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The A2D—X2P, Dv = 0 sequence of the CD radical was observed in the 22800–24000 cm�1 spectral region
using a conventional spectroscopic technique. The CD molecules were formed and excited in a stainless
steel hollow-cathode lamp with two anodes and filled with a mixture of He buffer gas and CD4. The emis-
sion from the discharge was observed with a plane-grating spectrograph and recorded using a photomul-
tiplier tube. The observed lines were assigned to the 0–0, 1–1, 2–2, and 3–3 bands. In total, 1189
transition wavenumbers were precisely measured, with an estimated accuracy of 0.003 cm�1, and rota-
tionally analyzed. In the final global fit, the present data were combined with available high-resolution
measurements of the vibration–rotation transitions [Morino et al., J. Mol. Spectrosc. 174 (1995) 123–
131] and pure rotational transitions [Brown and Evenson, J. Mol. Spectrosc. 136 (1989) 68–85; Halfen
et al., Astrophys. J. 687 (2008) 731–736]. This procedure enabled the extraction of molecular constants
for the A2D and X2P states of CD. The equilibrium parameters were compared with the calculations per-
formed using the Born–Oppenheimer approximation, and a slight difference was observed in some cases
due to the partial breakdown of the B–O approximation. The electronic isotopic shift, Dme , for the A–X
transition was determined to be 32:105 cm�1, and the shift independent of the nuclear mass coefficient,
DU ¼ 64:762ð38Þ cm�1, was also calculated.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction The 2–2 band of the A–X system was first identified by Gerö and
Due to its chemical and astrophysical significance, the CH mole-
cule is one of the most studied free radicals. Its presence has been
revealed in a number of different objects: the sun, stellar atmo-
spheres, comets, interstellar space, flames and explosions. From a
spectroscopic point of view, its energy levels are now very well
characterized, based on electronic, infrared, far-infrared, and micro-
wave spectroscopy (for a review, see [1,2] and references therein).
The emission spectrum of CH in the visible and near-ultraviolet re-
gions consists of three band systems, arising from the transitions
between the excited A2D;B2R�, and C2Rþ electronic states and the
common ground X2P state. In the laboratory, these systems have
been extensively studied for many years, beginning with Heurlinger
[3] in 1918. A summary of the analyzed systems of CH and tabula-
tions of molecular parameters, based on data available prior to
1976, were reviewed by Huber and Herzberg [4].

In contrast, only a few studies on the electronic spectrum of the
deuterated isotopologue CD have been conducted, starting with
that of Shindei [5] in 1936.

The 0–0 and 1–1 bands of the A2D—X2P system (and the funda-
mental bands of the B–X and C–X systems) were rotationally
analyzed by Gerö [6], and some of the principal constants for all
the analyzed states were derived.
ll rights reserved.

hwieja).
Schmid [7] from the position of the characteristic isolated group of
lines at 4319.7 Å in the CD spectrum (corresponding to the position
of the 2–2 band of CH at 4324 Å). However, in view of our current
measurements, their interpretation of the spectrum was incorrect.
The strong feature at 23143 cm�1 (see Fig. 2) belongs to the 3–3
band, and it arises from extreme overlapping of the main Q 11ef ;

Q11fe;Q 22ef and Q 22fe branches.
Herzberg and Johns measured various electronic transitions of

CD (including the D2Pi—B2R� and F2Rþ—X2P transitions not
observed in emission) in the ultraviolet and vacuum ultraviolet re-
gions of absorption spectra using flash photolysis of diazomethane
[8]. However, these studies derived information about the localiza-
tion of several electronic states of CD and provided only rough
structural information. The experimental data were of low preci-
sion, which limited the interpretation of the results.

Information on the X2P state has been significantly improved
through the results obtained by analyzing the vibration–rotation
and pure rotational transitions in the ground state of CD. High-pre-
cision data for v = 0 were derived by Brown and Evenson [9] from
far-infrared laser magnetic resonance (FIR LMR) spectra of the CD
radical. The rotational, fine-structure, K-doubling, and deuterium
hyperfine constants were determined from these data. Morino
et al. [10] observed the 1–0 and 2–1 vibration–rotation bands
using a high-resolution Fourier transform spectrometer and ob-
tained improved constants for the ground state. Later, Wienkoop
et al. [11] measured the mid- and far-infrared LMR spectra of CD
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Fig. 1. Experimental setup.
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for the 1–0, 2–1, and 3–2 vibrational bands and in the excited
vibrational levels v = 1,2. These new observations were combined
with those from earlier studies of CD in the X2P state [9,10] to
yield an improved set of vibration–rotation parameters for this
molecule. More recently, Halfen et al. [12] reported measurements
for the lowest energy rotational transitions of CD (N ¼ 1 1 and
2 1) and 13CH (N ¼ 1 1).

