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Emission spectra of the A2P ? X2R+ and B2R+ ? X2R+ transitions of CaD were produced in a discharge-
furnace emission source and recorded with a high resolution Fourier transform spectrometer. The Dv = 0
and Dv = �1 sequences up to v0 = 3 of the A2P state and v0 = 2 of the B2R+ state have been observed and
rotationally analyzed. Empirical band constants and Dunham-type constants were determined for all
electronic states using N2 Hamiltonians. The equilibrium constants Te, xe and xexe were determined
to be 14407.604(2), 957.330(4) and 10.415(2) cm�1 for the A2P state, and 15751.570(2), 925.840(4)
and 12.417(2) cm�1 for the B2R+ state, respectively. The equilibrium bond lengths (re) of the A2P and
B2R+ states are 1.977495(3) and 1.963467(6) Å, respectively.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

The A2P–X2R+ and B2R+–X2R+ transitions of CaH were studied
early in the 20th century [1–4]. CaH has been detected in sunspot
spectra by its band heads in the orange and red [5,6], and quanti-
tative measurements of CaH in M-dwarfs and M-subdwarfs are
used to determine metallicities of stars [7]. Parallel to the early
studies on CaH, the B2R+–X2R+ spectrum of CaD was photographed
by Watson in 1935, and the 0–0 and 1–1 bands were rotationally
analyzed [8]. Electronic transitions of CaH involving the X2R+

ground state and several low-lying excited states, i.e., A2P, B2R+,
C2R+, D2R+ and E2P states were studied in the 1970s [9–18], while
only the D2R+–X2R+ spectrum was recorded for CaD [19]. Martin
used spectroscopic data from both CaH and CaD to generate a set
of empirical potential energy curves for the three lowest 2R+ states
of CaH [20].

The low-lying electronic states of CaH have been subject of sev-
eral ab initio calculations [21–30]. Electronic states of CaH have
been studied with multi-reference configuration interaction and
coupled cluster methods, and spectroscopic constants (re, xe, De,
Te), oscillator strengths, dipole moments and transition dipole mo-
ments have been calculated [28–30].

The millimeter-wave and microwave spectra of CaD have been
recorded containing the N = 1 0 to 4 3 transitions [31,32].
Vibration–rotation bands of CaH and CaD including hot bands up
to v = 4 3 were observed near 10 lm using a diode laser spec-
ll rights reserved.
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trometer [33]. Shayesteh et al. [34] combined their FT-IR data on
CaH with all previous infrared and microwave data on CaH and
CaD, and preformed a multi-isotopologue Dunham fit for the
X2R+ ground state.

A few studies on electronic spectra of CaD have been carried out
more recently. Balfour assigned the 0–0, 1–1 and 2–2 bands of the
A2P ? X2R+ spectrum of CaD recorded by a spectrograph, but no
spectroscopic constants were reported [35]. Using sub-Doppler la-
ser induced fluorescence, the permanent electric dipole moments
of CaD have been measured for the X2R+ and B2R+ states [36].
Emission spectra of CaH and CaD including the 0–0 and 1–1 bands
of the E2P ? X2R+ system have been recorded at high resolution
using a Fourier transform spectrometer [37].

In this paper, we report high resolution Fourier transform emis-
sion spectra of CaD in the 12000–17000 cm�1 region. The Dv = 0
and Dv = �1 sequences of the A2P ? X2R+ and B2R+ ? X2R+ band
systems have been observed and rotationally analyzed.
2. Experimental details

A discharge-furnace emission source was used to generate the
electronic spectra of CaD at the University of Waterloo. About
50 g of calcium was placed inside an alumina tube (120 cm long
and 5 cm in diameter), and heated to about 780 �C. The tube was
sealed with CaF2 windows and evacuated by a rotary pump. A mix-
ture of argon and deuterium (�1.5 Torr) flowed slowly through the
cell, and a dc discharge was struck between stainless-steel elec-
trodes located at each end of the tube. A CaF2 lens was used to fo-
cus emission of the source onto the entrance aperture of a Bruker
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Fig. 2. An expanded view of the 0–0 band of the A2P ? X2R+ transition of CaD.
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IFS 120 HR Fourier transform spectrometer with a silicon photodi-
ode detector.

