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We re-visit the analysis of the Dv ¼ �4 vibronic sequence of the C2 Swan system published recently by
Yeung et al. [1] in which the heavily perturbed (4,8) band could not be assigned and analyzed satisfac-
torily. Here, we outline the assignment of 122 transitions of the band by taking into account a recent
deperturbation study of the d 3Pg , v ¼ 4 level by Bornhauser et al. [2]. Improved molecular constants
for the a 3Pu, v ¼ 8 and d 3Pg , v ¼ 4 states are presented by performing a least-squares fit to the Ham-
iltonian with a favorable root-mean square error of 0.012 cm�1.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Recently, Yeung et al. [1] reported the high-resolution near
infrared spectrum of C2 by applying absorption spectroscopy with
concentration modulation. The technique exhibits a superior sensi-
tivity allowing for the first time the detection of the very weak
Dv ¼ �4 sequence bands of the Swan system (d 3Pg—a 3Pu). A de-
tailed analysis of the spectrum between 13750 and 14120 cm�1

revealed an unperturbed (5,9) band displaying transitions that
yielded accurate molecular constants by applying a least-squares
fit procedure. On the other hand the (4,8) band was heavily per-
turbed and could not be analyzed satisfactorily.

In fact, perturbations in the v 0 ¼ 4 level have been rationalized
by Phillips [3] taking into account the upper electronic level (b 3R�g )
of the Ballik-Ramsay system and, in addition, suggesting perturba-
tions by higher lying vibrational levels of the ground state (X 1Rþg ).
However, several observations could not be assigned. More re-
cently, Tanabashi et al. [4,5] re-investigated the Swan system in
detail by applying high-resolution Fourier transform spectroscopy
for vibrational bands with v 0 ¼ 0—10 and v 00 ¼ 0—9. This work cor-
rected many line positions and assignments from the earlier work
[3], in particular for v 0 ¼ 4. But the details of the perturbations in
this level could not be rationalized satisfactorily from the band dis-
playing a complex and overlapping structure. A recent study of the
d 3Pg—c 3Rþu system by Joester et al. [6] revealed perturbations in
the d 3Pg , v ¼ 4 level. By supersonic cooling of the C2 radicals,
the spectra could be simplified and disclosed perturbations in sig-
nificant disagreement with the assignments reported by Tanabashi
et al. [4,5].
By applying two-color resonant four-wave mixing (TC-RFWM),
Bornhauser et al. [2] have exploited the sensitivity and the dou-
ble-resonance feature of the technique to unambiguously re-assign
many of the perturbed transitions. In addition, extra lines have
been observed and assigned that originate from the perturbing
b 3R�g , v ¼ 16 vibronic (dark) state. Furthermore, significantly per-
turbed rotational transitions in the (4,3) band of the Swan system
have been reported for the first time. A least-squares fit to 35 per-
turbed and perturbing transitions yielded the accurate molecular
constants for the b 3R�g , v ¼ 16 state as well as the coupling param-
eters for the spin–orbit and L-uncoupling interactions.

In this work, the analysis of the (4,8) band of the Swan spectra
measured by Yeung et al. [1] is re-visited by taking into account the
deperturbation study reported by Bornhauser et al. [2]. A large
number of erroneously assigned transitions are corrected enabling
a precise determination of the molecular constants involved. The
accuracy of the procedure is expressed by an average error of
0.012 cm�1 for the 122 transitions used in the least-squares fit.
2. Results and discussion

Figure 1 depicts the wavelength region of the P branch of the
(4,8) band of the d 3Pg—a 3Pu system as observed by Yeung et al.
[1]. The experimental details are reported in their original report.
A complex spectrum is observed. In fact, the P subbranches are
forming bandheads leading to a large number of overlapping tran-
sitions. Furthermore, as mentioned in the introduction, the v ¼ 4
level of the d 3Pg state is heavily perturbed yielding shifted lines
and additional transitions due to the perturbing state. Moreover,
transitions appear that are due to other sequence bands or of
unidentified origin. Also, other absorbing species are present in
the plasma and their transitions have to be considered. It is
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Figure 2. The R-branch region of the (4,8) band of the Swan (d 3Pg—a 3Pu) system
as observed by Yeung et al. [1]. The inverted trace shows a simulation of the band
by using the improved molecular constants for v 0 ¼ 4 and v 00 ¼ 8. Red arrows mark
transitions to the perturbing state. See text for details. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Figure 1. The P-branch region of the (4,8) band of the Swan (d 3Pg—a 3Pu) system
as observed by Yeung et al. [1]. The inverted trace shows a simulation of the band
by using the improved molecular constants for v 0 ¼ 4 and v 00 ¼ 8. Red arrows mark
transitions to the perturbing state. See text for details. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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obvious, therefore, that the correct assignment of the line positions
poses a difficult task in this range.