The electronic structure of the CH radical has been the subject
of numerous theoretical studies (for a detailed bibliography and
references, see [13]). The most accurate description of the ground
and excited states of CH (along with the CD, 13CH and 13CD isotopic
species) was reported by Kalemos et al. [13]. This work provided
accurate spectroscopic constants, potential energy curves (PECs)
and values of other parameters, including equilibrium distances,
binding energies, vibrational and rotational interaction constants
as well as dipole moments.

This work concerns the spectrum of the A2D—X2P system of the
CD molecule and is a continuation of the previous research on the
various isotopic species of the CH and CH+ molecules undertaken in
our laboratory. In the framework of the present experiment, we
recorded high-resolution emission spectra of CD in the 22800—
24000 cm�1 region using a conventional spectroscopic technique.
We measured and analyzed the rotational structure of four bands
of the A–X system: 0–0, 1–1 (reinvestigations) and 2–2 and 3–3
(first analyses). Our measurements of CD rotational lines are in
agreement with the previous values of Gerö [6] where they over-
lap; however, the precision of the line wavenumbers has been im-
proved by approximately an order of magnitude. Moreover, the full
rotational structure of the bands (12 clearly resolved branches)
was observed for the first time. The present data, when combined
with previous vibrational–rotational transition data [10] and pure
rotational transition data [9,12], provide improved spectroscopic
constants for the ground X2P state and particularly the first
excited state A2D of the CD radical.
2. Experimental details

The CD molecules were produced and excited by an electric dis-
charge in a water-cooled, stainless steel hollow-cathode lamp with
two anodes [14]. The anodes were operated at 2 � 430 V and
2 � 50 mA dc. A non-flowing mixture of 6.0 Torr He buffer gas
and 2.0 Torr CD4 (98% of D) was observed to be optimal in produc-
ing A2D—X2P emission.

The spectra were observed in the 6th order using a 2-m Ebert
plane-grating PGS-2 spectrograph equipped with 651-grooves/mm
grating with a total of 45600 grooves, blazed at 1.0 lm. The
reciprocal dispersion was in the range of 0.067–0.071 nm/mm, and
the theoretical resolving power was approximately 270000. The
CD spectra were recorded by translating an exit slit and photomul-
tiplier tube (HAMAMATSU R943-02) on a linear stage (HIWIN
KK5002) along the focal curve of the spectrograph. The entrance
and exit slit widths were 0.035 mm. The line intensities were mea-
sured using single photon counting (a HAMAMATSU C3866 photon
counting unit and M8784 photon counting board) with a counter
gate time of 200 ms (no dead time between the gates). The positions
of the exit slit were measured using a He–Ne laser interferometer
(LASERTEX) synchronized with the photon counting board. During
the counter gate time, the position was measured 64 times, and a
mean value of the position with the counts number were transmit-
ted to a PC as a measurement point. The total number of the mea-
surement points was approximately 73000 for one scan using a
sample step of 3 lm (the sample step is the translation of the exit slit
during the counter gate time). For apparatus details, see Fig. 1.

This type of spectrograph is very sensitive to mechanical and
thermal deformation of its solid, optical tube. Variations in the
atmospheric pressure and optical alignment of the spectroscopic
lamps have comparable effects on line positions (a few microns).
To reduce fluctuations in the line positions, the apparatus was
thermally insulated and mounted on the main wall with channel
iron and a 6-cm thick granite plate, and the temperature in the lab-
oratory was stabilized using an air conditioner with 0.2 �C accu-
racy. Moreover, the optical alignment of the CD and reference
lamps was corrected to obtain the same light distribution along
the exit slit. Replication of the line position measurements was
measured to be 0.2–0.5 lm, according to the variations in atmo-
spheric pressure.

Simultaneously recorded thorium atomic lines [15] obtained
from several overlapped orders of the spectrum from a water-
cooled hollow-cathode tube were used for absolute wavenumber
calibration. The peak positions of the spectral lines were calculated
using a least-squares procedure and assuming a Gaussian line-
shape for each spectral contour (30 points per line, with an uncer-
tainty of the peak position for a single line of approximately
0.1–0.2 lm). For the wavenumber calculations, seventh-order
interpolation polynomials were used. The typical standard devia-
tion of the least-squares fit for the 70–80 calibration lines was
approximately 0:0015 cm�1. The accuracy of the calibration proce-
dure was measured to be �0:0015 cm�1 (using two Th lamps
simultaneously - one as an examination light source and the other
to provide the reference spectrum). The CD lines have spectral
widths of approximately 0:15—0:18 cm�1 and appear with a max-
imum signal-to-noise ratio of approximately 80:1 for the strongest
0–0 band (the most intense lines produced a count rate of approx-
imately 32000 photons/s). The final calculations of the positions of
the molecular line centers were supported by an earlier set of
sorted wavenumbers for the CD and CH lines in the measured re-
gion obtained from preliminary measurements.



