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Laser Spectroscopy of CaBr: AT-X2x+ and B2Z+-X2x+ Systems 
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Laser excitation spectra have been recorded for Ca79Br and Cas*Br in the spectral region 
W-630 nm. The use of a l-m monochromator as a narrow band pass filter (1-2 cm-l) has 
allowed rotational analysis of the O-O, 1- 1, and 2-2 bands of the B2H+-X*2+ transition and 
the O-O and 1- 1 bands of the A*lI-X*X+ transition. A few additional lines of the 0- 1, 1-2, 
l-0, and 2-l bands of the B-X system were used to obtain band origins for vibrational 
analysis. The main constants for Car8Br are (in cm-‘): 

x2z+ A*II BZZ’ 

T, 0 15 958.41 (10) 16 383.137 (6) 

% 285.732 (9) 288.56 (20) 285.747 (9) 

%X, 0.840 (4) - 0.954 (4) 

B, 0.094466141 (30) 0.0957343 (20) 0.0%5151 (20) 

ae o.oOO4O3551 (40) 0.0004327 (20) 0.0084483 (15) 
ye (spin-rot.) 0.00301484 (50) - 0.068767 (79) 

Pe - -0.066834 (64) - 

A, - 59.175 (1) - 

(All uncertainties are lo.) 
The usual isotope relations between the constants for Ca7sBr and Cas*Br are satisfied to 

within 3~. The A and B states form a unique perturber pair with lea = 1.24. 

I. INTRODUCTION 

The first CaBr spectra were observed by Walters and Barratt in 1928 (1). The 
vibrational assignments appearing in Rosen’s tables (2) were made by Harrington 
(3) in 1942. The potential curves of the X, A, and B states are very similar, causing 
the spectra to be extremely congested and overlapped. In addition, there are two 
isotopes of bromine (79Br, 50.5%; 81Br, 49.5%) of approximately equal abundance. 
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Consequently, no rotational analysis of the ATI-X22* andB*C+-X*X+ transitions 
has been previously performed. The use here of a tunable single-mode, cw dye 
laser, coupled with selective, narrow bandpass fluorescence detection, has allowed 
us to assign more than 2000 lines belonging to these two transitions. The A-X 
and B-X transitions were simultaneously fit using a “direct” approach (4). In 
addition, some X-state microwave transitions, provided by Moller and Toning (5)) 
were included in the final fits. 

II. EXPERIMENTAL DETAILS 

A preliminary study of the A-X and B-X systems was performed in Lille. The 
CaBr radical was generated from CaBr, solid, in a King furnace at 1500-2000 K. 
Fluorescence was excited using a broadband (1 cm-‘) CR 590 rhodamine 6G dye 
laser. Rotational assignments were made using laser-induced fluorescence spectra 
recorded with a Jobin-Yvon THR 1500 spectrometer and calibrated against tho- 
rium lines. This technique has rather limited resolution, -0.05 cm-l, but the lines 
recorded and assigned in this way served as a guide for our Doppler-limited laser 
excitation experiments at MIT. 

The excitation spectra were recorded using a Coherent model CR 599-21 dye 
laser pumped with 4 W from the 5145-A line d Coherent CR 10 Ar+ laser. We 
obtained single-mode powers (<l-MHz bandwidth) of about 30 mW at 6290 A 
and 150 mW at 6000 A using rhodamine 6G dye. Ten percent of the dye laser output 
power was divided among an I2 cell, a 300-MHz semiconfocal Fabry-Perot, and a 
1.5-GHz spectrum analyzer. The I, fluorescence and Fabry-Perot peaks were re- 
corded as calibration at the same time as CaBr excitation spectra. The I, lines were 
assigned using the I2 atlas of Gerstenkorn and Luc (6). The absolute accuracy 
of the lines is 20.003 cm-l, except for blended lines. The line positions and band 
origins given in this paper have nor been corrected by subtraction of 0.0056 cm-’ as 
suggested by Gerstenkorn and Luc (7). 

The CaBr molecule was made in a Broida-type flow system (8) by the reaction of 
Ca metal with CH,Br. The pressure was typically 0.5 Torr of argon carrier gas 
(with less than 1% CH,Br). 

