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Abstract We report on absolute line strength measure-

ments of P(1), R(0) and R(1) singlet lines in the 3:3 lm m3

(C–H stretching) band of methane 12CH4 at reference

temperature T ¼ 296 K. Line strength measurements are

performed at low pressure ðP� 1 TorrÞ using direct

absorption spectroscopy technique based on a widely tun-

able continuous-wave singly resonant optical parametric

oscillator. The 1r overall accuracy in line strength deter-

minations ranges between 7 and 8 % mostly limited by

pressure and frequency measurements. A comparison with

previous reported values is made. Our results show good

agreement with the HITRAN 2012 database.

1 Introduction

The mid-infrared (MIR) spectral region (3–30 lm) is a

domain of interest to many areas of science and technol-

ogy. Most fundamental rovibrational transitions of simple

molecules fall in this region of the electromagnetic spec-

trum making it ideal for spectroscopic detection. In this

context, absolute line intensity measurements of molecular

spectral lines in the MIR finds a variety of applications in

different research fields such as molecular astrophysics [1],

global environmental monitoring [2], atmospheric chem-

istry, homeland security, trace gas sensing and medical

diagnostics among others. Indeed, accurate knowledge of a

spectroscopic parameter such as line strength, which

characterize the ability of a molecule to absorb radiation, is

indispensable when one wants to retrieve the gas concen-

tration in the troposphere or the lower stratosphere [3] with

high accuracy [4]. Moreover, theoretical simulations of

climate change or planetary atmospheres need accurate

spectroscopic parameters input such as line strengths to

improve the accuracy of their modeling.

Even though large amounts of spectroscopic parameters

can be found in databases such as HITRAN [5] which

combine experimental measurements with theoritical cal-

culations, there exist an actual need for novel accurate and

traceable measurements in this spectral domain for a

variety of simple molecules such as methane which is

known to be a greenhouse gas of major importance in the

radiative balance of the Earth’s climate [6].

Absorption spectroscopy for line strength measurements

of methane in the m3 band has been performed in the last

decades using low resolution instruments such as grating

spectrometers [7] or FTIR spectrometers [8]. The first

measurements using tunable narrow linewidth (Dm �
5 MHz) mid-IR laser was performed by Pine who

employed nonlinear difference-frequency generation

(DFG) of two tunable dye lasers in LiNbO3 to generate

microwatt level of 3.3–3.4 lm coherent radiation [9–11].

More recently, in-situ atmospheric DFG laser spectroscopy

of the m3 band of CH4 (3.25–3.25 lm) using a compact

periodically-poled lithium niobate-based setup with sub-

10-MHz resolution has been reported for in-situ spectros-

copy of methane in the troposphere and lower stratosphere

regions [2].
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In this paper, we report on line strength measurements

of the P(1), R(0) and R(1) transitions in the m3 band of CH4

by direct absorption spectroscopy (DAS) using a tunable

continuous-wave optical parametric oscillator (cw-OPO).

Widely tunable (2.8–4.3 lm) singly resonant PPLN-OPOs

(SROs) pumped by amplified Yb-fiber output at 1,064 nm

are powerful (Watt level) candidates as tunable narrow

linewidth (Dm\ 100 kHz) MIR sources to perform high-

resolution spectroscopy in the 3–3.4 lm range for line

parameter investigation [12, 13], with respect to low-power

(lW-level) DFG lasers with limited tunability [14, 15]. A

single-grating PPLN-SRO can conveniently cover the

entire m3 band of methane, especially if the pump laser is

mode-hop-free tunable over tens of nanometers around

1,064 nm [16]. The only inconvenience of cw SROs

against DFG lasers is the tendency of parametric oscilla-

tors’ signal wave to mode-hop during the pump scan, due

to the intrinsic low cw parametric gain which scales as the

round-trip signal cavity loss. This mode-hopping behavior

can be long-term frozen by active stabilization of the signal

resonator length [17]. However, for line-by-line spectros-

copy which require only moderate pump tuning over \10

GHz, active stabilization is superfluous as in the present

work provided that the scan rate is much faster than the

average time between two successive mode-hop events. To

retrieve the line strength Sif of a rovibrational transition

between initial energy level Ei and final level Ef [18], we

use a basic approach based on the classical Beer Lambert’s

absorption law for which we measure the integrated

absorbance for a known temperature, pressure and path

length. Our results are compared to previous reports

including HITRAN 2012 database [5].

