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- \bstract

[

£ rometer. In these experiments, transitions in the (1,0), (2,1), and (3,2) bands have been detected. All the available data on CD in its

172785 (58)cm™!, Bo = 7.7018632 (14)cm™, a5 =

Two separate studies of the CD radical in vibrationally excited levels of its X*I1 ground state have been made by the technique of
ser magnetic resonance. The first of these studies was in the far-infrared; rotational transitions of CD in the v = 1 and 2 levels have
| heen detected. The second study was carried out in the mid-infrared using a carbon monoxide laser magnetic resonance spec-

II state have been used to determine an improved set of molecular parameters for the CD radical. In addition to the above data
ts, previous far-infrared laser magnetic resonance on the CD radical in the v =

) bands have been included. The principal molecular parameters determined are: v = 2032.03360 (18)cm™, wex, =
—a, = —0.212239 (11)em™!,
| standard deviation from the least squares fit. A small but significant dependence of the orbital contribution to the magnetic dipole

0 level and FTIR observations of the (1,0) and

where the figures given in parentheses are one

 moment on the vibrational quantum number is detected. This may reflect the mixing between the X2II and a*X" states of CD.

©2003 Elsevier Science (USA). All rights reserved.
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. Introduction

The CH radical is a leading player on the stage of
physical chemistry. It is an enthusiastic participant in
many combustion processes [1] and is widespread in
‘ stronomical sources such as the interstellar medium [2—
4] As befits such an important species, it has been the
Subject of extensive spectroscopic study over the years.
Less attention has been paid to its deuterated isoto-
Pomer, CD, although the deficit is being made good by
Rcent work. The present paper can be regarded as a
further contribution to our knowledge of CD.
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The first spectroscopic information on CD came from
its electronic spectrum which has been studied succes-
sively by Shindei [5], Ger6 [6] and by Herzberg and
Johns [7]. Pure rotational and spin-rotational transi-
tions in CD in its X?II state were observed at far-in-
frared wavelengths by Brown and Evenson [8] using the
technique of laser magnetic resonance (LMR). This
provided the first really precise measurement of several
molecular parameters, including the rotational constant,
the spin—orbit coupling constant, lambda-doubling pa-
rameters and the deuteron hyperfine parameters. More
recently, Morino et al. [9] have recorded the infrared
spectrum in emission with a Fourier transform inter-
ferometer. They observed lines in the (1,0) and (2,1)
bands of CD.

Two types of spectroscopic observaticn on CD are
reported in the present paper. First, in an extension of
the work of Brown and Evenson [8], far-infrared LMR
spectra of CD in the excited vibrational levels v =1
and 2 have been recorded. Second, the mid-infrared
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spectrum has been recorded again but this time more
accurately by the technique of CO LMR. Resonances in
the (1,0), (2,1), and (3,2) vibrational bands have been
identified and measured. These new observations have
been combined with those from earlier studies of CD in
the X1 state [8,9] to produce an improved set of vi-
bration-rotation parameters for this molecule.

2. Experimental details

The far-infrared LMR experiments were performed
at the Boulder laboratories of NIST as in the earlier
work on CD [8]; the spectrometer has been described in
detail elsewhere [10]. The CD radicals were produced in
the spectrometer sample volume by the reaction of
fluorine atoms with deuterated methane in a flow sys-
tem, the fluorine atoms being generated by passing a
mixture of 10% F; in helium through a microwave dis-
charge. The total pressure in the sample volume was
about 0.33 mbar (33 Pa) which permitted Lamb dips to
be observed on most of the strong lines. The optimum
reaction conditions to produce vibrationally excited CD
were essentially the same as those required to produce
CD in the v=0 level, an indication of the marked
exothermicity ‘of the reactions involved. The magnetic
field was modulated at a frequency of 14kHz and the
signal detected with a lock-in amplifier at the same fre-
quency. The resonances were consequently displayed as
the first derivative of an absorption profile. The magnet
of the LMR system was controlled by a rotating-coil
magnetometer which provided a direct readout of the
flux densities. The system was calibrated periodically up
to 1.8 T with a proton NMR gaussmeter; the absolute
uncertainty was 10> T below 0.1 T and the fractional
uncertainty was 10™* above 0.1 T.

