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The potential of four-wave mixing spectroscopy in combination with a discharge slit-jet source is
explored by performing an analysis of the perturbations occurring between vibronic levels of the
d3Pg ;v 0 ¼ 4 and b3R�g ;v 0 ¼ 16 states of C2. Unambiguous assignments of perturbed transitions are
achieved by intermediate level labeling in the a3Pu state of the Swan system and results in the re-assign-
ment of several line positions found in the literature. Furthermore, extra transitions are observed and
assigned in a straightforward manner that originate from the perturbing b3R�g ;v 0 ¼ 16 electronic state.
Significantly perturbed rotational transitions in the (4,3) band of the Swan system are reported for the
first time. A least-squares fit to 35 perturbed and perturbing transitions yields the vibronic origin, rota-
tional and spin-spin coupling constant of the b3R�g ;v 0 ¼ 16 state as well as the spin-orbit and L-uncou-
pling parameters for the interaction between the d3Pg ;v 0 ¼ 4 and b3R�g ;v 0 ¼ 16 states.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The Swan band emission of C2 in the visible spectral range be-
tween 400–600 nm is readily observed in all carbon-containing
flames. The strong d3Pg � a3Pu electronic system has been used
to detect this minor species in combustion processes by applying
numerous experimental techniques such as laser-induced fluores-
cence (LIF) [1–3], chemiluminescence [1], degenerate four-wave
mixing (DFWM) [4,5], cavity ring-down (CRD) [2,6,7] and intracav-
ity laser absorption spectroscopy (ICL) [8]. In addition, a recent
experiment reports on the application of polarization spectroscopy
of C2 to visualize soot formation [9] and LIF for soot volume frac-
tion measurements [10]. C2 Swan emission is observed to study
thermal and dynamical properties of plumes produced by laser
ablation of graphite targets [11–14]. In addition, it has been shown
that C2 Swan band emission is often present when intense laser
fields irradiate carbon-containing compounds in the visible or
ultraviolet spectral range [15,16]. In the interstellar medium, the
dicarbon molecules have been detected in diffuse and translucent
clouds, in the cirumstellar shell of carbon stars and in comets as
well and they play an important role in the formation of hydro-
gen-deficient carbon molecules and the formation of cyclic mole-
cules [17,18].

Quantitative interpretation of spectra requires a detailed under-
standing of the signal generation process and precise molecular
constants for the computation of the complex molecular spectra
ll rights reserved.
of C2. In particular for the application of non-linear optical methods
such as degenerate and two-color resonant four-wave mixing, the
computation of the correct spectral intensities is critically depen-
dent on the relative positions of unresolved components because
a coherent addition of overlapping transitions is required [19]. Fur-
thermore, accurate molecular constants of the carbon dimer are
needed in situations, where spectral features consist of multiple
unresolved components [8,11]. In fact, this study has been moti-
vated partially by our recent experiments on radicals in a free-jet
emerging from discharged hydrocarbon/argon mixtures. The spec-
tra of these molecules are often superimposed with strong Swan
band transitions. Obviously, an unambiguous assignment of these
lines is mandatory to disentangle the spectral observations.

However, the most recent molecular constants [20] are not suf-
ficiently complete to model all features of the d3Pg � a3Pu system
because of local perturbations in many vibrational levels. Despite
the fact that the d3Pg � a3Pu system of C2 has been studied for
over 200 years, a complete rotational analysis has not been
achieved. Difficulties arise mainly due to the interaction of the
Swan levels with several neighboring electronic states within the
triplet and the singlet manifold. In fact, perturbations in the
d3Pg � a3Pu electronic system have already been discussed in
the early 1960’s. Callomon and Gilby [21] reported that perturba-
tions in the v 0 ¼ 0;1 and 2 level of the d3Pg electronic state are
due to interactions with the vibronic levels v 0 ¼ 11—16 of the
b3R�g state. Another perturbation was assigned to an interaction
with the B1Dg , a state that had been discovered only later by Douay
et al. [22]. Phillips [23] extended the work of Callomon and Gilby to
the v 0 ¼ 3;4;5 levels. Observed perturbations were rationalized by
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taking into account the b3R�g and, in addition, the X1Rþg ground
state, but certain observations were left unexplained.