Alternatively, the R-branch shown in Figure 2 is less confusing.
The subbands do not form bandheads resulting in spectral features
that are spread over a broader range with less overlapping transi-
tions. We have performed an initial analysis of this region by com-
puting the spectrum with the PGOPHER software developed by
Western [7] and taking into account the molecular constants for
the v ¼ 8 level of the a 3Pu state and the v ¼ 4 level of the d 3Pg
from [4,5]. In addition, the perturber level b 3R�g , v ¼ 16 and the
coupling constants for the interaction from Bornhauser et al. [2]
have been included. As detailed in our previous report [8], the
a 3Pu, d 3Pg and b 3R�g states are modeled by using a conventional
Hamiltonian for a linear molecule [9]. An explicit listing of the ma-
trix elements including the terms for the spin–orbit and L-uncou-
pling interactions between the two triplet states d 3Pg and b 3R�g
is also provided in Ref. [8]. Assignments of many transitions in
the R-branch were unambiguous by a comparison with the com-
puted spectrum. The molecular constants of the v 0 ¼ 4 and
v 00 ¼ 8 states were improved by a least-squares fit to the line posi-
tions. The constants of the perturbing state and the interaction
were fixed at the values obtained in the deperturbation study. This
procedure resulted in a straightforward labeling of �90 transitions
in the R- and P-branch region. A further refinement of the con-
stants by using these line positions yielded the labeling of 122
transitions including the heavily perturbed features (see Table 1).
Many of the 154 reported transitions in the earlier report (Table 3
in Ref. [1]) have been re-assigned. Note that five misplaced fre-
quencies in the first two rows are present in the original table
(i.e. R1(1), Q1(1), Q2(1), P1(2) and P2(2) should be assigned to
R3(1), Q2(1), Q3(1), P2(2) and P3(2), respectively). The newly as-
signed transitions are marked in italic in Table 1. Three additional
transitions were identified and added (i.e. R3(0), P3(1) and Q1(10)).
These assignments are shown in bold in Table 1. It is important to
notice that the transitions R1(9), Q1(10) and P1(11) leading to the
strongly perturbed J0 ¼ 10 rotational state have not been assigned
correctly in the initial report of the Dv ¼ �4 sequence bands [1].
For example, the P1(11) transition is shifted by more than �3
cm�1 and establishes the bandhead of the F1 subband as clearly
seen in Figure 1. On the other hand, 25 transitions with N > 20
have been omitted from the fit by considering the second perturba-
tion occurring in the v ¼ 4 level of d 3Pg . The higher lying rota-
tional levels interact with the v ¼ 12 level of the B 1Dg state.
However, a detailed analysis of these perturbed levels has not been
performed at the present time. Also, we have not included 10 lines
from the Q branch that might be too weak to be observed. The final
fit of the (4,8) band taking into account the 122 transitions yields a
favorable average error of 0.012 cm�1 and results in the molecular
constants listed in Table 3. (Omission of the perturbation results in
an average error of 0.624 cm�1.) Numerous transitions between
13847.1 and 13849.4 cm�1 appear that do not pertain to the inves-
tigated band and could not be assigned.

A further validation of the correct assignments is given by the
observation of perturbing transitions (to the dark state) in the
spectrum. Five prominent extra lines are marked by red arrows
in Figures 1 and 2: R1(9), P1(11), R2(8), P2(10) and R32(11) of the
(16,8) b 3R�g � a 3Pu band (Table 2). These transitions belong to
the Dv ¼ þ8 sequence of the Ballik-Ramsay system. The overall
root-mean square error of these transitions is 0.012 cm�1 in agree-
ment with the error of the 122 main transitions. (Without pertur-
bation the average error is computed to 2.168 cm�1.)