The mid-infrared LMR experiments were conducted
at the Institut fiir Angewandte Physik at the University
of Bonn in Germany. The apparatus was in the Faraday
rotation configuration and has been described in detail

previously, for example [11]. The carbon monoxide laser

was liquid-nitrogen cooled and of the flowing gas type.
Initially, the CD radicals were produced in these ex-
periments in an electric discharge through a mixture of
CDy, D;, and helium. The D5 gas was included because
it suppressed the formation of a graphite film on the cell
wall; if present, this film tended to break away and so
cause large noise spikes in the signal channel. In the
course of this work, it was discovered that CD signals
which were almost as strong (~80%) could be obtained
by running the discharge through a mixture of CHy, D5,
and helium. This provided a much cheaper method of
producing the signals; CD4 was only used when a very
weak signal was expected. The optimum pressures in the
gas discharge were 3.3mbar (330Pa) of He, 0.5mbar
(50 Pa) of D,, and 0.1 mbar (10 Pa) of CH,. The signal

intensities also showed a dependence on the discharge
current. Lines in the fundamental band reached ,
maximum level at a current of 75mA. Lines in the (2],
and (3,2) bands on the other hand were still increasing
when the current was at its maximum value of 150ma
The magnetic field in these experiments was provided by
a super-conducting solenoid with a maximum flux dep.
sity of 3.2T. A region at the center of the magnet ¢
length 30 cm was modulated at 8.6 kHz. The signal wag
pre-amplified and passed to a lock-in amplifier tuned o
the modulation frequency. The signals therefore appear
as the first derivative of a dispersion profile.

3. Results and analysis
3.1. Far-infrared observations

The far-infrared observations on CD in excited vi-
brational levels are summarised in Table 1. Gne rota-
tional transition was observed in the v = 1 level and three
in v=2. An example from the 171.8 pm spectrum i
shown in Fig. 1. The transition involved is N =4 3,
+ «— — of CD in the v = 2 level. The deuteron triplet
hyperfine structure (/ = 1) can be clearly seen as a series
of Lamb dips on each of the main resonances. The de-
tailed measurements for the three laser lines used are gi-
ven in Table 2. The assignments were made with the help
of a computer program which predicted all possible res:-
onances for a given laser frequency, together with therr
lines strengths and tuning rates. This information con-
stitutes the Zeeman pattern which can be used to make
the assignmeuts even when the molecular parameters
employed are not quite accurate. The molecular param-
eters were estimated from the corresponding values for
CH [12,13] using appropriate isotopic scaling factors and
also from the work of Morino et al. [9]. The resultant
assignments are also given in Table 2. The guantum
numbers used to describe the molecular states are N, the
parity, the spin component identification number, ;-
and M; (the nuclear spin de-coupled description is tl}f,,
appropriate one for experiments performed in a magnetic
field although some weak transitions which violate the
selection rule AM; = 0 were observed, see Tabie 2). Thf
electron spin identification number counts the states Wflh |
given values of parity, N, My, and M; in order of .
creasing energy. It is used in preference to the quantul™
number J because the latter ceases to be good, even -
quite modest magnetic fields. This occurs because the
spin—rotation splittings in CD are very small. As &
plained by Brown and Evenson [8], CD conforms almost
perfectly to Hund’s case (b) coupling because A4 is almost
exactly equal to 4B. An estimate of the experimef}f?f:
uncertainty of each obsérvation is given in Table 2; this*
dominated by the accuracy of the far-infrared laser fre-
quencies which are re-settable to v2 x 5 x 1077 v,
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Table !
FIR laser lines used to record LMR spectra of the CD radical in vibrationally excited levels
CO» pump Gain medium Wavelength (um) Frequency (MHz) CD transitions observed
v N J Fos
10R(20 CHyF» 166.6 1799 139.3 1 43 332t F—F
9R(8) BCH;0H 171.8 1 745 439.0 2 43 3421 ek
43 Fi+—F
IR(10) CH;OH 232.9 1 286 999.5 2 32 32l B eF
) 21 1 Jogmy

£ labels the spin components in order of increasing energy for a given J.

] — ]

80 80

100 120

Flux density / mT

Fig. 1. Part of the far-infrared LMR spectrum of the CD radical in excited vibrational levels of the X2IT state. The spectrum is recorded with the
-171.8 um laser line in perpendicular polarization (AM; = =1). The rotational transition involved is N = 4 « 3, + — — of CD in the v = 2 level. The
-deuteron triplet hyperfine structure can be seen on most of the main resonances as Lamb dips.

