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A new set of wavenumbers for the Stimulated Raman Spectrum (SRS)of the v band of 2CH, is presented
using the Infrared (IR) absorption spectrum of the Plo component of v of the same molecule as a
wavenumbers standard. An estimation of the Stark shift due to the pump laser field is experimentally
deduced what allows to extrapolate the measured wavenumbers to zero field amplitude. A careful discussion
about the main possible error sources and how to cope with them is also included.
The absolute accuracy of the wavenumbers set presented here is believed to be at least one order of

magnitude better as compared with previous measurement.
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1. INTRODUCTION

Accurate knowledge of molecular energy levels is very important in understanding
many processes in different fields, like Combustion, Laser Physics, Astronomy,
Chemistry in the atmosphere, etc.
Microwave and infrared (IR) techniques can provide very accurate measurements

for the wavenumbers of transitions between vib-rotational levels. Some coherent
Raman techniques can provide Doppler limited resolution for many molecules, but
the actual precision and accuracy in the determination of wavenumbers is usually
poorer as compared with IR techniques of similar resolving power.
The main reason for the higher accuracy provided by the IR spectra may be the

availability of many IR absorption standards, measured with different independent
procedures, including sub-Doppler techniques, in addition, the very good internal
coherence of the Fourier transform techniques make possible the use of standards
with relatively low density of spectral lines. Pump and probe techniques, such as
Stimulated Raman Scattering (SRS), require the accurate measurement of wavelengths
of two independent lasers, usually in the visible region, in order to derive the
wavelength of the difference. Very often, good molecular standards can be used to
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lock the fixed frequency laser, but the frequency of the tunable laser has to be
determined either by means of wavemeters of the Michelson or Fizeau type, or by
means of visible standards such as 12, Te2 or NO2, not very accurate as compared
with the IR ones. In addition the spectral density of those standards should be very
high due to the usually very short continuous scan range (typically 1 cm -t) of the
lasers.

In our Stimulated Raman/Infrared spectrometer, a fraction of the pump and probe
c.w. visible beams can be non-linearly mixed in a LiNbO3 crystal to generate the IR
difference frequency radiation, and the absorption spectrum of an IR standard can
be recorded simultaneously with SRS spectrum in order to provide a calibration
reference. In this way, it is possible to increase by about one order of magnitude the
accuracy of the wavenumbers determined from the SRS spectrum, as compared with
most of the above mentioned methods.
A further advantage is that, with visible standards for e92, the wavenumbers of

the probe beam, o9, has to be accurately known, whereas with IR calibration
for 09-02 the absolute o9 frequency is of no relevance, as far as its value is kept
fixed. Thus, different long term stabilization systems can be used, including stabilized
etalons or molecular transitions other than the rather small set that is known at high
accuracy level. This enlarges the choice of 09, and consequently of 02, and can be
very useful in selecting a good combination of dyes for the c.w. ring laser and the
pulsed amplifier.

Special care has been put in taking into account the necessary corrections arising
from the different data acquisition procedures in the IR and SRS spectra. Also any
possible frequency shift in the amplification process of the dye laser (performed for
obtaining the SRS spectrum but not for the IR) has been carefully measured and
taken into account, as reported in the following paragraphs. The presence of any
significant second order Stark effect that could affect the SRS spectrum, has also
been checked for the spectrum presented here.
A similar Coherent Raman/IR spectrometer has been reported previously,2 the

main difference being that CARS technique was used instead of SRS.
The totally symmetric v band of 2CH4, is inactive in the IR spectrum but has a

very high Raman scattering cross section. 3 For that reason the high resolution SRS
and CARS spectra of this band are among the first spectra reported by this technique.
Later on, some other measurements have been reported,5-8 along with several
semi-empirical fits of the experimental data.9’ Our initial interest in this study was
to check the accuracy of our Raman/IR spectrometer. However, quite surprisingly,
we found that no accurate unambiguous set of wavenumbers existed for this band.
We report here a wavenumbers set for all the resolved peaks observed in the 77 K
SRS spectrum, increasing the accuracy by more than one order of magnitude as
compared with most of the previously reported values.
The remainder of the paper is organized as follows: part 2 presents a description

of the apparatus, paying special attention to the acquisition system, part 3 is a
discussion of the frequency calibration system used and part 4 presents a comparison
with previous experimental and theoretical work.
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2. EXPERIMENTAL