Amiot [24] confirmed the perturbations in the v 0 ¼ 0 level by
taking into account the b3R�g and the B1Dg states. Recently, Tanab-
ashi et al. [20,25] re-investigated the Swan system in detail by
applying high-resolution Fourier transform spectroscopy for vibra-
tional bands with v 0 ¼ 0� 10 and v 00 ¼ 0� 9. Many line positions
and assignments from earlier work [26], especially for v 0 ¼ 4;5;6
had to be corrected. Perturbations were found for
v 0 ¼ 0;1;2;4;6;8;9 and 10. But the details of the perturbations
could not be analyzed satisfactorily from the complex and overlap-
ping band structure that were observed in the Fourier transform
spectra. A recent study of the d3Pg � c3Rþu system by Joester
et al. [27] revealed perturbations in the d3Pg ;v 0 ¼ 4 level. The
supersonically cooled radicals exhibiting only low J levels and,
therefore, less congestion disclose perturbations that are in signif-
icant disagreement with the reported values from Tanabashi et al.
[20,25].

In this work, we demonstrate the potential of two-color reso-
nant four-wave mixing (TC-RFWM) in combination with a dis-
charge source for the detailed characterization of the complex
perturbations in the d3Pg � a3Pu electronic system of C2. In fact,
we have shown recently on several transient species (C3 [28], C2

[29], HC4S [29], HC2S [30] and C2� [31]) that the excellent sensitiv-
ity of TC-RFWM is applicable to the low-density environment of a
discharged free-jet. From the combination of the two experimental
techniques new possibilities ensue for an advanced treatment of
the perturbation problem. The corona discharge followed by the
supersonic expansion produces molecules that are excited to high
vibrational levels (2000–6000 K) but in each vibrational level a rel-
atively low J population is present (50–100 K). The low rotational
temperature spectra reducing the number of transitions in each
band are ideal to determine accurate line positions. Furthermore,
by taking advantage of the double-resonance capabilities of TC-
RFWM, unambiguous assignments of perturbed transitions is often
possible by intermediate level labeling. Thus, the combination of
the discharge source with TC-RFWM spectroscopy results in a tre-
mendous simplification of the complex one-color spectra obtained
in microwave discharges by Fourier transform spectroscopy, CRD
or LIF.

We outline the method by analyzing the perturbations between
the d3Pg ;v 0 ¼ 4 and the b3R�g ;v 0 ¼ 16 levels (Fig. 1). Several sub-
stantial perturbations are reported for the first time to the best
of our knowledge. In addition, the observations yield numerous
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Fig. 1. Energy level diagram of the relevant vibronic states. Intermediate level
labeling is performed in the (2,3) band of the d3Pg � a3Pu transition. Perturbed
levels from the interaction between d3Pg ; v 0 ¼ 4 and b3R�g ;v 0 ¼ 16 are then
observed from the common lower state in the (4,3) band. See text for details.
reassignments of perturbed transitions. Moreover, we show that
for strong interactions between close-lying levels, perturber states
are revealed and observed as extra lines which give further insight
into the perturbation process.
2. Experimental set-up

The molecular beam apparatus and the slit discharge assembly
has been described previously in detail [28,29] and only a brief
outline of the experiment is following. Radicals are generated by
pulsing the precursor mixture of �0.5% acetylene in argon through
a 30 � 1.0 mm slit-jet nozzle based on the design of Linnartz [32].
Pressures behind the valve are typically 5–7 atm. A high-voltage
pulse of �800 to �1000 V is applied to the electrodes by using a
precisely timed trigger pulse relative to the valve opening. In com-
parison with a cylindrical source, the two-dimensional slit-expan-
sion increases the interaction volume of the four-wave mixing
beams with the molecular beam and enhances the sensitivity of
the method, In fact, experiments on the C2 and HC4S radicals re-
sulted in high signal-to-noise ratios and a DFWM sensitivity
among the highest achieved [29]. The molecular beam propagates
into the vacuum chamber and interacts with the laser beams
roughly 2 cm downstream from the discharged slit-jet exit. During
operation a pressure of � 10�2 Pa is maintained.

