbers in parentheses are lo uncertainties.

Residual p and y parameters must be inserted into the Hamiltonian to account
for the remaining interactions with Av # 0. However, strong correlation between
p and vy prevents their simultaneous variation. This correlation was artificially
broken by setting y(residual) to zero. Consequently, 7, £, and p(residual) are
effective parameters that have accomodated the small interaction parametrized by
y(residual). The results of this direct interaction fit are the deperturbed constants
of Table IX.

It was found necessary to include distortion terms in the interaction parameters:

nv(eff) =Ny + Mo (J + D, (7a)
gv(eff) = §v + fDLJ(J + 1) (7b)

Band origins determined from the rotational fits are presented in Table X. The
difference between the deperturbed (0, 0) band origin and the effective band origin
in the B—X transition would correspond to the value of the parameter 0% (8), had a
second-order perturbation theory approach been possible.

The values of B, and B, in the A and B states, determined from the combined
A-X, B-X fits, allowed determination of ‘‘true’’ mechanical constants, free of
electronic perturbation. The results are shown in Table XI. The rotational constant
a, was determined from B, and B, and used to determine the vibrational constant
w.X, from the Pekeris relationship (6). The ground-state constants (w, and wex ¢
and the (0, 0) and (1, 1) band origins determined from the combined fits allowed
determination of values for AG;, and then o, using w.x; (Pekeris). T, values
were then obtained from the standard expression containing 7y, ®., and w.x .:

W,  wix, Wy  WeXe
T,=T. + — -
2 4 2 4

The deperturbation of the A and B states can account for a puzzling feature of the

A doubling of the A2II state. For Cal, the ¢ A component is higher in energy than

the f component of the 2I1,, spin component, as expected, but f is higher than e in

the 2I1,,, component. For CaF and CaBr (10, I1), e is higher than f in both A®II,;,

and A ?T1,, spin components. When o, p, and g are used to try to fit the A doubling

of Cal A1, p is negative but q is positive. This is disconcerting, because examina-

tion of the summation definitions of p and g, derived using the Van Vleck trans-

formation, indicate that p and g must have the same sign (8). The direct perturba-

tion approach accounts for the unusual A-doubling pattern with physically reason-
able values of % and ¢.

®)
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TABLE XI

Deperturbed Equilibrium Molecular Constants for Al and B22* States

Azn BZZ+

Tea 15 624.67(5) 15 700.52(12)

wea 241.19(7) 242.63(17)

mexe (Pekeris) 0.53(5) 1.17(12)

B, 10° 7.0460(14) 7.1572(22)

a, x 10° 2.15(10) 3.95(20)

Dy x 10° 2.50(1) 2.34(2)

R, (A) 2.8057(3) 2.7839(4)
Deperturbed constants for X22+ are in Table VY!. Numbers

in parentheses are lo uncertainties.

3Determined using WeXe (Pekeris) which was assumed to
have an uncertainty of 10%.

The deperturbation of the A—X and B—X transitions is not entirely satisfactory.
The obs. — calc. column of Table VIII is not completely random, although the
variance of the fits indicate that lines are fitted to within their estimated experi-
mental error. In addition, the vibrational variation of several parameters, 7, 7,
&, and £, in particular, seems unrealistically large (Table 1X). These problems
result from inclusion of only a single pair of 2II, 23* vibrational levels in the
effective Hamiltonian matrix. The magnitudes of the perturbation parameters,
however, seem reasonable in the sense that %/z, ~ B/D and [§/§D[ = AlAp.

C. Cal Orbital Character

The interaction matrix elements n and ¢ provide some insight into the orbital

composition of the A*IT and B?Z* states. It is possible to define a nonintegral Lot
ﬁ = (leff(leff + 1))1/2 (9)
By

that characterizes the 2I1 ~ 23* interaction. If the molecular orbitals are M, com-

ponents of pure atomic orbitals, then /. will have integer values and the states are

said to be in pure precession. Note that the converse of this statement is not

necessarily true (20).

For Cal, l.+ = 1.35, indicating some d character in the A and B states. This value
of [o4 can be combined with the ratio of the A —X and B-X transition dipole moments
(19) to estimate the excited-state molecular orbital composition (20). The results
are that the AZII state is 70% 4pw (Ca*) and 30% 3d 7 (Ca*) while the B23* state
is 57% 4po (Ca*) and 43% 3do (Ca*). The A- and B-state mixing coefficients
can be used to estimate a more accurate value of ¢, the off-diagonal 2I1-23* spin—
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orbit matrix element. The A- and B-state wavefunctions are written as

W(B3) = e|dpa (Ca*)) — (1 — e®)?|3do (Ca®)),

WA = f|dpm (Ca®)) — (1 - f3)'2|3dm (Ca%)). (10)
The diagonal spin-orbit interaction is given by
A =2 + (1 = )z (11)

With {,,/{sq = 6.1, determined from the Cat atom, A = 45.7 cm™! for Cal, and
mixing fractions 0.70 (4p) and 0.30 (3d), then {,, = 61 and {3, = 10 cm™'. The
AL S operator acting between the A%[l and B23* states gives

21/2 1/2

(ALY = = efty + 67 (1 = eB(l — f2)g,. (12)

NS BRC

g:

This leads to £ = 31 cm™!, which is 22% smaller than the value of 40 cm™! pro-
vided by Eq. (6).

The value of ¢ calculated using Eq. (12) is different from that obtained from Eq.
(6) because the A and B states are not pure p or d states. Experimentally, the two
values cannot be distinguished because the variance of the fit is insensitive to the
magnitude of £. For instance, changing ¢ to 36 cm™! changes the variance by
less than 10%.

The values of p(res) and y(res), due to interaction with Av # 0, can be estimated
from the values of n and £ (v = 0), (v'(23)| v'(*II)), and Bgy. In particular, re-
taining only the Av = 1 term:

Do(res) ~ 81010 - Sﬂoofoo( (1(22)10(21—[)) )( B, ) 1)
’ Voen,, — Viest Av,, <0(22)|0(2H)) B, ’
 Bmuén_ Bmosfoo (OC)|1CID) \( Bo,
Yolres) = Vien,, = Vorst Av,, ((0(22)|0(2H)>)( Bos ) . (14)

The results are po(res) = —0.0021 cm™! and yy(res) = +0.0084 cm~!. Since only
the difference between y,(res) and p((res) could be determined and y,(res) was set
equal to zero in the fit, p(res, eff) = —0.011 cm™'. This compares favorably with
the observed value of —0.014 cm™!.

IV. CONCLUSION

Cal is suited neither to classical experimental techniques nor to classical tech-
niques of spectroscopic analysis. Extreme spectral congestion makes single-mode
laser excitation spectroscopy and narrow-band fluorescence detection a necessity.
The small energy separation between the A %Il and B23+ states requires the use of
deperturbation techniques on a system that would not normally be considered to
be perturbed because of the absence of level crossings. This deperturbation is
necessary to fit the A —-X data and derive estimates of true molecular constants (8)
for the A and B states. In particular, this allows calculation of Franck—Condon
factors, quantities of value in the determination of product distributions of chemical
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reactions. Of perhaps even greater value is the insight obtained into the orbital
composition of the electronic states.
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