The total laser-induced fluorescence was monitored, through a Corning color 
glass filter (chosen to eliminate scattered laser light), by a Hamamatsu R212 photo- 
multiplier. A typical excitation spectrum of one of the most uncluttered regions of 
the B*X+-XzZ+ system is shown as the lower trace of Fig. 1. Even with Doppler- 
limited resolution there is no clear pattern in this badly overlapped spectrum. 

Intermodulated fluorescence spectra (9, IO) were recorded in order to increase 
the resolution. This technique is not very useful in this case because, although the 
lines were better resolved, the pattern of overlapped sequence bands and branches 
was no clearer. The one exception was in the P, branch of the O-1 band of the 
B*S.‘-X*X+ transition of Ca7sBr. The low-N and the returning high-ZV lines near the 
P, head were clearly resolved using intermodulated fluorescence. Hypertine struc- 
ture was observed and is the subject of a separate paper (I 1). 

The problem in the CaBr A -X and B-X systems is that branches from two iso- 
topes and many sequence bands occur in the same spectral region. However, 
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FIG. 1. CaBr B*8+-X2X+ laser excitation spectrum. This figure illustrates the complexity of the B-X 
system. One feature, near-overlap of R, lines of the O-O and l-l bands differing by only 1 J unit, 
would make rotational assignment of a nonlaser spectrum a formidable task. Trace 2 shows the 
spectrum obtained when total fluorescence is detected. Trace 1 shows the simplification into groups of 
four lines [O-O R,(J) and l-l R,(J + 1) for both Br isotopes] that occurs when narrow bandpass 
fluorescence detection is employed. 

FIG. 2. CaBr ATI-X*H+ laser-induced fluorescence spectrum. A Fortrat diagram illustrates the 
structure of the O-O (solid lines) and 1- 1 (dotted lines) bands of the A-X system. A l-cm-’ bandwidth 
laser is tuned to the region of the Q,* and P, heads of the 1- 1 band. The resulting spectrum, shown 
at the top of the figure, includes a complex pattern of lines, the sources of which are indicated by the 
heavy portions of the Fortrat parabolas directly under the laser line. Each excitation line is accompanied 
by a fluorescence line [shifted by approximately M”(4N + 2)] originating from a common upper 
level. These lines appear above the heavy portions of the Fortrat parabolas for the conjugate branches. 
Note that the fluorescence is organized into distinct regions, each associated with a different excitation 
branch and band combination, This is the basis for success of the selective fluorescence detection 
laser excitation method. 
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TABLE I: Measured Line Positions for Ca79Br (in cm-‘, * denotes blended line) 

TABLE IA. ATI,,,-XI+ System 

fluorescence arising from simultaneous laser excitation of overlapped lines often 
occurs in different spectral regions, as shown in Fig. 2. Thus, by using a mono- 
chromator as a narrow band filter, it is possible to select only the fluorescence from 
a particular branch of a chosen band. The excitation spectrum is then greatly 
simplified, as shown by the top trace of Fig. 1. In this figure four branches are 
recorded simultaneously (the R, branch of O-O and 1- 1 bands, for both isotopes) 
but the pattern is quite clear. By tuning the monochromator from one fluorescence 
feature to another it is possible to separately record all of the branches occurring in 
a selected region of the spectrum. This technique has been previously applied to 
CaF (12), CaCl(Z3), NO* (14), and YO (15). 
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TABLE IA-Continued 

A l-m monochromator with 1200-grooves/mm grating was used, in first order, as 
a filter. The bandpass of the monochromator was set at l-2 cm-l. A cooled RCA 
C31034 photomultiplier with photon counting electronics was used to detect the 
filtered fluorescence. 

III. RESULTS 

The lines of the O-O and l- 1 bands of theA211-X28+ transition and the O-O, 1 - 1, 
and 2-2 bands of the B*2+-X22+ transition of Ca7sBr are listed3 in Table I. The 
corresponding lines3 of CaBIBr are in Table II. The assignments were made using 
standard combination difference relations. Initially, mainly ground-state differ- 

s Tables I and II were prepared before the microwave data were available so all residuals were ob- 
tained from fits that included only optical data. The change in observed-calculated from the combined 
microwave-optical fits was typically 20.001 cm-l. 
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TABLE IB. A*&,,-X*2+ System 

95.3e9* 2 

95.589* 0 

95.792* -1 

95.999’ -1 

96.21,’ I 

96.425’ 1 

96.6X* 2 

97.074’ I 

97.290’ 0 
97.512’ -2 

97.735* -2 

97.%1’ -9 

9e.19** -,I 

98.125’ -8 

98.630’ -4 

98.901’ -5 

99.,41* -2 

99.386’ -4 

99.61,’ -2 

99.887~ 4 

ences were used since, by analogy with CaF and CaCl, the spin-rotation param- 
eter, y, was expected to be small. 