Table 1
Summary of observations and analyses of the A2D—X2P band system, vibration–rotation bands, and pure rotational transitions of CD.

Band Remarks Band origina Total number of lines Jmax f b rc�103 (in cm�1)

A–X transition
0–0 Reinvest. 23201.12020(45) 446 38.5 370 3.18
1–1 Reinvest. 23216.57792(61) 348 32.5 270 3.60
2–2 First anal. 23199.6378(12) 240 26.5 161 6.57
3–3 First anal. 23142.9287(22) 155 20.5 98 8.80

Vibrational–rotational transitiond

1–0 Reanal. 2032.03404(27) 53 9.5 27 1.13
2–1 Reanal. 1963.72099(35) 48 8.5 26 1.20
Pure rotational transition

Reanal. 28e 5.5 16 0.016

a In cm�1;1r in parentheses.
b Number of degrees of freedom of the fit for the individual band analysis.
c Standard deviation of the fit for the individual band analysis.
e Brown and Evenson [9]. Three wavenumber values were substituted with the values calculated by B.J. Drouin from Halfen et al. [12] measurements (see text).
d Morino et al. [10].
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Consequently, the measurements of the strong and unblended
lines are expected to be accurate to �0:003 cm�1. However, some
weaker and blended lines were measured with a decreased
accuracy of �0:006 cm�1. In total, 1189 lines belonging to the
0–0, 1–1, 2–2 and 3–3 bands of CD were measured, and their wave-
numbers are provided in the Supplementary material section.
3. Description of the spectra

The present spectra contain the 0–0, 1–1, 2–2 and 3–3 vibra-
tional bands belonging to the A2D—X2P transition observed in
the 22800—24000 cm�1 region. These Dv ¼ 0 bands lie in the
same spectral region (see band origin values in Table 1), which
causes their extreme overlapping and makes spectra interpretation
very complicated. The 0–0 band is the strongest, and the 1–1, 2–2,
and 3–3 bands represent approximately 60%, 30%, and 10% of the
intensity of the 0–0 band, respectively. The off-diagonal bands
(Dv ¼ �1) were very weak and could not be observed. The rota-
tional structure of the 2D—2P bands depends on the coupling case
to which both states taking part in the transition belong [16]. As
long as both states belong to the same coupling case (Hund’s case
(a) or Hund’s case (b)), six intense main branches are present:
P1; P2;Q1;Q2, R1, and R2, each of which is doubled by K-doubling
in the 2P state. In the most general case, if the two terms belong
to different coupling cases, 24 branches are present. For CD, the
A2D state changes from approximately Hund’s case (a) to Hund’s
case (b) as J increases and several satellite branches are allowed.
In total, six additional satellite branches (R12;Q 12; P12;R21;Q21,
and P21) are expected in each sub-band. The complete rotational
structure described above was not measured in all the recorded
bands because of the extreme overlapping of the bands.

A part of the spectrum of the A2D—X2P transition of CD in the
region of 23100 cm�1 is presented in Fig. 2. Several low-J, -P11ee,
-P11ff, -P22ee, and -P22ff lines of the 0–0, 1–1, and 2–2 bands have
been marked.
1 R12ff ð0:5Þ ¼ 439262:229ð100ÞMHz, R12eeð0:5Þ ¼ 439798:901ð100ÞMHz, Q21ef

ð1:5Þ ¼ 884775:254ð200ÞMHz, R11ff ð1:5Þ ¼ 915853:1ð10ÞMHz, R11eeð1:5Þ ¼ 916954:5
ð10ÞMHz.
4. Analysis and results

The reduction of the line wavenumbers (see Supplementary
material) to rovibronic parameters was performed using an indi-
vidual band-by-band analysis and an unweighted nonlinear
least-squares fitting procedure using the computer program
described earlier [17]. In this program, both analyzed states are
represented by effective Hamiltonians from Brown et al. [18].

Direct matrix elements for the 2P state were used in the form
proposed by Amiot et al. [19] with a slight modification; i.e., the
signs of the matrix elements for the constant L were changed to
be opposite to those used in the original work [19] to preserve
the commonly used convention. For that reason, the signs of the
L constants in our previous works [24,25] differ from those ob-
tained here. The matrix elements of the 2D state were taken in
the original form given by Brazier and Brown [20]. The explicit ma-
trix elements used in our calculations are available from our web-
site [21] or from Table IV of the Supplementary material.