The IR and Raman Laser Spectrometers have been described elsewhere 1’11 for what
we shall focus our description here to some aspects relevant to the calibration of
Raman frequencies against infrared standards.
The apparatus is depicted in Figure 1. The IR radiation is generated in a LiNbO3

crystal by non-linear mixing of the emission of a single-mode Ar / laser, at fixed
frequency 0)1, with that of a tunable single-mode ring dye laser, 092. Phase matching
for crossed polarizations with collinear beams is obtained by tuning the temperature
of the crystal. 12’13 Its spectral bandwidth is determined by that of the visible lasers.
In our case, is of 2 MHz (0.7 x 10 -4 cm-1).

Either the dye or both dye and Ar / lasers are amplitude modulated and lock-in
amplifiers are used for detecting the IR signal.
For the stimulated Raman Spectrometer, a quasi-c.w, configuration has been

chosen, 14’15 sharing the same two visible lasers used for generating the IR radiation.
The c.w. emission of the Ar / laser is mechanically chopped in order to obtain
80 #s pulses and used as probe beam. The pump beam is obtained by pulse amplifying
the emission of the c.w. laser in a three-stages dye amplifier pumped by an injection
seeded single-mode Nd-YAG laser. After mixing in a dichroic mirror the two collinear
beams are focussed on the sample using a F 50cm lens. The diameter of the probe
beam is matched to that ofthe pump beam (D no) 8 mm, 09 being the Gaussian spot
size). The spot diameter at the focus is Do- 100/m.
For 0)1 -0)2 --0)R, corresponding to a Raman allowed transition in the sample, a

small absorption (0)1 > 0)2, Inverse Raman) or amplification (0)1 < 0)2, Raman gain)
is produced in the probe beam, in the time scale of the pump beam (12 ns FWHM).
This signal is acquired by means of a boxcar averager. The instrumental resolution
is limited in this case by the Fourier transform of the temporal pulse shape of the
pump beam, which corresponds to a Gaussian profile with FWHM =60MHz
(~2 x 10 -3 cm-1).

Several effects can make this resolution limit difficult to achieve. First, if the YAG
laser is not single-mode, the beating between different modes is transferred in some
extension to the temporal profile of the pump beam, which originates a non-Gaussian

NdYAG ’1/Seeder

Ring dye laser

Figure Schematic diagram ofthe Raman/IR Spectrometer (FPI: Fabry-Perot Confocal Intefferometer).
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spectral lineshape with sidebands, leading to some distortion in the spectrum. Second,
the high power density at the focal region interacts with the energy levels of the
molecule through the AC-Stark effect, giving rise to line broadening and shift. The
influence of this effect on the methane spectrum reported here will be discussed later on.

In order to record Raman and IR spectra simultaneously, a small fraction of the
c.w. Ar / and dye lasers is pick off before entering the Raman system, and used to
generate the IR radiation.
Two sets of spectra were recorded (Figure 3). The first one with a sample pressure

of 15 Torr at room temperature. This spectrum is essentially Doppler limited but
several lines are unresolved. A second set was recorded cooling the cell in a liquid
nitrogen bath at 77 K, at the vapor pressure of 10 Torr. The spectrum appears almost
fully resolved and the S/N ratio is well over 1000. The pump energy was set to 10 mJ.
The good S/N ratio allowed us to record several spectra at low pump energy (1 mJ)
and still very good S/N (over 200) in order to check for a Stark shift in the Raman
frequencies.

2.1 Data Acquisition System

The data acquisition is controlled by a microcomputer, which commands the
beginning of the dye laser scan and acquires data from several channels in a
microprocessor based A/D converter.

In order to account for the non-linearity of the dye laser scan, the transmission
fringes of a confocal temperature stabilized Fabry-Perot (FP) interferometer of
150MHz free spectral range (FSR) and Finesse - 200 are recorded. An electronic
system (Figure 2), has been devised in order to avoid the need of storing the great
number of data points required to sample the very sharp (1 MHz) transmission peaks
of the FP etalon.
The shots from the YAG laser are used as the main clock for the acquisition system.