Two emission spectra of CaD were recorded: the first one was
recorded at an instrumental resolution of 0.04 cm�1, and the spec-
tral range was limited to 8000–15798 cm�1 using an appropriate
long-wave-pass filter. The second spectrum covered the 8000–
31596 cm�1 range with an instrumental resolution of 0.07 cm�1.
About 200 scans were co-added to improve the signal-to-noise
(S/N) ratios, and S/N values of �500 and �100 were obtained for
the strongest emission lines of CaD in the first and second spectra,
respectively. The first CaD spectrum, 8000–15798 cm�1 with
0.04 cm�1 resolution, contained all the A2P ? X2R+ bands and
the P-branch lines of the B2R+ ? X2R+ system. The second spec-
trum, 0.07 cm�1 resolution, was used only for the B2R+ ? X2R+

lines of CaD that appear above 15798 cm�1. In addition to CaD,
several bands of CaH were present in our spectra.

Using the program WSPECTRA written by Carleer, line positions
in the spectra were measured. Since the spectrometer was not
operated under vacuum, an air-vacuum correction was performed
by the formula given by Hirao et al. [38] and also the absolute
wavenumber scales of both spectra were calibrated using argon
atomic lines reported by Norlén [39]. According to a more recent
report on argon atomic emission lines in a hallow-cathode dis-
charge lamp [40], the line positions of Norlén [39] should be mul-
tiplied by the factor [1 + 67 � 10�9]. To make them consistent with
the most accurate measurement of argon atomic lines [40], we also
multiplied our line positions by this factor. The absolute accuracy
of our calibrated line positions is better than 0.005 cm�1 for un-
blended lines.
Fig. 3. An expanded view of the 0–1 band of the A2P ? X2R+ transition of CaD.
3. Results and analysis

An overview of the A2P ? X2R+ spectrum of CaD is presented in
Fig. 1. We assigned the Dv = 0 and Dv = �1 sequences up to v0 = 3
for the A2P ? X2R+ system, i.e., the 0–0, 1–1, 2–2, 3–3, 0–1, 1–2,
2–3 and 3–4 bands. For the B2R+ ? X2R+ system, the Dv = 0 bands
(0–0, 1–1 and 2–2), and a very weak 0–1 band were assigned. Com-
pared to previous studies, our data span a larger range of v and J
values, and have much higher accuracy. Expanded views of the
A2P ? X2R+ and B2R+ ? X2R+ spectra showing the rotational
structure are presented in Figs. 2–4.

The A2P state of CaD is an intermediate between Hund’s cases
(a) and (b). In the A2P ? X2R+ system, all the observed bands have
Fig. 1. An overview of the A2P ? X2R+ emission spectra of CaH and CaD: the Dv = 0
sequence.

Fig. 4. A portion of the B2R+ ? X2R+ emission spectrum of CaD showing R-branch
lines of the 0–0 band; the lines are marked as Ree (N00) and Rff (N00) in which N00 is the
lower state rotational quantum number. The weaker lines marked with plus and
asterisks are from the 1–1 band.



Table 1
Spectroscopic constants (in cm�1) for the X2R+ ground state of CaD.a

Constant v = 0 v = 1 v = 2 v = 3 v = 4

Tv 0.0 910.3002(2) 1801.0078(4) 2672.0887(5) 3523.4605(10)
Bv 2.17694596(44) 2.1413726(26) 2.1056940(38) 2.0698594(60) 2.033788(12)
105Dv 4.88128(69) 4.87633(78) 4.8726(10) 4.8730(20) 4.8752(42)
1010Hv 9.197(56) 9.155(60) 8.975(86) 8.89(22) 8.26(34)
1014Lv �2.64(12) �2.62(14) �2.22(26) �2.49(76) . . .

102cv 2.24345(42) 2.1885(24) 2.1376(42) 2.0845(59) 2.0277(58)
106cD,v �1.250(15) �1.241(29) �1.316(68) �1.41(10) �1.5(fixed)

a The numbers in parentheses are 1r uncertainties in the last quoted digits.