Lines were fit using a weighted (reciprocal, squared uncertainty), nonlinear, 
least-squares approach (“direct approach”) (4). The model Hamiltonian includes 
standard 211 and 2 matrix elements (17). Lambda doubling and spin-rotation 
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TABLE IC. B,Z+-JPZ+ System 

181 

:Bs:g$ I’: 
18.646. -12 
m.51,* -,I 
78.102 -3 
,B.?B, -I 
78.X6 -2 
78.05, -2 
n.913 -1 
77.835 -7 
,7.,,9 -1 

77.45,’ -10 

77.295 -2 

,,.?I8 -3 

ll.L.5 -3 
77.075 -4 

,7.006* -10 

g:;:: :: 

76x43 -1 
x.750* -6 
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TABLE IC-Confinued 

20.5 

30.5 

40.5 

50.5 

60.5 

;:::: -: 
91.338 1 
91.643 2 
91.951 2 

;:::“I: : 
92.097 1 
93.213 -6 
93.540 -6 

:::::: -: 

;::z: .: 
:::::; 2” 
g:;z 1: 
96.W 1 
91.021 I 
97.390 4 
97.165 -2 
98.140 -3 
98.521 -2 
98.90, 0 
99.295 1 

16 3,,.8W I 

x: : 
17.481 -1 

:::;:: : 
,l.l,Z -1 
71.018 0 

:::: .: 
X.813 -3 
16.131 1 
76.658 -2 
X.581--, 
76.520' 0 
x.951*-3 
y&y 

l 

76.290. 3 
A.241' 5 
16.201' I 
76.161. 8 

99.666 1 
16 4w.080 0 

effects were accounted for in each state with the usual second-order perturbation 
theory expressions (4). The uncertainties of well resolved and blended lines are 
taken at 0.005 and 0.01 cm-‘, respectively. For each isotope, the u = 0 levels of 
B, A, andX states were fit simultaneously. Similar fits were made for u = 1. The 
2-2 band of the B-X system of Ca7sBr was fit alone with &, fixed at the value 
obtained for the v = 0 level. For the B-X 2-2 band of Ca6’Br, D" and y” were 
fixed at values linearly extrapolated from u” = 0 and 1 levels. 

After our optical analysis was complete, Mijller and Tiirring provided 40 micro- 
wave transitions for X2C+ V” = 0, 1, and 2 of both isotopes. These data include 
high-N (-50) and low-N (-50) transitions of about 40-kHz (1.3 x 10e6 cm-‘) ac- 
curacy. These transitions were included in our final fits. The microwave transitions 
greatly improved the ground-state constants and reduced the correlation between 
ground- and excited-state constants. 
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TABLE II: Measured Line Positions for Ca”‘Br (in cm-‘, * denotes blended line) 

TABLE IIA. ATI,,,-X2X+ System 

The spectroscopic constants obtained from these fits are given in Table III. 
One extra digit is retained so that the constants will reproduce the original data. 

In order to perform a vibrational analysis of theB2Zf-X2X+ system, we recorded 
a few lines from bands of Av = r 1 sequences. These lines are listed in Table IV, 
The assignments were made by calculating spectra using the constants of Table III 
and estimated band origins obtained from the bandheads given in Table V. These 
lines were then used to determine the band origins in Table VI. 

Table VII contains the equilibrium constants of X, A, and B states for both 
isotopes. For the A state we used the Pekeris relationship (f8) to obtain w,x,. 
All Franck-Condon factors greater than 0.001 for vibrational levels less than v = 5 for 
the A -X and B-X transitions appear in Table VIII. They were calculated using 
standard RKR (19) and FCF (20) programs from Ca7gBr equilibrium constants. 
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TABLE IIA-Continued 