Averaged data points from the Raman signal are acquired every several shots. The
IR signal from the lock-in amplifier is sampled at the same rate.
The output of the FP is continuously monitored as the frequency is scanned. Each

time 092 m x FSR (m integer) a sharp peak appears in the photodiode output, and
the derivative of this signal triggers a counter. Once triggered, each YAG shot increases
its output by one step. At every data acquisition, this output is read, its value being
zero if no etalon mark has appeared since the last reading or a nonzero value
proportional to the time ellapsed since the etalon mark appeared and the counter is
reset to zero by the next clock pulse. The actual position of the frequency mark is
recovered by the data analysis software.
By choosing the number of data points per wavenumber and the number of shots

to be averaged, we can select the precision of the frequency marks, which is usually
chosen to be of the same order of the laser frequency jitter (in the range of
0.3-1.0 x 10-’ cm- 1).
Two experimental effects need to be taken into account when comparing the Raman

spectrum with the IR one. The first one is due to the different data acquisition system
in the IR and Raman spectra. Each IR data point reflects the intensity at the current
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Figure 2 Timing sequence of the frequency marks acquisition system. The time derivative of the
transmission of a temperature stabilized confocal FP intcrferometer, (a), is compared with a preset level,
(b), and triggers, (c), a counter, (d), whose output is read at the same rate as Raman and IR channels,
(e), allowing the retrieval of the peak actual time position.

wavenumber, whereas the Raman signal at the same instant is an average of several
previous shots, each for a different wavenumber because the dye laser is continuously
scanned. This originates an apparent shift in the wavenumber of the Raman peak,
whose value depends on the number of averaged points and on the scan rate. Second,
the wavenumber of the IR radiation, depends on that of the c.w. dye laser, whereas
the Raman signal is actually generated by the pulse amplified laser. A small frequency
shift can occur in the amplification process. The magnitude and sign of this shift
depends upon the dye used for amplification and the spectral region involved.
The correction needed to cope with both effects is obtained (see Ref. 11 for details)

from a comparison of the peak positions in the visible 12 absorption spectra recorded
simultaneously by using the c.w. and pulse amplified dye lasers.
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3. WAVENUMBERS CALIBRATION

The frequency of the Ar + laser, 09t, is locked to a hyperfine transition of 12712
using a polarization spectroscopy technique. 16 Taking into account both jitter and
long term drift of the servolock we can estimate the absolute accuracy of 091 to be
better than MHz.
The FSR of the etalon has been carefully measured by recording the IR spectra

of different standards (CH4,17 NzO18), for different choices of 091, in order to cover
the whole working range of the dye laser, 092 (16.000-17.700cm -1) needed for a full
coverage of relevant vibrational regions. No significant variation in the FSR has been
detected in this region. The precision of relative frequency measurements is 10-4A09,
what allows for errors lower than 10 -4 cm-1 within each cm- continuous scan.

In early work, or for the spectral regions where IR cannot be generated, a reference
spectrum of the absorption of the dye laser by a 127I2 cell was recorded simultaneously
with the Raman spectrum. The t27I2 visible absorption spectrum9 has a very high
density of lines, with a fairly homogeneous coverage of the spectral regions of interest
for 092. The claimed accuracy is 2 x 10-3 cm- for isolated, intense lines. This figure
is too high to take full advantage of our high resolution capabilities.

In the joint Raman-IR configuration reported here we can take advantage
of the lower (linear with frequency) Doppler limit in the IR region and the usually
lower spectral congestion of vib-rotational spectra as compared to rovibronic existing
absorption standards.
For the present Raman study of the vl Q-branch, we have chosen the CH4 v3

Po sub-branch as IR reference. These transitions are Raman allowed as well, but
they are far too weak to be observed in our Raman spectrum.
The accuracy of the reported IR line wavenumbers is 5 x 10 -4 cm-a (twice the

standard error), as compared to 2 x 10 -3 cm- for the I2.
The different error sources from the several steps leading to relative frequency

calibration are routinely estimated in the data analysis software, using standard
methods. This estimated error is listed in Table 1 along with the wavenumbers and
represents the contribution of the dye laser jitter and noise, as well as that of the
width and blending of the lines. A typical figure for unblended lines in our spectrum
is 3 x 10 -4 cm- (s.d.), and is coincident with the standard deviation actually found
for the wavenumbers of the same transitions in ten different records.

Besides this reproducibility figure, we must consider the error estimated for the
correction applied to Raman wavenumbers (see previous paragraph), and the error
quoted for the reference spectrum. The overall uncertainty in the wavenumbers
reported in Table 1 is estimated to be x 10 -3 cm-1 (twice s.d.).