Table 2
Spectroscopic constants (in cm�1) for the A2P excited state of CaD.a

Constant v = 0 v = 1 v = 2 v = 3

Tv 14421.1630(5) 15357.6338(6) 16273.1939(9) 17167.7948(18)
Bv 2.2293986(27) 2.1916433(43) 2.1537544(62) 2.115712(14)
105Dv 4.92870(75) 4.91459(95) 4.8995(10) 4.8892(30)
1010Hv 8.198(54) 7.752(66) 6.953(45) 6.22(17)
1014Lv �1.98(11) �1.38(14) . . . . . .

Av 79.89837(86) 79.84480(92) 79.7909(15) 79.7245(29)
101cv 2.18866(99) 2.2498(13) 2.3100(24) 2.3422(50)
105cD,v �1.253(12) �1.427(19) �1.660(42) �1.47(10)
109cH,v 1.250(38) 1.812(70) 2.83(20) 2.87(62)
101pv �3.80570(79) �3.8632(10) �3.9098(17) �3.9606(46)
105pD,v 2.236(14) 2.490(21) 2.645(45) 2.88(16)
109pH,v �1.753(53) �2.547(92) �3.48(28) �5.3(11)
102qv �1.93784(31) �1.98765(51) �2.02116(76) �2.0442(26)
106qD,v 1.7000(35) 2.0055(76) 2.198(11) 2.336(65)
1010qH,v �1.0902(94) �1.763(26) �2.206(43) �2.63(39)

a The numbers in parentheses are 1r uncertainties in the last quoted digits.

Table 3
Spectroscopic constants (in cm�1) for the B2R+ excited state of CaD.a

Constant v = 0 v = 1 v = 2

Tv 15748.8838(8) 16649.8941(14) 17526.0588(15)
Bv 2.2603557(58) 2.218295(10) 2.174028(16)
105Dv 5.6314(13) 5.7011(22) 5.8324(43)
109Hv 1.1996(89) 1.253(16) 1.177(41)
1014Lv �6.08(19) �12.07(37) �31.9(13)
101cv �3.98001(86) �4.0065(14) �4.0164(20)
105cD,v 2.667(14) 2.828(24) 2.948(46)
109cH,v �2.688(48) �3.118(95) �3.58(24)

a The numbers in parentheses are 1r uncertainties in the last quoted digits.
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six strong branches: P11, P22, Q11, Q22, R11 and R22. For most bands
of the A2P ? X2R+ system, the six satellite branches P12, P21, Q12,
Q21, R12 and R21 were also found and assigned. In the
B2R+ ? X2R+ system, the observed bands have four branches:
P11, P22, R11 and R22.

Origins of the Dv = 0 bands of the A2P ? X2R+ system are
T00 = 14421.163, T11 = 14447.334, T22 = 14472.186 and
T33 = 14495.706 cm�1, and those of the B2R+ ? X2R+ system are
T00 = 15748.884, T11 = 15739.594, and T22 = 15725.051 cm�1. Sev-
eral bands from CaH and impurity N2 were observed in the spec-
trum of CaD. The previous ground state data from pure rotational
and vibration–rotation spectra, used in Ref. [34], were included
in our data set.

We used an effective N2 Hamiltonian [41] for the 2R+ and 2P
states in our least-squares-fitting program, and determined the
band constants of Tables 1–3 for the X2R+, A2P and B2R+ states.
In this method, each datum has a weight which is the square of re-
ciprocal of the estimated uncertainty. We used an uncertainty of
0.005 cm�1 for strong unblended lines, whereas lines from the 3–
3 and 3–4 bands of the A–X system were given an uncertainty of
0.01 cm�1. For the blended lines we used uncertainties of
0.015 cm�1 or higher. A complete line list and outputs of the
least-squares fitting program are presented in the Supplementary
files.