To combine our results with those obtained earlier, we have
performed a fit of the available data on the CD radical in its X2P
state (see Table 1). The refitted data set is composed of the
following:

(i) the FTIR measurements (1–0 and 2–1 bands) of Morino et al.
[10],

(ii) the hyperfine-free line positions calculated by Brown and
Evenson [9] from their far-infrared LMR data (v = 0),

(iii) the hyperfine-free line positions calculated1 for us by B.J.
Drouin from fundamental rotational transitions data (v = 0)
of Halfen et al. [12].

Because the last two data sets overlapped, they were integrated
and fitted together as a single data set. If two wavenumber values
were available for the same line, the slightly more accurate value
was selected. Three line wavenumbers (R12ff ð0:5Þ, R12eeð0:5Þ and
Q21ef ð1:5Þ) in the Brown and Evenson [9] data were substituted
with the values calculated by B.J. Drouin from Halfen et al. [12]
measurements.

The procedure which combines these two data sets was re-
quired for two reasons. First, the limited number of rotational tran-
sitions observed by Halfen et al. [12] precluded the determination
of the full set of the molecular constants of the X2P, v = 0 vibronic
level, which is desirable in conducting a global merge calculus trial.
Second, these two measurements were not consistent and thus re-
sulted in slightly different values for the main molecular parame-
ters of the v = 0 level of the ground state of CD. For example,
B0 = 7.7018682(16) constant of [9] compares with the value of
7.701829(9) [12] (for a detailed comparison, see Table V [9] and
Table 3 [12]).

In this way a set of 28 pure rotational transitions has been ob-
tained (see Table 1 and Table III in Supplementary material), which
has become the subject of our further analysis. The initial fit



Fig. 2. Part of the rotational structure of the 0–0, 1–1, and 2–2 bands of the A2D—X2P transition of CD. Only the strongest branches have been rotationally interpreted (the
other lines are represented by the unmarked lines). The strong feature at 23142 cm�1 arose from the extreme overlapping of the four main Q branches of the 3–3 band. The Th
atomic lines used for calibration are marked with broken lines.
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showed that the inclusion of all line positions in the calculation did
not give satisfactory results because:

– lines R12ff ð0:5Þ and R12eeð0:5Þ deviated from the model by the
value of about 400 kHz while their accuracy assessed by B.J.
Drouin amounted to 100 kHz,

– the obtained molecular parameters were not in agreement with
those achieved from the individual fit of the 0–0 band of the A–
X system. The evidence of this was the unsatisfactory value of
the estimated variance of the merging of both sets of constants.

The next step was to recognize the lines responsible for discrep-
ancies between the sets of the ground state molecular parameters,
described above. We used the precise constants for the X2P, v = 0
level obtained on the basis of our measurements (12 branches with
Jmax ¼ 38:5, r ¼ 0:0032 cm�1, f = 370) of the 0–0 band of the
A2D—X2P transition in the reduction of the pure rotational transi-
tions. In this fit most of the molecular constants were constrained,
except the major ones: B, A, c, p, and q. We found that among all
the lines used seven showed substantial deviation from the model.
Our observations have coincided with the information concerned
the weights and intensities of rotational transitions (see Tables
IV and VII [9]) given in the work of Brown and Evenson [9]. For
the reasons described above, it has been decided to exclude these
seven rotational transitions from further calculations (see Table
III in Supplementary material).

Because Wienkoop et al. [11] did not provide the hyperfine free
frequencies for their far-infrared LMR spectra (v = 1 and 2 vibra-
tional level) and from the mid-infrared CO LMR spectra (1–0, 2–1
and 3–2 band), we could not include these data in our refitting pro-
cedure. The statistical data of the individual band fits are presented
in Table 1.
The molecular constants obtained from the individual fits were
subsequently used as input data for the merge calculations de-
scribed by Albritton et al. [22] and Coxon [23]. In this method,
the output molecular constants and the accompanying variance–
covariance matrices from each of the individual fits of the bands
are taken together as input for a correlated least-squares fit, which
then yields the desired merged single values. This merging is
equivalent to a global fit of all the data to the parameter sets for
both states; however, it is more precise, revealing prospective
strong correlations between molecular parameters or systematic
errors of wavenumber measurements. The estimated variance of
this merging was r2

M ¼ 1:25, and the number of degrees of freedom
was fM ¼ 48. The value of variance is satisfactory and lies within
the 95% confidence limits of a v2=fM distribution, which excludes
the existence of systematic errors in the line wavenumbers of the
analyzed bands.

In this manner, the final molecular parameters for the X2P,
v = 0, 1, 2 and A2D, v = 0, 1, 2 states were derived. As the merge pro-
gram requires the bands to have at least one common vibrational
level, the 3–3 band was excluded from the merge calculation. All
of the values of the molecular parameters for the v00 = 3 and v0 = 3
levels originate from the individual 3–3 band fit.