3.1 Stark Effect
As mentioned above, the molecular energy levels are perturbed by the electromagnetic
radiation field. Even for non-polar molecules the strong field due to the pump beam
interacts with the induced dipole moment, originating an energy shift proportional
to the instantaneous intensity.2’2 The major manifestations of this AC-Stark effect
are a small change in the inertial moments, the removal of the M degeneracy and a
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global vibrational energy shift, which is proportional to the derivative of the molecular
polarizability respect to the normal coordinates.
The IMI splitting and J-dependent shift is only very slowly dependent on the

vibrational quantum numbers and for AJ 0, AM 0 transitions, no splitting is
observable in vibrational Q-branches.21’22 Nevertheless, the power-dependent
vibrational shift can give rise to an inhomogeneous broadening as the field amplitude
varies in time and is different for different regions in the sample contributing to the
Raman signal.

Theoretical calculations for diatomic molecules2’21 show that the vibrational
energy shift is linearly dependent on the derivative of the molecular polarizability
with respect to the normal coordinate, c/c3Q, and of opposite sign.
We have measured the Stark shift for the methane v band by comparing the peak

positions at two energy levels (10mJ and mJ) corresponding to peak intensities of
50GW/cm2 and 5 GW/cm2 for the peak of the gaussian distribution at the focal

plane. We found a value of 0.5 x 10- 4 cm- /mJ.
The lines are 10% broader in the high pump power spectrum. In the low power

one, the Gaussian FWHM is 6.3 _+0.5 x 10-3cm -1, close to the value of
5.2 x 10- 3 cm- expected from the convolution of the Doppler (4.6 x 10- 3 cm- 1, at
77 K) and instrumental (2.3 x 10- 3 cm- linewidths.
The wavenumbers in Table 1 have been extrapolated to zero field amplitude by

adding 5 x 10-’cm- to the values of the 10-mJ spectrum.

4. RESULTS AND DISCUSSION

Figure 3 shows the 77K spectrum of the v band of CH, (lower field), together
with the IR spectrum ofthe v3, P o sub-branch of the same molecule used as reference.

Table I summarizes the line positions for J < 11 of the vl band of 12CH4, calculated
and measured by different Raman techniques. The accuracy claimed by their authors
is also reported. The first column list the most probable assignment following the
notation first introduced by Moret-Bailly.23 Columns under the heads, "Owyoung",
"Lavorel" and "Present work", list SRS data. Owyoung data correspond to c.w.
operation for what no relevant Stark shift is expected. This effect should be present
in the Lavorel data, but to our knowledge, no attempt was done to correct for this
fact. Consequently, wavenumbers in this column could be slightly red-shifted. A
0.006cm-1 calibration error has been suggested in Ref. 9 for the Owyoung data. It
should be noticed that adding 0.006 cm-1 to all the Owyoung wavenumbers, bring
them into much better agreement with most of the other wavenumbers listed in Table 1.
The column under the head "Kozlov" correspond to c.w. CARS data from Ref. 5,

where the best resolved spectrum up to date is reported. Only relative peak positions
are listed. An appreciable discrepancy with most of the other available data is observed
increasing with increasing wavenumbers.
The "Schr6tter" column, corresponds to an empirical fit including the c.w. CARS

data from Refs. 6 and 24 together with other experimental data previously published
or known by private communications.
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Figure 3 CH,, v Q-branch Stimulated Raman Spectrum at 77K (lower field) and v Plo IR reference
spectrum used for calibration (upper field).

The "Graener" column has been deduced by adding 2916.4812 to the relative line
positions of Ref. 7, obtained by FT-Raman.
The column headed "Lolck" reports a wavenumber prediction based on molecular

constants deduced from experimental data from Ref. 9 and other infrared data.
Under the head "Present work", our pulsed SRS experimental wavenumbers

are reported. The estimated relative uncertainties in units of 10- 4 cm- are indicated in
parenthesis. After applying the experimental corrections discussed above, a
+ 0.0005 cm-1 correction has been done to refer the measured wavenumbers to zero
field amplitude. They reflect the average of between five and twelve independent
measurements, using the IR spectrum as a standard, in the way described above.
The absolute accuracy for this data set is estimated to be at least one order of
magnitude better than previously published data.
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