In addition to the constants determined from the least-squares
fit in this work, the values obtained from the global analysis of the
Fourier transform spectra [4,5] are included in the table for com-
parison. The spin–orbit constant A obtained for the d 3Pg , v ¼ 4 le-
vel is significantly lower than previously determined. By
computing the customary energy-level expression

Av ¼ Ae þ aA
e v þ 1

2

� �
þ cA

e v þ 1
2

� �2

ð1Þ

and applying the equilibrium constants Ae; aA
e and cA

e from [4,5] we
obtain for A = �13.30 cm�1 in good agreement with the determined
value. Similarly, the obtained rotational constant B is accurately
computed by



Table 1
Re-assigned transitions (in cm�1) of the (4,8) band in the Swan system which have been observed by Yeung et al. [1]. Assignments in bold have not been identified in the original
work. Transitions in italic have been re-assigned by taking into account the deperturbation analysis from Ref. [2]. In addition, residuals including (incl. pb) and without
perturbation (w/o pb) are listed for comparison. See text for details.

Transition Observed Obs–Calc Transition Observed Obs–Calc

(incl. pb) (w/o pb) (incl. pb) (w/o pb)

R3(0) 13866.918 0.009 �0.003 R2(9) 13912.243 0.005 �0.002
P3(1) 13859.354 0.016 �0.020 R3(9) 13918.030 0.006 0.339
R2(1) 13870.647 0.002 �0.058 Q1(9) 13877.519 �0.007 �0.078
R3(1) 13871.565 0.009 �0.025 P1(10) 13850.381 0.011 �0.061
Q2(1) 13864.486 �0.013 �0.022 P2(10) 13851.215 �0.017 1.641
P2(2) 13858.735 �0.003 �0.012 P3(10) 13849.219 �0.002 0.056
P3(2) 13856.382 0.017 0.004 R1(10) 13913.952 0.011 �0.112
R1(2) 13874.938 0.001 �0.014 R2(10) 13919.525 �0.007 0.549
R2(2) 13874.718 0.002 0.001 R3(10) 13924.718 0.001 0.039
R3(2) 13876.090 �0.006 �0.095 Q1(10) 13877.600 0.011 �3.052
Q1(2) 13866.551 0.002 �0.008 P1(11) 13847.260 �0.016 �3.079
Q2(2) 13864.887 0.003 �0.057 P2(11) 13850.029 0.009 0.003
P1(3) 13858.812 0.007 �0.003 P3(11) 13850.226 �0.005 0.328
P2(3) 13856.382 �0.013 �0.074 R1(11) 13921.703 �0.018 1.210
P3(3) 13854.017 0.011 �0.022 R2(11) 13925.291 0.019 �0.705
R1(3) 13878.477 0.002 �0.057 R3(11) 13932.454 0.001 0.280
R2(3) 13878.740 0.004 �0.154 P1(12) 13850.759 0.019 �0.104
R3(3) 13881.513 �0.013 0.035 P2(12) 13851.215 �0.010 0.546
Q1(3) 13867.193 0.000 �0.015 P3(12) 13851.024 �0.002 0.036
Q2(3) 13866.216 �0.012 �0.012 R1(12) 13926.989 �0.007 �0.509
P1(4) 13856.780 �0.012 �0.028 R2(12) 13933.734 �0.011 0.406
P2(4) 13854.461 0.039 0.038 R3(12) 13939.876 0.006 0.034
P3(4) 13852.027 0.003 �0.087 P1(13) 13852.597 0.004 1.232
R1(4) 13882.461 0.003 �0.029 P2(13) 13851.135 0.014 �0.710
R2(4) 13883.689 0.008 �0.031 P3(13) 13852.597 �0.025 0.254
R3(4) 13887.245 �0.008 0.655 R1(13) 13935.302 �0.022 0.728
Q1(4) 13868.077 0.002 �0.057 R2(13) 13941.203 0.006 0.155
Q2(4) 13866.918 �0.013 �0.171 R3(13) 13948.185 0.007 0.268
P1(5) 13854.953 0.004 �0.055 P1(14) 13852.111 �0.010 �0.511
P2(5) 13852.597 0.004 �0.153 P2(14) 13853.493 �0.019 0.397
P3(5) 13850.759 �0.033 0.015 P3(14) 13854.180 �0.003 0.024