One or two separately pumped dye lasers (narrowscan, Radiant
Dyes) are used for DFWM and TC-RFWM, respectively. The speci-
fied bandwidth of the laser systems is � 0:04 cm�1. Low pulse
energies of �1 lJ/pulse are applied to avoid power broadening
due to saturation of the transitions by applying variable attenua-
tors (Newport, M-935-10). A combination of optical components
establishes a forward BOXCARS [33] configuration [34]. The three
input beams with wavevectors ~k1;

~k2 and ~k3 generate a signal beam
wave vector ~k4. For the double-resonance TC-RFWM experiment,
one of the three incident beams (~k2) is replaced by a laser beam
of different frequency (PROBE beam). The equal frequency input
beams (~k1 and ~k2) are commonly referred to as PUMP beams. The
direction of the four-wave mixing signal beam is given by the
phase-matching condition ~k1 þ ~k3 ¼ ~k2 þ ~k4 and passes through
several optical and spatial filters to remove interfering scattered
light and unwanted fluorescence. Further reduction of stray light
is achieved by a spatial filter consisting of a 30 mm focal length
lens and 50 lm pinhole in front of the photomultiplier. Typically
20–30 pulses are averaged per scan step of the dye laser
(5� 10�4 nm=step) on the oscilloscope and transferred to a PC
(labview) for further analysis.
3. Results and discussion

Fig. 2 depicts the wavelength region of the (4,3) band of the
d3Pg � a3Pu system. In addition transitions appear in this range
that are due to other sequence bands such as (5,4) and (6,5). The
bands are denoted by the standard nomenclature ðv 0;v 00Þ. On the
bottom, a simulation of the (4,3) band is shown inverted that
has been computed by the pgopher program developed by Western
[35] and using molecular constants from Tanabashi et al. [20,25].
As mentioned above, a global analysis of the rotational perturba-
tions has not been performed and is neglected in the simulation.
As a consequence, several predicted line positions are in disagree-
ment with the measurement. For example, the R1ð7Þ transition is
computed at 21399:53 cm�1 but observed in the DFWM spectrum
shifted by �0:57 cm�1 at 21398:96 cm�1. The shift of R1ð7Þ is
marked by an arrow in the Fig. 2. But an unambiguous assignment
of a pertubed rotational transition is often difficult or impossible in
one-color spectra from methods such as DFWM, CRD or LIF. As a
consequence, numerous assignments are in disagreement in the
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Fig. 2. DFWM and TC-RFWM in the wavelength region of the (4,3) sequence band of C2. A comparison of the DFWM spectrum with a simulation of the (4,3) band neglecting
perturbations (inverted trace) shows that several computed transitions are absent or shifted. By intermediate level labeling via the R2(5) and R3(4) transitions in the (2,3)
band, unambiguous observation of R2(5) and R3(4) in the (4,3) band is achieved (two traces at the top). Both lines are shifted in respect to the simulation by � 0:7 cm�1 but in
opposite direction. In addition, extra lines appear due to the perturbing levels (marked with *). See text for details.
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transitions is given by 2dEþ DE, where DE is the separation of the two levels in
the absence of perturbation and dE is the displacement of the levels resulting from
the perturbation.
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literature (vide infra). The use of two separate input frequencies for
four-wave mixing proves advantageous in these situations, be-
cause a signal is obtained only when both frequencies interact with
distinct molecular transitions simultaneously which share a com-
mon (lower) vibronic level. Two TC-RFWM spectra are shown in
Fig. 2 and denoted by the fixed laser frequency used for intermedi-
ate level labeling. For the trace on the top, the ð2;3ÞR3ð4Þ rovibronic
transition is utilized to label the N00 ¼ 5, J00 ¼ 4, v 00 ¼ 3 level in the
a3Pu electronic state. Subsequent scanning of the second fre-
quency in the wavelength range of the (4,3) band yields transitions
only that share this lower level. A dramatic simplification of the
one-color (DFWM) spectrum is achieved. Two transitions are ob-
served and assigned in a straightforward manner. The transition
at 21391:47 cm�1 is due to the perturbed ð4; 3ÞR3ð4Þ rotational
transition that is shifted by þ0:67 cm�1. In addition, a second peak
is present which is due to the ð16;3ÞqR23ð4Þ transition. This transi-
tion is made visible by the interaction between the N0 ¼ 5, J0 ¼ 5
and v 0 ¼ 16 level of the perturber state b3R�g and the
N0 ¼ 6; J0 ¼ 5;v 0 ¼ 4 level of the d3Pg Swan state.