The resulting molecular constants are compared with the calcu-
lations performed within the Born–Oppenheimer approximation
for the X2P state in Table 2 and for the A2D state in Table 3.

The main X2P state molecular constants of v = 0 are known
with excellent precision from previous studies [9,11,12] of the
CD ground state. However, we observed that using these molecular
parameters, obtained from a limited number of rotational transi-
tions, the reduction of the A–X 0–0 band proved unsatisfactory.
With constrained X-state constants, the least squares fit had a large
standard deviation of r ¼ 0:072 cm�1.



Table 2
Molecular constants (in cm�1;1r in parentheses) of the X2P state of CD.

Constant v ¼ 0 v ¼ 1 v ¼ 2 v ¼ 3

Tv 0.0 2032.03419(27) 3995.75544(45) 5891.7963c

Bv 7.70187357(50) 7.4910076(75) 7.281586(16) 7.07342(12)
7.689281a 7.478695a 7.269631a 7.061812a

Dv � 104 4.27932(17) 4.22821(33) 4.1746(11) 4.1134(42)

4.2582a 4.2073a 4.1596a 4.1149a

Hv � 108 1.8087(24) 1.7895(27) 1.684(12) 1.656(54)

1.8266a 1.7927a 1.7528a 1.7067a

Lv � 1012 �0.9984(97) �1.204a,b �1.198a,b �1.210a,b

�1.228a

Av 28.096366(37) 28.2361(16) 28.3722(24) 28.512b,c

28.1207a 28.2632a 28.4025a 28.5385a

cv � 102 �1.41445(55) �1.3583(71) �1.328(12) �1.269(16)

�1.3832a �1.3223a �1.2614a �1.2004a

cDv � 106 2.36(15) 2.435a,b 2.394a,b 2.395a,b

2.520a

pv � 102 1.81775(40) 1.7184(49) 1.635(11) 1.618(29)

1.8078a 1.7494a 1.6909a 1.6325a

pDv � 106 �2.530(37) �2.446a,b �2.231a,b �2.016a,b

�2.661a

qv � 102 1.131706(51) 1.09953(32) 1.06976(87) 1.0408(31)

1.12908a 1.09953a 1.06999a 1.04044a

qDv � 106 �2.3715(30) �2.2869(48) �2.271(19) �2.210(97)

�2.380a �2.335a �2.290a �2.245a

qHv � 1010 2.232(24) 2.344a,b 2.285a,b 2.226a,b

2.403a

a The value calculated from the 12CH parameters of Ref. [24] using the isotopic relationship within the Born–Oppenheimer approximation.
b Fixed value.
c Obtained from the equilibrium parameters reported by Wienkoop et al. [11].

Table 3
Molecular constants (in cm�1;1r in parentheses) of the A2D state of CD.

Constant v ¼ 0 v ¼ 1 v ¼ 2 v ¼ 3

Tv 23201.12020(45) 25248.61211(67) 27195.3933(13) 29034.7249c

SSS Bv 7.9014090(59) 7.641573(14) 7.368010(24) 7.076599(99)
7.905785a 7.645763 a 7.372263a 7.080109a

Dv � 104 4.53038(26) 4.59470(66) 4.6990(13) 4.8844(21)

4.5338a 4.6174a 4.7084a 4.8704a

Hv � 108 1.4975(33) 1.2191(98) 0.710(13) 0.626a,b

1.5873a 1.2668a 0.9463a

Lv � 1012 �1.868(13) �2.235(49) �2.245a,b �2.240a,b

�2.252a �2.249a

Av �1.09071(77) �1.0670(11) �1.0651(19) �1.0328(29)
�1.10456a �1.08290a �1.05935a �1.03390a

cv � 102 2.2730(43) 2.177(10) 2.090(15) 2.020a,b

2.2942a 2.2028a 2.1113a

cDv � 106 �2.78(16) �2.63(11) �2.479a,b �2.363a,b

�2.709a �2.594a

pv � 107 1.52(36) 2.13(91) 8.63a,b 11.40a,b

3.04a 5.84a

qv � 108 �0.458(57) �1.84(19) �6.67a,b �9.88a,b

�0.258a �3.47a

a The value calculated from the 12CH parameters of Ref. [24] using the isotopic relationship within the Born–Oppenheimer approximation.
b Fixed value.
c Obtained from the 3–3 band origin value (Table 1) and T3 value (Table 2).
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In addition, some comments should be made about the present
H0 constant of the X state. In previous studies [9,11,12], this con-
stant had to be fixed in the fits, mostly due to the small number
of rotational transitions recorded. The constrained H0 constant va-
lue of 1:585� 10�8 cm�1 was calculated from CH parameters. In
this study, we have recorded a very wide spectrum for the 0–0
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band of the A2D—X2P system (12 branches with Jmax ¼ 38:5), and
the H0 and L0 constants could be determined with satisfactory pre-
cision. The present value of H0 is 1:8087ð24Þ � 10�8 cm�1. Assum-
ing a traditional isotopic relationship for He and using our
previous CH data [24], we obtain a value of 1:8266� 10�8 cm�1

for H0 of CD, which is in reasonable agreement with the present
experimental value. Table 2 demonstrates that we have deter-
mined the five principal K-doubling parameters for the v = 0 vib-
ronic level of the ground state. Four of them (p0, pD0