IV. DISCUSSION 

In the calcium halides, the X2C+ state is derived from the slightly antibonding 
4s~ molecular orbital centered on Ca+. The A211 and WZ+ states seem to form a 
4p complex, split by the ligand field of the halide. Thus the A -X and B-X transi- 
tions are the molecular analogs of the atomic resonance lines of a one valence elec- 
tron atom. By analogy with CaF (12,21) and CaCl(13,22), the A and B states are 
expected to form a unique perturber pair (4) with 1 slightly greater than 1. Using 
1 = 1, the pure precession relationship (23) predicts y0 = p. = -0.0529 cm-l. As 
can be seen from Table III, y. = p. but both are 27% larger than this value. This 
implies an feff = 1.24 for the expression 

2ABML_a + 1) 

AJWI,,, ’ 

The simplest explanation of this is that the p complex contains some 3d character 
which increases the I value toward 2. There is a trend in the calcium halides for an 
increase in leff from 1.04 in CaF (12), 1.12 in CaCl (13) to 1.34 in CaI (24). 

The Franck-Condon factors for the A-X and B-X systems (Table VIII) are 
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TABLE IIB. A*I&X*~+ System 
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TABLE IIC. B2Z.‘-X*2+ System 
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TABLE IIC-Continued 

187 

10.5 

16 3e5.805 -2 
86.028 -1 
86.257 2 

20.5 

21.5 

::::: : 
07.946 3 
88.197 

xl.5 

31.5 
69.534 0 
89.817 0 
90.094 Cl 

90.679 2 
90.9w 9 
91.275* 5 
91.570*-1 

40.5 91.881’ 4 

41.5 92.190’ 4 
92.504* 5 

16 386.281 1 
86.559 -3 
86.846 -2 

87.732 1 
08.032 0 
88.336 -2 

88.646 -1 
ea.964 5 

16 377.746 -3 
377.636 0 
377.522 0 

377.417 -2 
377.320 2 
377.220 1 
p2l2 -; 

3i947 0 
376.261 -4 
376.709 4 
376.713 3 
376.639 1 

,76.574* 3 
3X.516’ 9 
376.453' 5 
376.39F 1 
376.340* 1 
376.290'-1 
374.244'-3 
374.201=-5 
976.161*-8 

50.5 95.,w-2 

similar to those for the other calcium halides. The vibrational structure of the 
transitions, particularly for low V, is very diagonal. The Au Z 0 CaBr Franck- 
Condon factors are, respectively, larger and smaller than those for CaF (12) and 
CaI (24). As for the other calcium halides, the v # 0 sequences of CaBr become 
significantly stronger at high v. 

Rotation-vibration analysis for two isotopes of CaBr allows a test of the usual 
isotopic relationships between parameters (16). The agreement between our ex- 
perimental isotopic parameter ratios and those predicted from the reduced masses 
is satisfactory (<3o). 

Brown and Watson (25, 26) showed that it is possible to separate AD (effective) 
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TABLE V 

Measured CaBr Bandheads (in A) 

into “true” y and A,, provided that isotopic data are available.4 In our case, the 
isotopic A, values differ so slightly that this procedure is unlikely to give reliable 
values. The values of y0 (true) and AD obtained from isotopic data are: 

y0 = 0.057 cm-’ 

A Do = 4.1 x 1O-5 cm-l. 

The pure precession estimates of y,, (true) is (26): 

y0 = -p/2 = 0.034 cm-‘. 

In order to check the significance of some of our small parameters, we have used 
the customary Pekeris (18) and Kratzer relations (16). The values are included in 
the table of equilibrium constants (Table VII) and the agreement is 10% for w,x, 
and ~1% for D,. 

In addition, the program of Albritton ef al. (27) was used (along with the RKR 
curve) in order to calculate D, values. The agreement is excellent (+O. 1%) even in 
the excited states. For example, calculated values for the 2, = 0 levels of Ca7gBr 
are D, = 4.128 x lo+ cm-’ (X2X+), 4.220 x lo-* cm-’ (ATI), and 4.404 x 10v8 
cm-’ (B*Z+). The calculated values were fit to extract D, and & and these values 
are included in Table VII. 

Veseth (28) has derived a formula for estimating -yo,: 

For 3/&, of Ca7gBr, this equation gives 2.25 X lo-’ cm-‘, which is close to the ex- 
perimental value, 2.58 x lo-’ cm-l. A similar expression for pn, gives poO = 2.16 
x lo-’ cm-‘. The unique perturber model requires p. = yo. The y. andp, values 
predicted by Veseth’s equations are in reasonable agreement with each other and 
fall between the respective experimental values. However, our phenomenological 
AD is a factor of 7 larger than the value predicted by Merer’s relationship (29). 