32, Mid-infrared observations

. The mid-infrared observations were made with a
“tarbon monoxide laser, using lines between 2050 and
1850cm~!. Transitions in three vibration-rotation
“bands were observed. The first few lines in the Q- and
;—P-branches were seen in the fundamental band, R- and
(-lines were seen in the (2,1) band and P-, Q-, and R-
lnes were seen in the (3,2) band. The details of the
; observations are given in Tables 3—5. The assignments,
_Which are also given in these tables, were made with
f‘he help of the same predictive computer program,
F“blng the parameters from the work of Morino et al.
Pl An example of the mid-infrared LMR observa-
lons is shown in Fig. 2. The resonances are associated
ith the P-branch transition, N =1« 2, F — F
V=15 2l) in the fundamental band at

l*ooo 09cm~!. The lambda-type doubling can be
Yearly seen. Because of the greater Doppler linewidth
«Mthe mid-infrared, the deuteron hyperfine structure is
ant resolved in any of these spectra. The uncertainty
M g single, non-overlapped line is estimated to be
f MHz or 0.001em™!,

3

3.3. Determination of molecular parameters

An improved set of molecular parameters was de-
termined by fitting a model Hamiltonian to all the
available data on CD in its X?IT state by least-squares
methods. The data set is comprised of four parts:

(i) the far-infrared LMR data reported by Brown and

Evenson [8] on the spin-rotation transitions of CD in

its v = 0 level (198 data points),

(i1) the FTIR measurements of Morino et al. [9] on

the (1,0) and (2,1) transitions of CD in zero magnetic

field (103 data points),

(iii) the far-infrared LMR data on spin-rotation tran-

sitions of CD in the v = 1 and 2 levels reported in this

work (67 data points, see Table 2) and

(iv) the mid-infrared LMR data on the (1,0), (2,1),

and (3,2) bands of CD also reported in this paper

(111 data points, see Tables 3-5).

The data were weighted inversely as the square of the
estimated experimental uncertainty in the least-squares
fit. Morino et al. [9] did not give an estimate of their
experimental uncertainty. We have assigned a value of
60 MHz or 0.002cm™! to this quantity.
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Table 2
Observations in the far-infrared LMR spectrum of the CD radical in vibrationally excited states
v N «— N" Parity M, — MY M; Eigenstate By (mT) Vi = Veale 0v/0By Uncert,
id. # (MHz) (MHz/mT) (MHz)
166.6 um spectrum v, = 1799 139.3 MHz
1 43 I = - —3% — —3% -1~ -1 22 477.36 —0.60 21.77 2.0
+ == 00 22 477.81 —-0.84 21.76 2.0
+ - - 1«1 2«2 478.27 -1.29 21.76 2.0
+ == —2% — —2% b 242 974.70 -0.48 4.36 1.27
——+ —2% — -2 b 22 1675.08 0.75 3.58 1.27
-+ -2 ° 242 1054.18 -1.44 5.59 1.27
+e = el » 242 1089.61 -0.63 3.67 1.27
171.8 pm spectrum v, = 1 745 439.0MHz
2 43 + - = -2%— —2% -1 -1 11 82.47 -0.31 -8.10 1.23
+ - = 00 11 83.19 -0.14 -8.09 1.23
+ - = 1% —~1 ] —1 83.90 -0.16 -8.09 1.23
+ == —1% — —1% -1 -1 1«1 89.64 -0.05 —5.78 1.23
+ - = 00 1«1 90.24 -0.82 -5.78 1.23
+ == 1«1 11 90.82 0.21 -5.77 1.23
= 13 b 1e1 99.90 0.45 -4.01 1.23
+ e —3le 3] =1 22 133.4 0.1 22.73 2.0
+ == 00 22 133.8 1.48 22,72 2.0
+— = 11 22 134.3 0.60 22.70 2.0
+e - 2l -2t L=l 242 209.26 0.10 7.36 1.23
+ - = 00 2«2 209.60 -0.20 7.37 1.23
+ - 11 242 209.89 -0.12 7.38 1.23
——+ -3 -3 —1 -1 2«2 298.4 1.49 22.60 2.9
—+—+ 0«0 22 298.8 -0.43 22.60 2.0
-+ 11 2«2 299.3 —4.61 22.60 2.0
+e- el b 22 375.49 -0.23 29.47 1.23
——+ -2 -2 b 2¢2 827.44 —-1.16 3.62 1.23
e = et s 242 901.12 ~0.48 1.05 123
——+ e -1 b 242 1582.2 -0.66 2.00 2.0
+ = — —1% — -2 -1 -1 11 66.8 -0.22 -8.14 2.0
+ == : 00 1«1 67.7 0.48 -8.16 2.0
+ - = 1«1 11 68.6 1.09 —8.18 2.0
- S “1e=-1 1«1 742 -0.31 ~5.95 2.0
+ = - 00 11 75.0 —0.16 -5.94 2.0
T == 11 11 75.8 -0.02 -5.94 20
2 43 e - 1o —1 -1 11 82.5 —0.34 ~4.46 2.0
+ e - 00 11 83.2 -0.08 -4.45 2.0
+e - ] —1 11 83.9 0.02 —4.44 2.
+e— ! -1 =1 11 90.1 =001 -3.61 2.0
Fe 0+-0 -1 90.6 0.20 -3.60 20
- 11 11 91.1 0.30 -3.59 2.0
fe— 32l b 11 94.6 0.47 ~3.36 2.0
+e- e b 242 249.5 -0.52 5.17 2.0
+ = - —3% — ——2% -1 -1 22 323.8 0.30 3.60 1.23
+ == 00 2«2 324.5 0.27 3.60 1.23
+ = - 1«1 22 32515 0.41 3.60 1.23
+e - Lot b 22 444.1 -0.56 2.39 2.0
— =+ -1% — —2% b 22 536.4 -1.70 5.379 2.0
-+ —4 11 b 2«2 916.42 -2.58 3.23 1.27
- -l b 22 945.06 -0.44 0.88 1.27
-+ -3l 2l ° 2«2 1658.71 1.90 1.95 1.27
232.9 um spectrum v, = ] 286 999.5 MHz
2 2e1 —— e ) S 682.18 ~0.16 -11.65 0.91
-+ 00 11 682.45 0.40 ~11.65 0.91
-+ 1«1 11 682.65 0.22 -11.65 0.91
+ = - ° 11 687.94 -2.02 -12.01 0.91
+ = -1—1 10 11 689.49 1.44 -12.01 0.91
-+ 53 -1 -1 1e1 982.85 -0.65 ~8.08 0.91
- —+ 00 Tel 983.42 0.26 -8.08 0.91
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N — N" Parity My — M} M, Eigenstate By (mT) Vi — Veale Cv/TBy Uncert.
id. #° (MHz) (MHz/mT) (MHz)
N 261 -+ 11 11 983.91 0.49 -8.08 0.91
’ be— 1l 11 11 992.22 0.56 -8.24 2.0
4+ — — 00 11 993.25¢ 0.88 -8.24 2.82
+ = — -1« -1 11 993.25° 1.48 -8.24 2.32
32 +—— -1 -1« ~1 1«2 1223.23 0.27 -17.16 0.91
4+ — — 0«0 12 1223.76 0.98 -17.16 0.91
EEPE— 11 12 1224.31 1.69 -17.15 0.91
2«1 —— + =1 b 11 596.23 -0.40 -13.17 0.91
4 - - = -1~ -1 21 603.02 -0.16 -13.75 0.91
4= —1%4——% 10 2«1 604.13 0.98 ~-13.74 0.91
—— 4 11 b 21 680.51 —0.68 —~11.68 0.91