; q0, and qD0
)

have been previously reported [11,12]. In general, our results con-
firm the previous ones, except for the pD0

value, which is larger in
magnitude (by a factor of about 1.6) than that reported by Wienko-
op et al. [11] and Halfen et al. [12].

The Bv, Dv, Av, cv , pv, qv and qDv molecular constants for the v = 1
and 2 levels of the X state of CD have only been previously reported
by Morino et al. [10] from their FTIR measurements. Our results
(Table 2) are in agreement with those obtained earlier [10], mostly
within the quoted errors. However, many of the earlier results have
been improved by an order of magnitude. For example, our lambda-
doubling constants p1 ¼ 1:7184ð49Þ � 10�2 cm�1 and
q1 ¼ 1:09953ð32Þ � 10�2 cm�1 can be compared with the values
of 1:725ð12Þ� 10�2 cm�1 and 1:1094ð30Þ � 10�2 cm�1, respectively.

Only one set of published experimental results is available for
the X2P, v = 3 vibronic level, that of Herzberg and Johns [8], from
the analysis of the absorption spectrum of the C–X system of CD.
Only estimated values for the main molecular constants were
presented: B3 ¼ 7:077ð4Þ cm�1, D3 ¼ 4:5ð4Þ � 10�4 cm�1 and q3 ¼
Table 4
Equilibrium molecular constants (in cm�1;1r in parentheses) for the X2P and A2D states

Constant X2P

This work Ref. [11] Calculated

me – –
xe 2101.05304(93) 2101.05193(55) 2100.4490
xexe 34.72811(36) 34.72785(58) 34.73849
xeye 0.14147b 0.14147(10) 0.14396

xeze � 102 �0.4481b �0.4481b �0.4469

Be 7.8079371(70) 7.8079823(55) 7.795231
ae 0.212582(18) 0.212240(11) 0.212373

ce � 103 0.9322(68) 0.7120(32) 0.9682

ee � 104 �0.46a,b �0.46

De � 104 4.30522(65) 4.27683(41) 4.28482

be � 106 �5.165(73) �3.83(13) �5.398

de � 106

fe � 107

He � 108 1.824(16) 1.8412

aHe � 109 �0.23(14) �0.278

bHe � 1011 �3.04a,b �3.04

Le � 1012 �1.246

aLe � 1014 4.17

bLe � 1016 �0.90

Ae 28.025518(87) 28.02402(44) 28.04818
aAe 0.14243(18) 0.14548(87) 0.14582

bAe � 103 �1.46b �1.46(29) �1.642

ce � 102 �1.4387(19) �1.44415(45) �1.41365

ace
� 104 4.85(35) 6.104(74) 6.092

cDe
� 106

acDe
� 107

pe 1.8656(21) � 10�2 1.8370 � 1
ape

�9.58(40) � 10�4 �5.84 � 10
qe 1.14753(27) � 10�2 1.14385 �
aqe

�3.166(47) � 10�4 �2.955 � 1

qDe
� 106 �2.4132(48) �2.4022

aqDe
� 108 8.38(53) 4.50

a The value calculated from the 12CH parameters of Ref. [24] using the isotopic relatio
b Fixed value.
0:006ð2Þ cm�1. The present main molecular constants can be com-
pared with the values reproduced from the X2P state equilibrium
parameters of Wienkoop et al. [11]. For example, our experimental
B3 ¼ 7:07342ð12Þ cm�1 constant compares with the calculated va-
lue of 7:07386 cm�1.

In Table 2, we compare the results of the present study with
those values calculated from the CH parameters [24] within the
Born–Oppenheimer approximation. As observed, some constants
have been constrained in the fit to the values estimated from these
calculations.

Finally, the present X2P state molecular constants (especially
for the v = 0 vibronic level) are observed to be more reliable than
those published earlier [9–12], mainly because we have been able
to combine the available X2P state data [9,10,12] with the present
wide measurements of the bands of the A2D—X2P transition of CD.
The constants from Table 2 for the X2P state supersede those pre-
viously reported from the ground state transitions measurements
and minor discrepancies existing thus far. It should be stressed that
the new constants reproduce the fundamental transitions
R12eeð0:5Þ and R12ff ð0:5Þ calculated by B.J. Drouin from Halfen
et al. [12] measurements with an accuracy greater than 100 kHz
(see Table III in Supplementary material).