R1(5) 13886.605 �0.003 �0.187 R1(14) 13942.531 0.027 0.212
R2(5) 13887.938 0.009 �0.716 R2(14) 13949.329 �0.011 0.356
R3(5) 13892.199 �0.016 �0.204 R3(14) 13956.307 0.008 0.029
Q1(5) 13869.325 �0.007 �0.039 P1(15) 13854.461 �0.012 0.739
Q2(5) 13869.325 �0.018 �0.057 P2(15) 13855.149 �0.001 0.148
P1(6) 13853.493 0.020 �0.012 P3(15) 13856.382 0.007 0.268
P2(6) 13851.392 0.001 �0.038 R1(15) 13950.590 �0.018 0.572
P3(6) 13850.299 �0.012 0.651 R2(15) 13957.481 0.002 0.080
R1(6) 13891.475 0.007 �0.042 R3(15) 13965.195 0.012 0.266
R2(6) 13893.902 0.006 �0.254 P1(16) 13855.928 0.020 0.205
R3(6) 13898.196 �0.006 0.101 P2(16) 13857.213 �0.001 0.366
Q1(6) 13870.753 0.004 �0.181 P3(16) 13858.681 0.004 0.025
P1(7) 13852.027 �0.009 �0.194 R1(16) 13958.589 0.014 0.088
P2(7) 13849.735 0.006 �0.719 R2(16) 13966.242 �0.009 0.333
P3(7) 13848.839 �0.028 �0.215 R3(16) 13974.001 �0.007 0.009
R1(7) 13895.995 �0.009 �0.562 P1(17) 13858.003 0.002 0.592
R2(7) 13899.961 �0.006 0.167 P2(17) 13859.564 �0.003 0.075
R3(7) 13905.145 0.014 0.697 P3(17) 13861.484 0.027 0.281
Q1(7) 13872.746 �0.009 �0.058 R1(17) 13967.331 0.003 0.529
P1(8) 13851.304 0.012 �0.037 R2(17) 13975.099 �0.004 0.049
P2(8) 13849.563 0.002 �0.258 P1(18) 13860.234 �0.002 0.072
P3(8) 13848.839 0.030 0.137 P2(18) 13862.278 0.019 0.361
R1(8) 13901.990 0.006 �0.066 P3(18) 13864.486 �0.009 0.007
R2(8) 13907.568 �0.008 1.650 R1(18) 13976.068 0.002 0.045
R3(8) 13910.830 �0.000 0.057 R2(18) 13984.448 �0.010 0.318
Q1(8) 13874.541 0.001 �0.553 P1(19) 13862.974 0.021 0.547
P1(9) 13850.075 �0.007 �0.560 P2(19) 13865.334 �0.019 0.033
P2(9) 13849.735 0.005 0.178 R1(19) 13985.392 0.019 0.486
P3(9) 13849.487 0.010 0.693 P1(20) 13865.957 �0.020 0.023
R1(9) 13904.734 �0.011 �3.073 R1(20) 13994.886 �0.009 0.020
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By comparing the vibrational dependence of the K-doubling con-
stant o for the range v ¼ 0 . . . 10 [4,5] the newly fitted value seems
reasonable. It is important to mention, that the centrifugal distor-
tion constant D exhibits a relatively large standard deviation
because only transitions with a limited range of J 6 20 could be
analyzed (vide supra).

The rotational constant B of the a 3Pu, v ¼ 8 level is accurately
computed by the Dunham expression (Eq. 2). For the spin–orbit
constant A, the fitted value is significantly closer to the equilibrium
value of �15.09 cm�1 than the surprisingly high value of Tanabashi
et al. The spin–spin constant k is approximately twice the value of



Figure 3. Shifts of the perturbed rotational term energies in the d 3Pg , v ¼ 4 state
plotted against the upper state rotational quantum number J0 for the three spin
subcomponents F1, F2 and F3. Filled and open circles denote e and f parity,
respectively. See text for details

Table 2
Observed frequencies (in cm�1) of the assigned transitions (extra lines) in the (16,8)
band of the b 3R�g –a 3Pu system. In addition, residuals including (incl. pb) and without
perturbation (w/o pb) are listed for comparison. See text for details.