From first order perturbation theory [36], the secular determi-
nant yields for the perturbed energy

E ¼ 1
2
ðE1 þ E2Þ �

1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4W2

12 þ DE2
q

ð1Þ

where W12 is the matrix element of the perturbation and
DE ¼ E1 � E2 is the separation of the unperturbed levels. The shifts
of the two levels dE ¼ E� E1 ¼ E� E2 are equal in magnitude and
are given by

dE ¼ �1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4W2

12 þ DE2
q

� DE
� �

ð2Þ

as illustrated in Fig. 3. Thus, the line shifts from the unperturbed
levels and the distance from perturbed and perturbing transition
are directly resulting from the magnitude of the perturbation ma-
trix element W12. Note however, that this perturbation theory ap-
plies for a simple two-level system only (for example 1R � 1R
interaction) and a more refined theory, taking into account effects
such as spin-orbit interaction, has to be applied for the perturbation
between d3Pg and b3R�g (vide infra).
Fig. 4 depicts the TC-RFWM scheme that is applied to probe this
perturbation. The PUMP laser wavelength is tuned to
18086:3 cm�1 exciting the ð2;3ÞR3ð4Þ transition while the PROBE
laser is scanned in the (4,3) band disclosing the perturbation pair
as shown in Fig. 2 (top trace). Similarly, a second TC-RFWM spec-
trum is reproduced in the figure which has been obtained by tun-
ing the PUMP laser to the ð2;3ÞR2ð5Þ transition. Again a perturbed/
perturbing pair is measured and assigned to ð4; 3ÞR2ð5Þ
(d3Pg � a3Pu) and ð16;3ÞqR12ð5Þ (b3R�g � a3Pu) resp. The lines are
shifted by �0.70 and þ0:87 cm�1, resp., from their unperturbed
position. The results for ð4; 3ÞR3ð4Þ and ð4; 3ÞR2ð5Þ are in agree-
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ment with line positions and assignments reported by Tanabashi
[20,25] and more recently by Joester et al. [27].

As mentioned in the introduction, the b3R�g state has been found
[21] to be responsible for perturbations in the d3Pg ;v 0 ¼ 0;1;2
states and suggested to perturb [23] the J0 ¼ 5 and 14 rotational
levels of d3Pg ;v 0 ¼ 4. Unfortunately, accurate molecular constants
for high lying vibrational levels of the b3R�g are not available. How-
ever, extrapolated values for v 0 ¼ 16 are attainable by taking into
account the Dunham coefficients reported by Amiot et al. [37] from
the study of 13 bands between (0,0) and (6,3) in the Ballik–Ramsay
system (b3R�g � a3Pu). The results of the extrapolation are listed in
Table 2. An inspection of the molecular constants for the
b3R�g ;v 0 ¼ 16 predicts a crossing with the d3Pg ; v 0 ¼ 4 at low J val-
ues. Thus, a perturbation model is assumed that takes into account
a 3Pg � 3R�g interaction.

It is possible to obtain an initial guess of the perturbation
parameters by fitting the four assigned levels to a model that takes
into account spin-orbit interaction and L-uncoupling effects [38]
between d3Pg ;v 0 ¼ 4 and b3R�g ;v 0 ¼ 16. Apart from the two per-
turbation parameters, the vibrational origin T and rotational con-
stant B of the perturber state is included as fitting parameters.
Owing to the low J numbers measured in this study, the centrifugal
distortion constant, D, of the perturbing state is fixed at the extrap-
olated value of Amiot et al. [37]. Interestingly, the initial procedure
has resulted in the prediction of several new perturbations that
were not reported in the literature. The TC-RFWM spectra in
Fig. 5 shows the validation of two predicted perturbations for
ð4; 3ÞR1ð9Þ and ð4; 3ÞR2ð8Þ. In fact, by fixing the PUMP laser on
ð2;3ÞR1ð9Þ a large shift of �3:06 cm�1 for the ð4; 3ÞR1ð9Þ transition
is observed (second trace from top). In addition, the spectrum
shows an intense perturber transition at 21413:30 cm�1 which is
assigned as ð16;3ÞR1ð9Þ. This line exhibits a shift of þ2:95 cm�1.

