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Laboratory of Physical Chemistry, P.O. Box 55 (A.I. Virtasen aukio 1), FIN-00014 University of Helsinki, Finland

(Received 00 Month 200x; In �nal form 00 Month 200x)

In this article we present the spectrum of H13C13CH near 13 000 cm�1 and its ro-vibrational analysis. Our high repetition rate cavity
ringdown spectrometer was used to record the spectrum. Seven vibrational bands, including six to previously unobserved vibrational
states, were recorded and rotationally analysed. The band origin of the cold 3010000 stretching vibrational combination transition ((31�)
in the local mode notation) was measured at 12960.28807(38) cm�1. The vibrational transition dipole moments were determined through
intensity measurements of the spectral peaks. The values of the unperturbed vibrational transition dipole moment, jR0

v0v00
j2, and the

�rst Herman{Wallis coe�cient, A1, for the 3010000 band were found to be 1:1570(26)� 10�9D2 and �9:5(6)� 10�4, respectively. The
numbers in parentheses represent one-standard error in the least signi�cant digits.

1 Introduction

Acetylene is a widely used molecule in chemical synthesis, oxyacetylene gas welding, and as a carbon
source in the production of carbon nanotubes [1, 2]. It is also of importance in theoretical and computa-
tional chemistry where, for example, it is a benchmark molecule in the optimisation of high-level electronic
structure calculations [3]. Variational methods, in which rotational and vibrational energy levels are com-
puted, frequently target small molecules. Acetylene is a good candidate for such attention as it is arguably
the simplest four-atom molecule [4]. It has a low density of states due to its linear geometry and light nu-
clei, and for these reasons acetylene is also a frequently used test molecule for high-resolution spectroscopy.
As a result, there is a wealth of experimental data to compare with the theoretical models.
The near-infrared and visible spectra of acetylene are dominated by stretching vibrational overtone

bands. The strongest transitions are usually those to the states labelled in the local mode notation as
(m0�), where the vibrational quantum numbers m and 0 refer to the two CH bond oscillators and the
minus sign indicates that the vibrational wavefunction is antisymmetric in permuting the CH oscillators.
There are weaker transitions to states of the type (mn�), where both m and n are non-zero. Weaker
still are the transitions to states that involve bending or CC stretching overtones. Generally, in addition
to the main band, there are many weaker bands induced by vibration-rotation interactions between the
upper states. Vibration-rotation state analysis therefore produces a lot of spectroscopic information. In
the present contribution, we have examined the (31�) band system of the H13C13CH isotopologue.
A simple local mode model has been applied to compute the stretching states of H13C13CH up to �ve

quanta of CH stretch and and two quanta of CC stretch [5]. More recently, Herman et al. have performed
more thorough normal mode theory based calculations of the vibrational energy level structure including
all vibrational degrees of freedom [6]. They have computed energy levels up to 12 000 cm�1. This model
bene�ts from spectroscopic studies of H13C13CH, particularly those investigations|such as this one|that
examine the high overtone states for which less information exists.
Our measurements of the H13C13CH spectrum were recorded with a cavity ringdown (CRD) spectrome-

ter. Cavity ringdown spectroscopy is a sensitive absorption technique that has found uses in a broad range
of disciplines [7], many of them in the pure and applied spectroscopic �elds [8,9]. The sensitivity inherent
to the technique makes it suitable for studies of trace gases and weakly absorbing species. We have built
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a CRD spectrometer that, through the use of active frequency stabilisation, achieves greater sensitivity
than most standard CRD setups. Comparisons of our setup with other CRD systems are made
in references [10] and [11].

2 Experimental Setup

Our high repetition rate CRD spectrometer has been described previously [10,11]. Broadly speaking, our
setup has the appearance of a standard absorption experiment. The light source is the tunable continuous
wave (cw) infrared beam from a Nd:YVO4 (Coherent Verdi) pumped Ti:Sapphire laser (Coherent 899-
21), the sample cell is the ringdown cavity (R = 99.98%, L = 30 cm), and the detector is a photodiode
(Hamamatsu S1223, battery biased). The ringdown cavity was �lled with H13C13CH sample (99 atomic
percent purity, C/D/N Chemicals) at a pressure of 8 torr. The pump laser power was roughly 8 W resulting
in an infrared power of about 350 mW from the Ti:Sapphire laser. Approximately 2 mW of this was injected
into the ringdown cavity with the remainder either being used for calibration (�30 mW), or lost in the
double pass of the acousto-optical modulator (AOM), as described below. Data from the detector are sent
to a computer via a data aquisition card (14-bit, Strategic Test UF. 4021) for processing.
The heart of our setup, and the feature that distinguishes it from most other CRD spectrometers, is