- ]dentification number labels the eigenstate with the correct values for M; and M; in order of increasing energy for a given value for N.
" bpeuteron hyperfine structure not resolved.
 <Two hyperfine components assigned to the same resonance.

Table 3

Observations in the mid-infrared LMR spectrum of the CD radical: lines in the fundamental (1,0) band

¥ —N" Parity My — M} Eigenstate By (nT) Vi Veale 0v/eB, Uncert.
’ id. # (MHz) (MHz/mT) (MHz)
“P(l1),.,: 2046.95900cm™" or 61 366.28696 GHz
11 +e - et le1 2065.3 16 13.12 30
- —— el Le1 20353 43 13.13 30
P8, 2033.14256 ca~! or 60 952.08049 GHz
12 e le 242 2346.5 157 24.78 60
- Ll 22 2346.5 108 23.23 60
-+ e 22 2431.5 164 24.96 60
S et 242 2431.5 45 23.43 60
e - ety 22 2696.4 136 23.14 30
-+ L1l 22 2794.8 163 2329 30
RPN 21 11 2846.6 124 16.71 60
-+ A1 11 2939.4 116 16.89 60
P{15);,2 2030.15878 cm ™! or 60 862.62920 GHz
13 e Lt 242 5272 23 17.69 30
e 1oy 22 622.6 20 16.59 30
NEpE - 242 812.5 22 16.87 30
1-2 ——+ —2b 14 11 1322.6 -24 -14.23 30
NEpE— -2l 1 le1 1400.2 —45 -14.24 30
E— .| - 22 2544.5 -22 -0.53 30
+e - —le-1 242 2901.0 -22 -5.12 30
P9}, 2029.12784cm! or 60 831.72224 GHz
=3 fe- -3t -2t 11 676.0 -28 -14.28 30
- —+ -3l -2l 11 979.9 -40 -17.20 30
+ == fe1 242 1106.2 51 24.05 b
o I p— 242 11284 23 25.47 60
+ == 12 22 1044.1 100 23.82 b
f + - e 242 1055.5 15 25.40 60
5 e 11 242 1181.0 78 24.09 30
: e S | P 2¢2 1278.2 70 23.98 30
=2 P 12 11 1691.4 -65 ~17.12 60
4y Ly et 22 1765.2 94 24.77 b
t2 P ~lhe L 11 1779.4 -116 2141 60
S e 11 2346.2 -85 ~16.46 30
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Table 3 (continued)