Transition Observed Obs–Calc

(incl. pb) (w/o pb)

rR1(9) 13912.839 0.007 2.975
rR2(8) 13901.821 �0.017 �1.662
pP1(11) 13855.376 0.013 2.981
pP2(10) 13845.480 �0.014 �1.659
sR32(11) 13928.304 �0.002 0.499

Table 3
Optimized molecular constants for the a 3Pu , v ¼ 8 and d 3Pg , v ¼ 4 state of the Swan
system. The term energy T0 is given relative to the a 3Pu , v ¼ 8 state.

State Parameter Optimized value Ref. [4,5]

T0 13864.2378(160) 13864.0973(38)
d 3Pg , v ¼ 4 A �13.2935(227) �13.3557(89)

AD � 103 1.477(250) 0.621(28)

B 1.657131(137) 1.657484(17)

D � 106 8.278(278) 8.095(12)

k 0.031(10) 0.0448(55)
o 0.6119(236) 0.5382(60)

p � 103 7.56(223) 4.39(23)

q � 103 �1.0518(969) �1.0884(82)

a 3Pu ,v ¼ 8 A �15.0845(212) �15.247(57)

AD � 103 0.206(203) �0.06(10)

B 1.488861(137) 1.48789 (18)

D � 106 5.710(281) 3.71(12)

k �0.1577(98) �0.082(36)
o 0.6524(233) 0.735(43)

p � 103 12.45(210) 3.3(31)

q � 103 �2.178(96) �2.02(19)
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the earlier report. However, the obtained result for this constant is
in better accordance with the k values for v ¼ 0; . . . ; 7 and 9. Sim-
ilarly, the new K-doubling constant o is reflecting the general trend
in this vibrational range more favorably. It is interesting to notice
that an earlier measurement of Tanabashi and Amano [10] in the
(6,8) band yielded A = �15.026(52), k = �0.1578(84) and
o = 0.671(53) cm�1, values which are much closer to the equilib-
rium value. On the other hand, the large change in p is surprising
and its origin is unknown. The centrifugal distortion constant, D
is significantly higher than the value from the global fit but in
the general trend of the published values for v = 0–6,9 [4,5] even
though a relatively large standard deviation has to be considered
(vide supra).

The term energy shifts are depicted in Figure 3 by plotting the
deviations of the rotational level energies of the d 3Pg , v ¼ 4 state
determined in this study from the simulated values obtained from
the molecular constants omitting perturbation effects. Significant
shifts are observed for J = 8,10,12 and 14 in the F1 sublevel for e-
parity levels while f-parity levels are relatively unaffected with
the exception of J ¼ 13. In the previous study [1], the strongly per-
turbed J ¼ 10 level has not been assigned. For the F2 sublevel, sub-
stantial shifts are observed for J = 6,9 and 12. In addition, J = 5 and
8 exhibit prominent shifts in the F3 sublevel of the d 3Pg , v ¼ 4
state.
3. Conclusion

The complex spectrum of the (4,8) band of the Swan system
(d 3Pg—a 3Pu) measured recently by Yeung et al. [1] has been re-
assigned by taking into account the recent deperturbation study
of the v 0 ¼ 4 level by Bornhauser et al. [2]. Strongly perturbed tran-
sitions, like P1(11) and R1(9) and to a lesser extend R2(8) and P2(10)
have not been observed before the deperturbation study of Bor-
nhauser et al. [2]. This work identified also large disagreements
for R3(3), P3(5), R3(5) and P3(7) with the earlier reports [4,5]. An
assignment of transitions involving v ¼ 4 level of the d 3Pg state
without taking into account the improved molecular constants is
rather difficult or not feasible. In this work, inclusion of the pertur-
bation yields a straightforward assignment of 122 transitions. A
favorable least-squares fit leads to small modifications in the
molecular constants for the d 3Pg , v ¼ 4 state. The improved con-
stants obtained for the a 3Pu, v ¼ 8 state are in significantly better
accordance with the constants from an equilibrium calculation tak-
ing into account the vibrational levels v ¼ 0; . . . ; 9 of the a 3Pu

state. The molecular constants for the perturbing state b 3R�g and
the coupling constants for b3R�g ; v ¼ 16 � d3Pg ; v ¼ 4 reported
in [2] have not been modified. The quality of the fit to 122 transi-
tions is expressed by the resulting root-mean-square error of 0.012
cm�1.
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