the active feedback locking system. The laser is frequency-stabilised with the ringdown cavity using the
Pound-Drever-Hall technique [12]. On its way to the cavity, the laser beam passes through an AOM that is
used to block the beam and to thereby initiate ringdown events. After a �xed delay in which the ringdown
is recorded, the AOM is switched on again and the feedback system locks the laser to the maximum of a
cavity fringe. This cycle is repeated at 10 kHz. The outcome is that at all times we are either injecting
light into the cavity (\ring-up") or measuring a ringdown. As in other CRD experiments, the ringdown
signal is �tted to an exponential decay to extract � , the decay time. The empty cavity decay time, �0, is
about 9 �s in the wavelength region 12850{13050 cm�1 examined in this study.
The frequency-stabilised setup has two advantages over the standard cw-CRDS con�gurations [13, 14]:

The laser has a greater coupling e�ciency with the ringdown cavity and ringdown events can be recorded
at a much higher repetition rate. Recording ringdowns at a high rate allows us to use more aggressive
averaging in our data manipulation and to thereby achieve an overall greater sensitivity without having to
resort to impractically slow scanning. A single 0.9 cm�1 scan takes less than two minutes with this system.
The range of an individual scan is limited to 0.9 cm�1 by the maximum displacement of the piezo-

ceramic tube that holds one of the cavity mirrors. The change in cavity length is translated into a change
in laser frequency as the stabilisation system tracks the frequency of a cavity fringe. Many such scans are
concatenated to produce the complete spectrum. Each 0.9 cm�1 scan contains 1000 points and each of those
points is the average of 1000 decays �tted to an exponential with the least-squares method. The spectra
were calibrated as described in ref. [15]. Briey, two transmission spectra are recorded simultaneously
with the acetylene spectrum: An I2 spectrum is used to calibrate the absolute wavenumber scale and the
spectrum of a Fabry-Perot interferometer is used for linearisation. Occasionally, there are no assigned I2
lines within the 0.9 cm�1 scan range and overlapping acetylene peaks from adjacent scans are used for
calibration instead. The absolute wavenumber accuracy of the �nal spectrum is determined by the quality
of the iodine atlas [16] and is estimated to be better than 0.005 cm�1, based on �ts to these and previously
recorded data [11].
The design of our CRD spectrometer is constantly being modi�ed to adapt to new experimental goals

and to overcome problems. Using the AOM in a double-pass con�guration [11] decreases the short-term
(1 s) baseline noise in the recorded decay times by half. It also removes completely the sensitive dependence
of ringdown times on the DC voltage supplied to the AOM. The largest remaining source of woe in our
experiment is the baseline drift. While scanning, the measured value of �0 changes gradually over the scan
range by as much as 0.02 �s. This has been the subject of much speculation and the prime suspects for its
cause are the scanning galvo plate in the Ti:Sapphire laser and the piezo-mounted mirror in the ringdown
cavity. O�-axial motion of the cavity mirror could be caused by the cylindrical piezo bending under the
weight of the mirror and its mount. A planned improvement to the setup, in which the piezo is
mounted outside the cavity, may solve this problem. We intend to mount the mirror directly
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onto the end of the monolithic block and to make the seal with a thick o-ring. The piezo will
be mounted on a bracket secured to the optical table and will press inward on the mirror,
slightly compressing the o-ring, in order to scan. In this way, the piezo will support only its
own weight and not the weight of the mirror and its mount. It is hoped that this modi�cation
will eliminate the o�-axial motion of the end mirror.

3 Spectroscopic Results

Figure 1 shows the entire recorded H13C13CH spectrum from 12840 cm�1 to 13030 cm�1. The most
prominent band in the spectrum is a transition to the local mode CH stretching state (31�) which corre-
sponds to the 3010000 state in the customary normal mode notation where the standard quantum numbers
(v1v2v3v

l4
4 v

l5
5 ) are used to label the vibrational states [17]. Seven much weaker transitions are also present.