N' « N Parity M;— M} Eigenstate By (mT) Vi Veale Bv/0By Uncert.
id. # (MHz) (MHz/mT) (MHz)
-+ et 11 2395.9 -68 -14.43 30
+ == 1"t 11 2471.1 -76 -16.62 30
e 11 le1 2526.1 -76 -14.62 30
-+ L1 11 28229 -88 ~15.59 30
22 +e— e -1 le1 2969.7 -99 ~15.65 30
-+ 24— -1 le1 31535 -114 ~18.38 30
33 +e=— 2l -1l 22 2683.4 71 -2.35 30
P(12),4: 2016.88220cm™" or 60 464.60423 GHz
11 ——4 l—1 11 12.0 11 -13.6 30
+ - -1 11 227 41 13.55 30
+ = Tt 11 72.0 23 451 30
P(16),,: 2000.09007 cm™! or 59 961.1919 GHz
12 -—+ —1 -] 11 1368.4 —47 -19.67 30
- e -l 11 14325 ~64 -19.76 30
——+ -3 22 1698.0 -49 -15.57 30 |
- L1 22 1778.6 —61 -15.63 30 5
— Tt 2¢2 2509.7 -55 -10.22 30 |
+ - i1 22 2629.5 —49 -10.27 30 ;
P(10)5,: 1999.15216cm™" or 59 933.0740 GHz ’ ;
12 e —He-t 11 2750.1 -80 -22.40 30 '*
- =+ e 11 2687.7 -90 -22.37 30 g
P(13);,: 1986.91149cm™! or 59 566.1078 GHz
23 -+ =3 22 3057.1 126 20.50 30
T 11 22 3183.6 166 20.65 30 i
1
P(14); ,: 1982.76489 cm™! or 59 441.79601 GHz
2+3 + = —1 -2t 11 2512.2 -34 -22.28 30
——t —ile -2l 11 2616.1 -33 -22.18 30
e 2L 11 2287.8 16 -17.37 30
-+ U2l 1—1 2337.1 -57 -17.31 30
P(9)4: 1951.45547 cm™" or 58 503.1632 GHz
45 + = Ll 262 442.0 47 23.82 30
+ - —1— -2 22 593.7 62 22.37 30
——+ . el 22 165.4 73 6.20 30
- =+ —le -2 22 316.8 36 : 10.13 30
— ~2le— -3l 22 498.9 31 14.75 30
—— -3l -4l 22 7135 23 19.26 60

?#Identification number labels the eigenstate with the correct value for M in order of increasing energy for a given value for M.

® Measurement given zero weight in the least-squares fit.

The effective Hamiltonian was cast in the N? form as
described by Brown et al. [14] with the Zeeman terms as
described in [15). This is the same Hamiltonian as was
used in the earlier work on the far-infrared LMR spec-
trum of CD (8] and also on its FTIR spectrum [9]. The
eigenstates were identified in terms of Hund’s case (b)
guantum numbers as described above. The basis set was
truncated at states with AN = £2 which reproduced the
exact calculations to within a few kHz for the highest
field resonances. The parameter 4p was constrained to
zero in the fit as a result of which the parameters 4 and y
are effective parameters [16]. The vibrational depen-

. ! 7
dence of each parameter was described in the generd
form [17] !

Py= Pt op(o+1/2) + Bplo+1/27 + ... U

Thus, for the vibrational dependence of the rotationt }
constant,

Op = —%e and ﬁB = Ves

in terms of the more traditional notation [18].