The principal molecular constants of the A2D, v = 0, 1 vibronic
levels of CD were first published by Gerö [6] and were recently
reproduced by Herzberg and Johns [8]. These very approximate pre-
vious results were determined to be in agreement with our results
for B0;D0;B1, and D1. For example, our B0 ¼ 7:9014090ð59Þ cm�1
of CD.

A2D

by scalinga This work Calculated by scalinga

23183.5751(24) 23151.4925
2141.7459(64) 2139.6188
45.3023(43) 43.8823
�1.12292(77) �1.34107

8.027467(56) 8.032360
0.25006(16) 0.25150
�3.77(11) �2.857

�6.87(22) �8.63

4.5004(24) 4.4750

6.37(68) 13.69

�1.09(45) �4.39

6.85(81) 10.58

1.6367(70) 1.7475

�2.78(11) �3.205

�1.685(32) �2.254

�36.7(51) 0.372

�1.1004(29) �1.1147
0.0208(25) 0.0198

0.948

2.3192(23) 2.3399

�9.29(24) �9.14

�2.767

1.152

0�2 1.22(71) � 10�7 1.648 � 10�7

�4 0.61(98) � 10�7 2.79 � 10�7

10�2 0.23(13) � 10�8 1.35 � 10�8

0�4 �1.38(20) � 10�8 �3.21 � 10�8

nship within the Born–Oppenheimer approximation.



Table 5
Electronic isotopic shift of the A2D—X2P system of the three isotopologues of CH.a

Molecule Ref. me Y 000 Y 0000 Dme

CH [24] 23151:4925ð13Þ 0.9289 1.7625
13CH [25] 23151:8930ð57Þ 0.9216 1.7526 0.3979
CD This work 23183:5751ð24Þ 0.0915 0.9474 32.1049

a In cm�1;1r in parentheses.
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and B1 ¼ 7:641573ð14Þ cm�1 constants compare well with the pre-
vious values of 7:902 cm�1 and 7:642 cm�1, respectively. As ob-
served in Table 3, a wide set of molecular constants for the A
state were experimentally obtained for the first time. Some of the
smaller parameters (especially for the v = 2 and 3 vibronic levels)
had to be constrained to the values estimated from isotopic calcu-
lations within the Born–Oppenheimer approximation.

4.1. Equilibrium parameters of the X2P and A2D states

Based on the values obtained for the rovibronic constants and
assuming their traditionally recognized polynomial dependence
on the vibrational quantum number, the equilibrium molecular
parameters for the X2P and A2D states were calculated using a
weighted least-squares method. The results are presented in Table
4 and are compared with the values calculated from the CH param-
eters [24] and with recent experimental values reported by Wien-
koop et al. [11] for the X state of CD.

The xe and xexe vibrational constants for the ground state were
calculated based on the vibrational term values (see Table 2) and
with the xeye and xeze parameters fixed to the values derived in
work [11]. The excellent compatibility of our results and those re-
ported by Wienkoop et al. [11] (particularly for the vibrational and
rotational parameters) is not surprising because the same experi-
mental material for the X state was partially used in both studies.

The main rotational parameters of the A state are in agreement
with these scaled from the constants of CH [24], except a few min-
or ones, i.e. aLe and qe. The observed discrepancies result from the
fact that the equilibrium parameters of the A2D state of CH used for
isotopic calculations were based on molecular parameters ob-
tained from a limited number of rotational transitions.

The 0–0 to 3–3 band origin values (see Table 1) were used to
evaluate the equilibrium vibrational constants for the A2D state.
Small differences between the present experimental results and
those obtained by isotopic scaling arise primarily from a break-
down of the Born–Oppenheimer approximation. This problem have
been previously discussed by Morino et al. [10] and by Wienkoop
et al. [11]. The present experimental vibrational constants
xX

e ¼ 2101:05304ð93Þ; xexX
e ¼ 34:72811ð36Þ,

xA
e ¼ 2141:7459ð64Þ, and xexA

e ¼ 45:3023ð43Þ can be compared
with the theoretical values derived by Kalemos et al. [13]. The val-
ues obtained in work [13] were 2093:3 cm�1;33:64 cm�1 for the X
state and 2137:4 cm�1;49:39 cm�1 for the A state. The Be constants
were used to determine the equilibrium bond lengths re ¼
1:11886609ð50Þ Å and re ¼ 1:1034610ð38Þ Å for the X2P and A2D
states, respectively.