One is the 3010000 band of the H12C13CH isotopologue, which is present in our spectrum due to an impurity
in the sample. It has been reported previously in more in-depth examinations of that isotopologue [18,19].
The remaining six bands have all been assigned as hot bands. These �{� transitions arise from doubly
degenerate lower states with a single quantum of v4 or v5. Several oxygen peaks, courtesy of a slow leak in
the cavity, are also visible in the spectrum. It is di�cult to decide what constitutes an unassigned
line given that the distinction between very weak, but real, features and noise is subjective.
Nevertheless, a conservative estimate puts the number of assigned lines in the spectrum at
70% of the total number of lines observed.
Figure 2 shows a small section of the spectrum with a greatly magni�ed vertical scale. Of note in this

�gure is the presence of the baseline drift mentioned in the Experimental section. The baseline gradually
changes during each 0.9 cm�1 scan. The point at which a pair of neighbouring scans meet is located by
the sudden jump in the baseline. All acetylene lines in the spectrum possess a Doppler-broadened width
of roughly 0.026 cm�1.

3.1 Vibrational and Rotational Results

The vibration{rotation energy of a linear semirigid molecule can be expressed up to the fourth order as [17]

Ev

hc
= Gv + Fv(J; k) = Gv +Bv

�
J(J + 1)� k2

�
�Dv

�
J(J + 1)� k2

�2
; (1)

where Gv is the vibrational term value, Bv is the rotational constant, and Dv is the quartic centrifugal
distortion parameter of the vibrational state characterised by the quantum label v. The quantity J is the
total angular momentum quantum number, and k = l4 + l5 is the total vibrational angular momentum
label with l4 and l5 being the vibrational angular momentum quantum numbers of the bending vibrations.
Rotational analysis has been performed separately for each parity component of the doubly degenerate
vibrational states. In order to calculate the upper state parameters with better accuracy, we have used
reduced energy transitions. Both upper and lower state energies are reduced by the lower state rotational
energy [20]:

�red = �G+�B
�
J 0(J 0 + 1)� k02

�
��D

�
J 0(J 0 + 1)� k02

�2
; (2)

where �G = Gv0 �Gv00 ;�B = Bv0 �Bv00 ;�D = Dv0 �Dv00 ; and the single and double primes refer to the
upper and lower states, respectively. The linear least-squares method is used to optimise the coe�cients
of the resulting polynomial expansion (which represents the reduced transition wavenumbers). The lower
state parameters, which are known to high accuracy and are taken from ref. [21], are �xed during the
optimisation.
Vibrational and rotational parameters were determined for the seven H13C13CH bands in the spectrum

and are shown in Table 1. The upper states were vibrationally assigned with the aid of a calculation
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based on the parameters published by Di Lonardo et al. [22]. Their model takes into account the relevant
perturbations and can be employed to predict a multitude of states in H13C13CH. In addition to the
eigenvalues, we also calculated the eigenvectors, from which the rotational B constants are determined;
these are also used to aid in the vibrational assignment of the upper states. Both the band origins of the
transitions and the rotational constants agree well with the predicted values for all the assigned states. In
all cases, the predicted transition energies are within 1:5 cm�1 of the measured values and
the predicted B constants are within 5 � 10�4 cm�1. All the observed states are mixtures of two
or more zeroth order states and we have given the two highest contributing states as an assignment in
Table 1. The lower states of the transitions were con�rmed by the ground state combination di�erence
method [17].
Inspection of the calculated upper state contributions (percentages in Table 1) reveals that a quartic

anharmonic interaction, Darling{Dennison resonance, is a dominating inuence as expected [23, 24]. Ac-
cording to this model, the 3010000 and 1030000 states are in strong resonance and become mixtures of the
relevant basis functions. The local mode picture o�ers a di�erent interpretation: Bond anharmonicity is
the main reason for the energy separation of the (40�) and (31�) states (about 344 cm�1 [5]) and the
local mode basis functions are already close to the �nal eigenfunctions. Thus, it is justi�ed to state that
the local mode labels present a more physically appealing interpretation.
The strongest transition (3010000, or (31�) in the local mode notation) has been previously observed in

a photoacoustic experiment carried out by Hall in 1984 [25]. The values for �G, B0 and D0 reported in that
work do not quite agree with our results to within a three-standard error. However, all three parameters
match to within a two-standard error when Hall's data are re�tted with the more accurate ground state
parameters from Di Lonardo et al. [22]. The values were determined more accurately in our experiment
where the high signal-to-noise ratio allows for more accurate determination of the peak positions, and a
larger number of rotational lines (75 versus 53) were measured. To our knowledge, the upper states of the
hot bands had not been experimentally observed prior to this investigation.
The standard errors of the �ts to the ro-vibrational data are in all cases smaller than the stated exper-

imental uncertainty. Additionally, there is good agreement between the band origins of the e and f pairs,
to within two-standard errors of the �tted values.