The results of the léast-squares fit are given in Te
bles 2-5 and the parameters determined in the proce :
are given in Table 6 in both MHz and cm™' wn® :
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Table 4

Qbser\"‘v’llions in the mid-infrared LMR spectrum of the CD radical: lines in the (2,1) hot band

N - N Parity M) — MY Eigenstate id. # By (mT) vi — Vae (MHz)  ©v/8By (MHz/mT) Uncert. (MHz)
28], 2007.14522cm ™ or 60 172.7000 GHz '
) -t -2~ -1 22 1228.5 62 20.35 30
: e - 2 e 1) 22 1324.2 60 20.33 30
pS]es 1992.84936cm™! or 59 744.1209 GHz
s ] BEpE P 22 1382.2 58 17.32 30
g ——t o1 2.2 1461.9 37 1731 30
e - U 22 2105.6 37 11.11 30
- Ll 22 2219.3 32 11.12 30
- p(12),, 1991.02499cm™" or 59 689.4277 GHz
11 - e ~1 e 11 24238 63 ~11.73 30
+e - -] 11 2572.0 -55 ~11.76 60
p{15)5, 1978.58535cm ™! or 59 316.4967 GHz
el ——t et 11 2312.4 44 12.73 30
+e - L1 11 2336.9 24 1.280 30
- P9), 5 1977.2741Tcm ™" or 59 277.1884 GHz
=1 + — — —1% — —% 11 706.0 —47 -12.96 30
: — -t ~e 11 745.4 -47 ~12.89 30
FEpE 1t 22 24175 =25 -3.28 30
——t | 22 2543.5 ~46 -3.23 30
 Pi6), , 1963.08282cm™! or 38 851.7423 GHz
-1 —— el 11 113.1 32 8.41 60
: — e+ T 22 113.1 -0 8.72 60
— et e 22 113.1 -33 9.03 60
Fe— Tt 22 477 -25 -8.90 60
; +e - ol 22 47.7 -34 -8.72 60
% e NS P 11 477 -43 -8.54 60
g, 22 - e 22 3046.8 18 5.85 30
+e - L 1+ 1 2360.5 23 6.01 30
-+ el 11 2754.5 -62 6.34 60
+e - T 22 2714.5 77 6.15 60
——t T 22 602.1 26 11.94 30
— — + ——%4——12 2«2 6724 12 13.011 30
e 1 22 722.0 ~26 10.69 30
P10), ¢ 1947.51216cm™ or 58 384.9458 GHz
-1 +e - el Te1 2725.6 -58 -13.07 30
— e+ tod 11 2744.4 -57 ~13.14 30

.nge of the smaller parameters (w.ze, H, fp, &, and
%) have been conmstrained to values estimated from
{other sources [19,15]. The values adopted are given in
e Table. The electron spin g-factor is constrained to a
tlue of 2.0020, which corresponds to a relativistic
“rrection of 1.5 x 1074, The standard deviation of the
U of 479 data points relative to experimental uncer-
Unties is 1.358, a figure which can be regarded as
Rasonably satisfactory (a value of 1.0 is expected if the
{Tode] is adequate and the weighting factors have been

hosen correctly). The details of the fits of the v =0
“infrared LMR spectra and the FTIR data are not
Produced here. They are essentially the same as re-

‘Identification number labels the eigenstate with the correct value for M; in order of increasing energy for a given value for N.

4. Discussion

Observations of the LMR spectra of the CD radical
in vibrationally excited levels have been made at far- and
mid-infrared wavelengths. In a fit of all the available
data on the CD radical in its X2II state, an improved set
of molecular parameters has been obtained, as given in
Table 6. The zero-point values of the parameters are
essentially the same as those given earlier by Brown and
Evenson [8,20] because their measurements for the v =0
level have been included in the fit. The only apparent
discrepancy is in the value for g, which differs signifi-
cantly from the earlier value of 1.000661 (76). This arises
because the orbital Zeeman term in the Hamiltonian has
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Table 5

Observations in the mid-infrared LMR spectrum of the CD radical: lines in the (3,2) hot band
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N — N" Parity M, — M)} Eigenstate id. #* By (mT) v Veae (MHZ) ov/8By (MHZ/mT) Uncert. (MHz)
P(6)g: 1937.23337cm™! or 58 076.7955 GHz
32 + - —le -t 11 290.7 ~37 -5.78 60
+ = 21 11 290.0 ~63 -5.24 60
+—— b1l 22 387.7 ~38 8.37 30
e - A1 11 513.2 ~90 —5.54 30
- =+ A1l 11 871.9 ~44 -4.52 30
P(13)g,: 1909.87748 cm™" or 57 256.6864 GHz
11 -4+ et 11 302.6 6 12.50 30
+ - et 1e1 334.1 -8 12.57 30
P(10);4: 1896.16939cm™ or 56 845.7281 GHz
11 +— - el 11 2987.3 23 . 6.90 60
+= - 1 242 2678.8 68 8.37 60
-+ Tl 22 2858.0 48 8.35 60
— . 2585.1 42 9.91 30
22 +— - Le1d 22 2310.9 247 15.70 60
+ == el 22 2092.9 91 17.93 30
+ - ~de—- 22 2317.7 ~23 16.62 60
-+ 13 22 22075 56 18.03 60
P(7) 5, 1882.02699 cm™" or 56 421.7497 GHz
11 —— L1 11 1889.2 69 12.97 30
- e -1 11 1929.8 63 12.90 30
P(14),5: 1880.34277 cm™" or 56 3712582 GHz
11 + - %«- 1 11 1987.2 ~73 -12.76 30
-+ Iy 11 20117 -4 -12.83 30
P(15))95: 1850.92272cm™! or 55 489.2672. GHz
23 + - “he—2b 22 1958.9 ~32 ~4.14 30
-+ —1i e -2l 22" 2527.5 -51 -4.00 30
- 1 22 1426.3 ~45 -4.52 60
- —33 22 1800.0- -1 —4.47 60