The top trace in Fig. 5 shows a remarkable TC-RFWM scan that
is observed by tuning the PUMP laser to the position of ð2;3ÞR2ð8Þ.
This transition at 18103:1 cm�1 coincides with ð2;3ÞR3ð7Þ. There-
fore, both rotational levels, N00 ¼ 8; J00 ¼ 8;v 00 ¼ 3 and N00 ¼ 8;
J00 ¼ 7;v 00 ¼ 3 are labeled. The resulting TC-RFWM scan of the
PROBE laser in the (4,3) band reveals two perturbation pairs, since
both upper rotational levels of the d3Pg ; v 0 ¼ 4 interact with levels
in b3R�g ;v 0 ¼ 16: ð4; 3ÞR2ð8Þ is shifted by þ1:65 cm�1 and
ð4; 3ÞR3ð7Þ by þ0:67 cm�1. Also, both perturber states are observed
with significant intensities and marked with asterisks in the
spectrum.

Table 1 lists 23 perturbed transitions and 12 extra lines ob-
served by TC-RFWM and assigned unambiguously by intermediate
level labeling. Note that in many cases the perturbations are mea-
sured in the P and R branch thus impeding ambiguities due to per-
turbations in the lower a3Pu;v 00 ¼ 3 state. For example, both the
R2ð5Þ and P2ð7Þ transitions yield the shift of the upper F2; J

0 ¼ 6 le-
vel (�0:70 cm�1). The intermediate level state in v 00 ¼ 3 on the
other hand is different (F2; J

00 ¼ 5 and F2; J
00 ¼ 7). In addition, litera-

ture data from Tanabashi et al. [20,25], Joester et al. [27] and Phil-
lips and Davis[26] are included in Table 1 where available.
Numerous perturbations in the (4,3) band are reported for the first
time to the best of our knowledge. In particular, the significantly
perturbed R1ð9Þ and P1ð11Þ and to a less extend the R2ð8Þ and
P2ð10Þ lines have not been observed before. Important disagree-
ment with Refs. [20,25] is found for R3ð3Þ, P3ð5Þ, R3ð5Þ and P3ð7Þ.
These findings have been observed also in the recent study of the
(4,1) band in the d3Pg � c3Rþu system [27]. In our work, more
inconsistencies are found for the R1ð12Þ and P1ð14Þ transitions.
However, the 13 remaining transitions are in good agreement with
our results. On the other hand, most of the values of Phillips and
Davis [26] are in disagreement with our measurements. For the
12 extra lines no literature data is available for comparison.

It is important to mention that the reduction of the perturba-
tions is very difficult to achieve without the determination of accu-
rate shifts and the measurements of extra lines. In this work, the
simplification of the complex spectra by intermediate level label-
ing results in the unambiguous determination of the line positions
of perturbed transitions and allows the observation of the extra
lines. Predicted line shifts and the positions of numerous extra
lines are measured in a straightforward manner to validate the
perturbation model. Molecular constants including perturbation
parameters are obtained by performing a least-squares optimiza-
tion procedure to all listed transitions using pgopher [35] and
shown in the fourth column of Table 2. The fit is significantly im-
proved by inclusion of the spin-spin coupling parameter, k. For
comparison, a fit without taking into account extra lines is shown
in the third column of the table. The root mean square value for



Table 2
Optimized molecular constants for the perturbing b3R�g ;v ¼ 16 state and parameters resulting from the interaction with the d3Pg ;v 0 ¼ 4 state. All values are in cm�1. The origin,
T, is relative to the a3Pu;v 00 ¼ 0 level. Numbers in parenthesis are one standard deviation.

State Parameter Optimized w/o extra lines Optimized value Extrapolateda

b3R�g ;v 0 ¼ 16 T 26192.081(72) 26191.865(14) 26187.074

B 1.22508(98) 1.22858(15) 1.22824

D� 106 6.4351b 6.4351b 6.4351b

k 0.32(11) 0.172(18) 0.155

hd3Pg ; v 0 ¼ 4jHSOjb3R�g ;v 0 ¼ 16i �0.6120(167) �0.6401(86)

hd3Pg ; v 0 ¼ 4jBLþjb3R�g ;v 0 ¼ 16i 0.2459(13) 0.24737(61)

a Ref. [37].
b Fixed at the extrapolated value.

Table 1
Observed positions and shifts of perturbed transitions due to the interaction of the Swan d3Pg ;v 0 ¼ 4 state and b3R�g ;v 0 ¼ 16 measured by TC-RFWM. The last column lists the
residuals to a synthetic spectrum taking into account optimized perturbation parameters listed in Table 2. The root mean square of the residuals is 0:02 cm�1.