3.2 Intensities

Intensity measurements were not the primary aim of this investigation and were made di�cult by a number
of factors. Small changes in the cell temperature can have a large e�ect on the measured intensities, yet
in this experiment the sample cell was not temperature-stabilised. As the measurements took place at
all hours of the day for several days there were bound to have been some variations in the temperature.
Most importantly, intensity measurements for all but the strongest observed band were made di�cult by
the aforementioned baseline drift. Because of this problem, the �rst step in our intensity measurement
procedure is to visually inspect the peak in question and to subtract a linear baseline from it. In general,
the baseline drift possesses a small second derivative and can be assumed to be linear over the width of
a single spectral peak (see �g. 2). Problems arise when there are several nearby or overlapping peaks or
when the baseline has a di�erent gradient on either side of the peak. For this reason we present the data
with an uncertainty in accuracy of up to 25%. Having subtracted the linear baseline, we �t a Gaussian
function to the rotational line and divide its area by the sample pressure, giving the linestrength SJ (in
cm�2/atm) which is related to the square modulus of the vibrational transition dipole moment jRv0v00 j
by [26]

SJ = A
~�C

QT
g00 � e(�hcE

00=kT )
h
1� e(�hc~�=kT )

i
jLJj

2jRv0v00 j
2; (3)

where A is a constant equal to 3054.72 cm�1 atm�1 D�2, ~� is the wavenumber of the line, T is the sample
temperature in K, E00 and g00 are the lower state rotational energy and degeneracy (including the statistical
weight), respectively, C = 0:99 is the stated purity of our isotopically enriched H13C13CH sample, jLJj is
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the modulus of the H�onl-London factor of the transition, and Q is the total internal partition sum. The
partition sum is calculated at 293 K using the coe�cients of the polynomial expansion given in ref. [6].
The H�onl-London factors are from ref. [27].
In each band, SJ was measured for as many rotational peaks as possible. Equation (3) was then used to

extract jRv0v00 j. Changes in the value of jRv0v00 j as a function of J
0 can indicate ro-vibrational perturbations;

however, experimental uncertainty precluded such analysis for the weaker bands. Table 2 shows the averages
of jRv0v00 j for each of the hot bands, grouped by rotational branch. As can be seen from the table, there is
sometimes a small di�erence between the vibrational transition moments of the P (�J = J 0 � J 00 = �1)
and R (�J = 1) branches of the same band. This may indicate the presence of a Herman{Wallis e�ect [28]
due to ro-vibrational perturbations to the upper state of the transition; however, for the reasons outlined
above, such a claim would be unsupported in light of our experimental uncertainty. The strongest band
does however exhibit a Herman{Wallis dependence beyond such uncertainty, as can be seen in Figure 3.
These measurements are from more intense lines and su�er less from the sources of uncertainty mentioned
above. The intensities measured from this band possess an uncertainty of roughly 10%. The measured
value of jRv0v00 j

2 decreases with increasing m (m = �(J 0 + 1) and m = J 0 for the P and R branches,
respectively). This dependency was �tted by the linear least-squares method to the expression [29]

jRv0v00 j
2 = jR0

v0v00 j
2(1 +A1m+A2m

2 + :::)2; (4)

where jR0
v0v00 j

2 is the vibrational transition dipole moment of the transition to the unperturbed upper
vibrational level and the An parameters are called the Herman{Wallis coe�cients. It was found that
the contributions of terms beyond A1m were negligible and eq. (4) was truncated accordingly. Fitting
the jRv0v00 j

2 values from the 3010000 band to eq. (4) yields jR0
v0v00 j

2 = 1:1591(25) � 10�9D2 and A1 =
�8:7(7) � 10�4 where the numbers in parentheses indicate one-standard error in the least signi�cant
digits. These results imply the presence of a perturbing state the identity of which remains unknown.