’ This separation of y and AD is supposed to yield a y value which contains both spin-rotation and 
second-order spin-orbit contributions. 
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TABLE VI 

CaBr Band Origins (in cm-9 

B*E+-X*z+ A*&X*E+ 

v’v” C21'gB, CPW CJ9Br CPB, 

O-l 16 099.066(5) 16 100.237(Z) 
l-2 16 100.533(6) 

o-o 16 383.114(l) 
l-l 16 382.901(l) 
2-2 16 382.462(l) 

1-o 16 666.956(l) 16 665.777(2) 
2-l 16 664.835(5) 16 663.674(2) 

Numbers in parentheses are lo uncertainties. 

TABLE VII 

Equilibrium Constants (in cm-l) 

Rn 

ca7%r 
15 %8.4l(lo)c'~ 

26&%(20)c~4 

4.2142(29)b 

4.213(3) 

4.215(7) 

14.4(Z) 

-0.066834(64) 

-o.ooloa(ss) 

59.175(l)d 

-o.07z(l)d 

2.5764 

1.014(14, 

0.0949378(20) 

0.0004269(29) 

4.1241(37)b 

4.145(6) 

-0.066304(70) 

-0,001023(71) 

59.172(l)d 

.o.071(l)d 

2.6764 

@I* 

ca’%r cd% 
16 383.137(6) 16 383.133(8) 

285.7465(92) 284.6491(143) 

0.%40(39) 0.9428(603 

1.046(S) l.O40(4) 

0.0965151(20) 0.0%7166(11) 

0.m44.33(15) 0.0004437(8) 

4.3¶.3(15)b 4.3E.(lrJ)b 

4.4013(Z) 

4.4043(s) 4.3322(4) 

5.7(l) 

-0.%8767,79, -0.%8115(63, 

-4.24(%) -4.64145) 

2.56769(3f 2.%759(Z)' 
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TABLE VIII 

Franck-Condon Factors for Ca79Br 

“’ 0 1 2 3 4 5 

0 0.919 0.075 0.006 - - 

1 0.080 0.774 0.129 0.016 0.002 - 

2 0.001 0.148 0.652 0.167 0.030 0.004 

3 - 0.003 0.207 0.551 0.193 0.040 

4- - 0.006 0.257 0.466 0.208 

5_ _ _ 0.009 0.300 0.395 

A2n-X2~+ 
v” 

v’ 0 1 2 3 4 5 

0 0.968 0.031 0.001 - - 

1 0.032 0.907 0.058 0.003 - 

2 - 0.062 0.851 0.080 0.006 - 

3 - 0.089 0.801 0.099 0.009 

4 - 0.001 0.114 0.756 0.115 

5 - 0.001 0.137 0.715 

Only values greater than 0.001 are listed. 

V. SUMMARY 

The spectrum of CaBr is typical of alkaline earth halides and, more generally, 
transitions involving nonbonding electrons. Laser excitation spectroscopy with 
narrow band detection allows the dense and badly overlapped spectrum to be 
analyzed. Narrow band detection allows the experimenter to select the branches 
and bands of greatest interest from the jumble of overlapped lines in the spectrum. 
The use of a continuously tunable single-mode, dye laser provides very high-quality 
data (+0.003-cm-’ accuracy). 

Simultaneous fitting of the A-X, B -X and microwave data reduces correlations 
in the molecular constants. The combined fit molecular constants obey the ex- 
pected isotopic relations. The molecular constants allow accurate Franck-Condon 
factors to be calculated. These Franck-Condon factors are required for the con- 
version of laser-induced fluorescence intensities into molecular populations in 
monitored chemical reactions. The molecular constants, particularly lambda dou- 
bling and spin-rotation parameters, provide some insight into the orbital structure 
of CaBr. The A and B states form a unique perturber pair with feff = 1.24, suggestive 
of 3d character in these states. 
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Note added in proof. Uncertainties for the X*2+ state constants, -yv (Table III), ye and oy (Table 
VII), must be increased by a factor of 50 because unresolved hyperfine structure in the N - 15mm wave 
data caused a systematic error in measured spin splittings. The effect on all other parameter values 
and uncertainties is negligible. Higher-precision radiofrequency measurements of X*2+ state hfs and y 
values by W. J. Childs, D. R. Cok, G. L. Goodman, and L. S. Goodman indicated the existence and 
source of this problem. 
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