Upper electronic state Transition Observed Perturbation Residuals

This work Ref. [27]a Ref. [20,25] Ref. [26]

d3Pg ;v 0 ¼ 4 R1ð7Þ 21398.96 �0.57 �0.57 �0.52 �0.97 �0.02
R1ð9Þ 21405.20 �3.06 – – �0.93 �0.02
P1ð11Þ 21344.55 �3.05 – – �0.74 �0.01
R1ð12Þ 21422.20 �0.53 – 1.28 �0.57 �0.02
P1ð14Þ 21343.05 �0.52 – 1.17 �0.53 �0.01
P1ð15Þ 21343.33 0.71 – 0.73 0.05 �0.04
R2ð5Þ 21392.10 �0.70 �0.76 �0.69 �0.99 0.03
P2ð7Þ 21351.70 �0.70 �0.76 �0.67 �0.68 0.03
R2ð8Þ 21408.10 1.65 – – �0.28 0.00
P2ð8Þ 21350.10 �0.24 – �0.20 �0.71 0.02
P2ð9Þ 21348.79 0.17 – 0.20 �0.60 0.00
P2ð10Þ 21348.55 1.65 – – �0.23 0.00
P2ð11Þ 21345.48 �0.03 – �0.02 �0.69 �0.03
R2ð12Þ 21427.19 0.37 – 0.42 �0.58 �0.04
R3ð3Þ 21386.64 0.04 �0.03 �1.54 �1.48 �0.01
R3ð4Þ 21391.47 0.67 0.63 0.71 �1.04 0.00
R3ð5Þ 21395.49 �0.19 �0.30 1.31 �1.13 0.00
P3ð5Þ 21354.06 0.04 �0.03 �1.62 �0.99 �0.01
P3ð6Þ 21352.38 0.72 0.63 0.73 �1.24 0.05
R3ð7Þ 21405.87 0.67 – 0.71 �0.87 0.01
P3ð7Þ 21349.58 �0.21 �0.30 1.59 �0.85 �0.02
P3ð8Þ 21347.97 0.15 – 0.15 �0.70 0.04
P3ð10Þ 21344.78 0.08 – 0.04 �0.51 0.02

b3R�g ;v 0 ¼ 16 R1ð7Þ 21417.38 0.32 �0.01
R1ð9Þ 21413.30 2.95 0.00
P1ð11Þ 21352.65 2.95 0.00
sR21ð12Þ 21427.86 0.07 0.01
qP21ð14Þ 21348.69 0.06 0.00
qR12ð5Þ 21396.93 0.87 �0.01
oP12ð7Þ 21356.52 0.86 �0.01
R2ð8Þ 21402.37 �1.64 �0.01
P2ð10Þ 21342.81 �1.64 �0.01
qR23ð4Þ 21388.45 �0.59 0.00
oP23ð6Þ 21349.30 �0.59 0.00
R3ð7Þ 21399.06 �0.59 0.03

a Averaged values of transitions from the (4,1) band of the d3Pg � c3Rþu system.
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both reductions are � 0:02 cm�1. However, the inclusion of the
extra lines yields significantly modified B and k parameters. The
improved agreement with the extrapolated values from Ref. [37]
cleary support the assignment of the perturber state and empha-
sizes the importance of extra line measurements for the determi-
nation of accurate molecular constants of the perturbing state
and the perturbation parameters.

4. Conclusion

We have shown that the application of double-resonant four-
wave mixing is advantageous for the unambiguous assignment
of perturbed and perturbing transitions by intermediate level
labeling. The potential of the method is outlined by analyzing
the interaction between the upper Swan level d3Pg ;v 0 ¼ 4 and
the b3R�g ; v 0 ¼ 16 state of C2. Several new perturbations are ob-
served, including the strongly perturbed transitions R1ð9Þ and
P1ð11Þ that are shifted by more than 3 cm�1 in respect to their
unperturbed positions. Spin-orbit and L-uncoupling parameters
are used to rationalize the perturbation and deperturbed molecu-
lar constants for the b3R�g ;v 0 ¼ 16 are obtained by applying a
least-squares fitting to the observed transitions. Further work is
performed to characterize in detail perturbations of other vibra-
tional levels of the d3Pg state, a task that is more involved owing
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to multiple electronic states that interact simultaneously with the
Swan levels. In fact, the higher J-levels of the d3Pg ;v 0 ¼ 4 state
are further perturbed by the B1Dg ;v 0 ¼ 12 level. Its effect on the
investigated perturbation is relatively small and not yet included
in the analysis.
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