The present value of me ¼ 23183:5751ð24Þ cm�1 for the A–X
transition of CD can be compared with the value of 23151:4925
ð13Þ of CH [24] and with the value 23151:8930ð57Þ of 13CH [25].
The differences observed between these values made it possible
to derive the electronic isotope shift for the A–X transition, as de-
scribed in detail by Bunker [26], using the expression:

Dme ¼ mi
e � Y 0i00 þ Y 00i00 � ðme � Y 0CH

00 þ Y 00CH
00 Þ: ð1Þ

The electronic isotopic shifts derived in this manner are presented
in Table 5, along with all of the data used in the calculations.

The accuracy of the derivation of the Dme values is impossible to
determine for the reason discussed in detail in [26]. In the same
work, Bunker demonstrated that Dme can be written in the form

Dme ¼ DUð1� q2Þ=l ð2Þ

where DU is independent of the nuclear masses, and q ¼ ðl=liÞ
1
2.

Using a linear least-squares fitting procedure and data from Table
5, we obtained a value of DU ¼ 64:762ð38Þ cm�1. Eq. (2) can be ap-
plied for future analysis of other isotopic species of this molecule for
a more precise determination of DU and for estimation of the preci-
sion of the electronic isotopic shifts of all species of this molecule.

5. Conclusions

The full rotational structure of the 0–0, 1–1, 2–2 and 3–3 bands
of the A2D—X2P system of CD has been observed for the first time.
Although this transition has been observed previously [5–7], our
work shows improvements in the measured rotational line posi-
tions. The bands were analyzed using the effective Hamiltonian
proposed by Brown et al. [18]. In the final fit, the present data were
combined with available experimental results concerning the
ground X2P state of CD [9,10,12]. In this manner, a wide set of
molecular constants for both considered states were obtained.

A comparison of the present equilibrium parameters with those
calculated from CH parameters [24], using the isotopic relationship
within the B–O approximation, reveals small discrepancies from
this approximation. The electronic isotopic shift, Dme ¼ 32:105
cm�1, and that independent of the nuclear masses coefficient,
DU ¼ 64:762ð38Þ cm�1, were determined. Therefore, we consider
that the present results significantly widen and improve the exist-
ing information on the spectrum and energetic structure of the CD
molecule.
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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.2012.05.006.

References

[1] P.F. Bernath, J. Chem. Phys. 86 (1987) 4838–4842.
[2] P.F. Bernath, C.R. Brazier, T. Olsen, R. Hailey, W.T.M.L. Fernando, J. Mol.

Spectrosc. 147 (1991) 16–26.
[3] T. Heurlinger, Dissertation, University of Lund, 1918.
[4] K.P. Huber, G. Herzberg, Molecular Spectra and Molecular Structure IV,

Constants of Diatomic Molecules, Van Nostrand, Princeton, 1979.
[5] T. Shindei, Jpn. J. Phys. 11 (1936) 23–24.
[6] L. Gerö, Z. Phys. 118 (1941) 709–721.
[7] L. Gerö, R. Schmid, Naturwissensch. 29 (1941). 239-239.
[8] G. Herzberg, J.W.C. Johns, Astrophys. J. 158 (1969) 399–417.
[9] J.M. Brown, K.M. Evenson, J. Mol. Spectrosc. 136 (1989) 68–85.

[10] I. Morino, K. Matsumura, K. Kawaguchi, J. Mol. Spectrosc. 174 (1995) 123–131.
[11] M. Wienkoop, W. Urban, J.P. Towle, J.M. Brown, K.M. Evenson, J. Mol. Spectrosc.

218 (2003) 85–94.
[12] D.T. Halfen, L.M. Ziurys, J.C. Pearson, B.J. Drouin, Astrophys. J. 687 (2008) 731–

736.
[13] A. Kalemos, A. Mavridis, A. Metropoulos, J. Chem. Phys. 111 (1999) 9536–9548.
[14] R. Bacis, J. Phys. E: Sci. Instrum. 9 (1976) 1081–1086.
[15] B.A. Palmer and R. Engleman Jr., Atlas of the Thorium Spectrum Los Alamos

National Laboratory (Los Alamos NM 1983) – unpublished.

http://www.sciencedirect.com
http://library.osu.edu/sites/msa/jmsa_hp.htm
http://library.osu.edu/sites/msa/jmsa_hp.htm
http://dx.doi.org/10.1016/j.jms.2012.05.006
http://dx.doi.org/10.1016/j.jms.2012.05.006


60 M. Zachwieja et al. / Journal of Molecular Spectroscopy 275 (2012) 53–60
[16] G. Herzberg, Molecular Spectra and Molecular Structure I, Spectra of Diatomic
Molecules, Van Nostrand, Princeton, 1950.

[17] Z. Bembenek, R. Ke�pa, A. Para, M. Rytel, M. Zachwieja, J.D. Janjić, E. Marx, J. Mol.
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