4 Conclusions

In this study, we have measured several transitions of H13C13CH, a molecule of relevance to both ex-
perimental and theoretical chemistry. We have determined spectroscopic parameters concerning observed
cold and hot bands from the experimental spectrum. These parameters will help researchers to better
understand the energy level structure of this molecule.
We have proven the usefulness of our home-built CRD spectrometer in recording these data. Not only

did the high sensitivity make it possible to observe weak bands, its high rate of data collection meant
that it was not an inordinately slow process to do so. In the future, we intend to continue to improve the
spectrometer, initially by making modi�cations to the existing model and then later to build a redesigned
version. We believe that reversing the scanning mirror con�guration, so that the piezo presses inwards on
the end mirror rather than supporting its weight, will remove or diminish the slow baseline drift problem.
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Figure 1. The H13C13CH spectrum over the full recorded range. The pressure of H13C13CH inside the cell was 8 torr and the

laser power injected into the cavity was approximately 2 mW. The strongest band is a transition from the ground vibrational
state to the 3010000 state. Observed oxygen peaks are indicated with a comb.

Figure 2. A magni�ed portion of the spectrum shown in �g. 1. The two large peaks that have been truncated by the upper border of
the �gure belong to the cold transition. The rest have been assigned to hot bands. The only exception is marked with an asterisk. It
belongs to a cold band of H12C13CH, which was present as an impurity in the H13C13CH sample. The baseline drift in each of the

0.9 cm�1 scans can be seen at this magni�cation.

Table 1. Spectroscopic analysis of the vibration{rotation bands of H 13C13CH observed in this study

Upper state Lower state �G (cm�1) B
0 (cm�1) 106D0 (cm�1) 103� (cm�1) J

00

max
N

3010000 (70%) (1030000 (28%)) �+
u
(e) 0000000 �+

g
(e) 12960.28807(38) 1.0960176(15) 1.4350(11) 1.8 39 75

3011100 (65%) (1031100 (26%)) �u(e) 0001100 �g(e) 12908.03290(92) 1.0951256(99) 1.341(20) 2.8 22 39
3011100 (65%) (1031100 (26%)) �u(f) 0001100 �g(f) 12908.0356(13) 1.100176(15) 0.977(34) 3.8 23 35
3010011 (64%) (1030011 (26%)) �g(e) 0000011 �u(e) 12918.1383(10) 1.0958109(79) 1.410(12) 3.3 26 46
3010011 (64%) (1030011 (26%)) �g(f) 0000011 �u(f) 12918.1373(10) 1.1004158(77) 1.514(11) 3.1 26 43
0040011 (46%) (2020011 (16%)) �u(e) 0001100 �g(e) 12959.7356(16) 1.097482(17) 1.960(34) 3.1 21 22
0040011 (46%) (2020011 (16%)) �u(f) 0001100 �g(f) 12959.7359(19) 1.104707(28) 1.285(83) 4.2 19 29

The lower-state rotational parameters are:
0000000 state: B00 = 1:119574687 cm�1, D00 = 1:487382 � 10�6 cm�1, H00 = 1:2616� 10�12 cm�1.
0001100 e state: B00 = 1:1182056 cm�1, D00 = 1:498400 � 10�6 cm�1.
0001100 f state: B00 = 1:1230130 cm�1, D00 = 1:531700 � 10�6 cm�1.
0000011 e state: B00 = 1:11939372 cm�1, D00 = 1:491541 � 10�6 cm�1.
0000011 f state: B00 = 1:12365986 cm�1, D00 = 1:524870 � 10�6 cm�1.
The ground state (0000000) parameters are from ref. [21] and the parameters of the other states were calculated with equations in the
same reference. Percentages in parentheses give the contribution of the state to the observed eigenstate. The quantity � is the standard
deviation of the �t, J 00

max
is the largest lower-state angular momentum quantum number of the transitions included in the �t, and N is

the number of data included. Numbers in parentheses are errors from the �t and are one-standard errors in the least signi�cant digits.
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Figure 3. The squared vibrational transition dipole moment for the P and R branches of the 3010 000 (or (31�)) band. Errors for these
measurements are estimated to be in the order of 10%. Because the noise in the spectrum has an e�ect that is inversely proportional to
the linestrength, the uncertainty is largest for the weak peaks, i.e. those on the far edges of the graph. The line is a linear least-squares

�t of the data to eq. (4).

Table 2. Square moduli of the vibrational di-

pole moments for the observed hot bands. a

�G (cm�1) Branch jRv0v00 j
2=1010D2

12908 e P 9.5
R 8.9

12908 f P 9.7
R 8.9

12918 e P 10
R 10

12918 f P 10
R 11

12960 e P b

R 4.4

12960 f P 4
R 4

a See �g. 3 and the text for the cold band
data.

b There were not enough usable data to ob-
tain a meaningful value.
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