Energy levels of the X2R+, A2P and B2R+ states were also fitted
to Dunham-type energy level expressions in which vibrational
dependences of A, c, p and q are accounted for by the following
equations [41]:

Av ¼ Ae þ
X

k¼1

Akðv þ 1=2Þk; ð1Þ

cv ¼ ce þ
X

k¼1

ckðv þ 1=2Þk; ð2Þ

pv ¼ pe þ
X

k¼1

pkðv þ 1=2Þk; ð3Þ

qv ¼ qe þ
X

k¼1

qkðv þ 1=2Þk; ð4Þ



Table 4
Dunham constants (in cm�1) for the X2R+, A2P and B2R+ states of CaD.a

X2R+ A2P B2R+

Te 0.0 14407.6042(16) 15751.5698(23)
Y1,0 929.9086(14) 957.3300(37) 925.8398(44)
Y2,0 �9.8175(11) �10.4153(23) �12.4166(15)
Y3,0 0.01146(35) �0.00887(41) . . .

Y4,0 �0.002115(36) . . . . . .

Y0,1 2.1947190(14) 2.2482196(68) 2.280461(15)
Y1,1 �0.0355455(34) �0.037606(14) �0.039624(28)
105Y2,1 0. 433(153) �7.662(759) �119.60(88)
106Y3,1 �11.53(21) 2.6(13) . . .

105Y0,2 �4.88480(70) �4.9333(10) �5.5939(27)
108Y1,2 8.20(30) 7.75(135) �70.0(45)
108Y2,2 �1.596(46) 4.59(52) �5.0(13)
108Y3,2 . . . �1.181(70) . . .

1010Y0,3 9.202(56) 8.336(64) 8.99(16)
1011Y1,3 �0.38(10) �2.91(52) 73.5(24)
1012Y2,3 . . . �3.98(90) �302.1(53)
1014Y0,4 �2.60(12) �2.15(12) �2.01(30)
1015Y1,4 . . . 4.17(67) �77.7(34)
ce 0.0227077(65) 0.21513(18) �0.39596(20)
103c1 �0.5459(96) 7.67(24) �4.50(34)
104c2 . . . �6.141(62) 8.9(11)
105cD,e �0.1248(15) �1.083(20) 2.559(27)
106cD,1 . . . �3.55(24) 2.24(38)
107cD,2 . . . 6.46(47) �2.71(93)
1010cH,e . . . 8.73(58) �24.45(79)
1010cH,1 . . . 7.08(57) �4.64(87)
Ae 79.9219(17)
102A1 �4.63(24)
103A2 �2.80(68)
pe �0.37763(15)
103p1 �6.06(20)
104p2 2.68(56)
105pD,e 2.098(23)
106pD,1 2.96(28)
107pD,2 �3.53(59)
109pH,e �1.407(81)
1010pH1 �6.96(79)
qe �0.0190968(58)
104q1 �5.965(77)
105q2 5.82(20)
106qD,e 1.5448(60)
107qD,1 3.266(74)
108qD,2 �2.36(14)
1011qH,e �8.02(15)
1011qH,1 �5.88(17)

a The numbers in parentheses are 1r uncertainties in the last quoted digits.

Table 5
Equilibrium constants (in cm�1) for the X2R+, A2P and B2R+ states of CaD.

Constant X2R+ A2P B2R+

Te 0.0 14407.604(2) 15751.570(2)
xe 929.909(1) 957.330(4) 925.840(4)
xexe 9.818(1) 10.415(2) 12.417(2)
Be 2.194719(1) 2.248220(7) 2.28046(2)
re (Å) 2.0014529(7) 1.977495(3) 1.963467(6)
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with similar equations for cD, pD, qD and higher-order constants. The
Dunham constants are listed in Table 4, and a summary of equilib-
rium molecular constants is presented in Table 5.
4. Conclusion

High resolution Fourier transform emission spectra of
A2P ? X2R+ and B2R+ ? X2R+ systems of CaD were recorded.
The Dv = 0 and Dv = �1 sequences were assigned up to v0 = 3 of
the A2P state and v0 = 2 of the B2R+ state. Empirical band constants
and Dunham coefficients were determined for the ground and ex-
ited electronic states.

Appendix A. Supplementary material

Supplementary data for this article are available on ScienceDi-
rect (www.sciencedirect.com) and as part of the Ohio State Univer-
sity Molecular Spectroscopy Archives (http://library.osu.edu/sites/
msa/jmsa_hp.htm). Supplementary data associated with this arti-
cle can be found, in the online version, at http://dx.doi.org/
10.1016/j.jms.2012.10.001.
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