#Identification number labels the eigenstate with the correct value for M; in order of increasing energy for a given value for N.

172 <372
-12=—1/2
-3/2 «— -1/2
]
M VMu kf‘ /\’\Mﬁ.mﬁﬂ\\ w»ﬂ.fw”
1 | 1 i1 r 1 SR L1 1 2 RS A VO B | [ S
1.0 15 2.0 2.5 3.0

Fig. 2. Part of the mid-infrared LMR spectrum of the CD radical, recorded using the Faraday rotation techn‘que so that the signals appear 85 f
derivatives of the dispersion line-shape. The CO laser line is P(16), ; at 2000.09cm™". The rotational transition is N = 1 « 2, J = 1{ of CDir”
(1,0) band. The obvious doubling arises from lambda-type doubling and the numbers above each pair of resonances give the M, levels inv olvet :

Flux density / T

e i o, o

£
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neen changed slightly, the earlier value corresponding to
@ — g,) or 1.000851 in the present work. In addition to
ipe zero-point values, the vibrational dependencies of
cveral parameters have been obtained. Deuteron hy-
erfine splittings were observed in the far-infrared
spectra for the levels v = 1 and 2 which showed that the
" sbrational dependence of the four hyperfine parameters
is insignificantly small. This implies that the electron
dgistribution at the proton in the valence r orbital of CH
"is only weakly dependent on the bond length r, a rather
~ unexpected result.

The parameter values given in Table 6 can be used to
determine the equilibrium values by use of Eq. (1). The
¢quilibrium values for the major parameters obtained in
this way are given in Table 7. These values are signifi-
cantly more reliable than those published earlier by
Vorino et al. [9], partly because the present measure-

" ments are intrinsically more accurate and partly because

Table 6
" Molecular parameters for CD in the XTI state determined from the
- analvsis of available spectra :

Value (MHz)
60 918 834.9 (53)*

Value (cm™')

2032.03360 (18)*

Parameter

T

1041 115 (17
4241.1 (30
—0.1343°

842 308.59 (30)
4361.3 (26)

—43.8 (87)
—423.797 (75)
18.30 (22)

230 896.080 (42)
-6362.79 (32)
21.345 (96) x 102
12.8216 (12)

= ~0.1148 (40)
5, —0.74 x 1072®
- by 0.4751 x 1073
B 544.41 (19)
o -17.55 31
D —0.47 (13) x 107!
- 0 339.455 (59)
o -9.502 (215)
o -0.761 (23) x 107
0.193 (77) x 107!
8.05 (33)
-8.99 (29)
8.90 (55)
7.06 (30)

34.72785 (58)
0.14147 (10)
~0.004481°
28.096390 (10)
0.14548 (87)

~0.146 (29) x 10~
~0.0141363 (25)
0.6104 (74) x 10~
7.7018642 (14)
~0.212240 (11)
0.7120 (32) x 103
0.427683 (41) x 1073
~0.383 (13) x 103
—0.27 x 1076
0.1585 x 10-7
0.0181597 (62)
~0.585 (10) x 107
~0.158 (43) x 103
0.0113230 (20)
~0.3170 (72) x 10-3
~0.2540 (77) x 10-3
0.65 (26) x 105
0.268 (11) x 1073
~0.2999 (95) x 1073
0.297 (18) x 10~
0.235 (10) x 107

re oA e oa

&5

2.0020°
0.999296 (74)
~0.422 (79) x 1073
0.1313 (37) x 1072
-0.1555 (13) x 1072
0.1178 x 1072
—0.1470 x 1072
0.857438°

g e s

*Numbers in parentheses are one standard deviation of the least-
7 \“uares fit, in units of the last quoted decimal place.
Parameter constrained to this value in the fit (see text)

Table 7
Equilibrium values of molecular parameters for CD in the X211 state

Parameter®  Value (present work) Value (scaled from CH)®
e 2101.05193 (55) 2100.4495

DeXe 34.72785 (58) 34.7387

WeYe 0.14147 (10) 0.1439

B. 7.8079823 (55) 7.795193

ag -0.212240 (11) -0.212385

Bs 0.7120 (32) x 1073 0.9678 x 1073
D, 0.427683 (41) x 1073 0.428246 x 1073
ap —-0.383 (13) x 1073 —0.5518 x 1073
4. 28.02402 (44) 28.05212

oy 0.14548 (87) 0.13906 (87)

Ve -0.0144415 (45) -0.014011

o, 0.6104(74) x 1073

& 0.1313 (37) x 1072 0.1275 x 1072
g —0.1555 (13) x 1072 -0.1520 x 1072
re 1.11887138 (35) 1.119788

# Values given in cmi~! except for bond lengths which are in A and
g-factors which are dimensionless.

®Value calculated by isotopic scaling of the corresponding value
for CH in its X211 state [12,19,20]. The ratio of the reduced masses
#(CD)/u(CH) is 1.854964875.

we have been able to include observations on the (3,2)
band. The latter primarily explains why the previously
determined vibrational parameters (we.= 2100.3457
(10) and wex. = 34.15582 (39)cm™!) differ so much
from the values given in Table 7. It is also possible to
estimate the equilibrium values by isotopic scaling of the
corresponding values for CH [12,19,20]. The values
obtained are also given in Table 7 and agree very well
with the directly determined values (particularly for the
vibrational and rotational parameters), confirming the
correctness of our general procedure. The small differ-
ences between these two sets of values arise primarily
from a breakdown of the Born—-Oppenheimer approxi-
mation [21]. In Table 7, we also give the value for the
equilibrium bond length r. calculated from the value for
B.; once again, there is a small difference with the cor-
responding value for CH. As Morino et al. [9] point out,
there are small non-adiabatic corrections to the value
for B, (and to the other parameters) which have to be
taken into account if the correct Born—Oppenheimer
value for the equilibrium bond length is to be obtained.
We hope to explore these effects in a future paper.

One particularly interesting parameter determined in
the present analysis of the CD data is o, which gives the
vibrational dependence of the orbital g-factor.” The
quality of fit was significantly improved by the inclusion
of this parameter. In general, the major Zeeman pa-
rameters are expected to be independent of the vibra-
tional quantum number since they are purely electronic
properties of the molecule. This weak dependence of the
orbital g-factor may arise from the spin—orbit mixing
between the X211 state of CD and the low-lying a 4Z~
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Table 8
Calculated vibrational transition probabilities for CD in the X211 state

Vibrational transition Transition probability (a.u.)®

(1,0) 2.326 x 10°
@) 5.097 x 103
(3.2) 7.032 x 10°
4.3) 7452 x 103
(5.4) 9.622 x 10°

2The vibrational transition probability is equal to the square of the
transition moment ('|u|v).1 a.u. & (2.54 Debye)?.

1200

K
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o
o
T
=
———

800,
600

400F

Vibrational temperature /

200

0 I I 1 1 1 1 1 ki 1 1 1
0 25 50 75 100 125 150
Discharge current / mA

Fig. 3. The vibrational temperature of CD in the electric discharge
used in the mid-infrared experiments, plotted as a function of the
electric current. i

state which lies some 6000 cm™! above it. Such effects are
known to be detectable in accurate Zeeman measure-
ments as shown, for example, by Brown et al. [22].
The CD radical was produced in an electric discharge
in the mid-infrared LMR experiments. It is possible to
measure the vibrational temperature of the molecular
sample under these conditions provided that the tran-
sition probabilities are known. We have calculated these
probabilities from the RKR potential for CD in its X*IT
state [19], using the electric dipole moment function gi-
ven by Hettema and Yarkony [23]. The resultant vi-
brational transition probabilities are given in Table 8.
Dividing the observed signal intensities for comparable
transitions in the different vibrational bands by the
transition probabilities allows the vibrational tempera-
ture to be determined. The population distribution fol-
lowed Boltzmann behavior closely. The resultant

dependence of the vibrational temperature on the dj;. |
charge current is shown in Fig. 3. Extrapolation of theg, &
results confirmed that signals in the (4,3) band of Cp |
would be too weak to be observable in our experiments |
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