2 Description of the laser spectrometer

2.1 The singly resonant OPO spectrometer

The spectrometer is a continuous-wave, single frequency

optical parametric oscillator (cw-OPO) based on a 5 %-

Magnesium oxide-doped periodically-poled congruent

lithium niobate (ppMgCLN) nonlinear crystal [16, 17]. It is

implemented as a pump-wave-tuned singly resonant

oscillator (SRO), for which only the signal wave arising

from the pump photon down-conversion process

(mp ¼ ms þ mi) is resonated inside a bow-tie ring cavity. The

singly resonant configuration allows convenient continuous

tuning of the idler beam frequency (mi) simply by tuning

the pump frequency (mp). The full pump excursion is

transferred to the idler, by virtue of the fixed frequency of

the signal wave, kept in resonance with the cavity [17]. The

maximum achievable mid-IR continuous tuning range is

hence only determined by the pump-tuning-induced phase-

mismatch Dk ¼ kp � ks � ki � 2p=K (where K is the

ppMgCLN grating period growth and kp;s;i are the wave-

vectors) which controls the OPO parametric gain /
sinc2ðDkL=2Þ where L is the crystal’s length. For an idler

wave emission near 3.3 lm, the change in Dk induced by

the pump scan over several nanometers is extremely small

(quasi non-critical phase-matching [16]), resulting hence in

a wide continuous Dmi excursion before a mode-hop event

occurs following the gain decrease.

The OPO is pumped by an elaborate commercial single

frequency master external cavity diode laser (ECDL, New

Focus VelocityTM Widely Tunable Laser, model 6321).

This ECDL is mode-hop-free (MHF) tunable between

1,050 and 1,070 nm, with a narrow linewidth [16](300 kHz

at 1 ms), and amplified by a 10 W polarization-maintaining

Yb:fiber amplifier. The oscillating signal wave inside the

OPO cavity is comprised between 1,450 and 1,650 nm (set

by the high reflectivity mirrors coating bandwidths), lead-

ing to a down-converted idler wave in the MIR tunable

between 3 and 4 lm when the nonlinear crystal tempera-

ture and (or) the pump wavelength are (is) changed.

Moreover, in order to reduce mode-hop events, a YAG

etalon with a thickness of 400 lm was placed between the

two plane mirrors of the OPO cavity. For continuous tuning

range over several nanometers [16], the DC-motor attached

to the ECDL end-mirror can apply fast rotation tilt (at a

speed \20 nm/s) of the end-mirror of the Littman-Metcalf

type external cavity design.

Since full widths of molecular transitions do not exceed

3 GHz at atmospheric pressures, for the spectroscopy of the

R(0), R(1) and P(1) lines, only moderate idler tuning over

\10 GHz is required. This is performed by a voltage ramp

applied to the piezoelectric transducer (PZT) attached to

the feedback mirror of the ECDL. The PZT maximum

tuning range of 50 GHz eliminates the need of other long

range tuning methods, such as using DC-motor.

The major advantage of our SRO spectrometer is the use

of a widely MHF tunable ECDL (instead of a Yb:fiber laser

which can be tuned over � 1 nm only). The large MHF

tuning capability of the ECDL combined with the tem-

perature tuning of the ppMgCLN nonlinear crystal extends

the phase-matching capability of the OPO [16]. As an

example, to target the singlet lines under investigation only

the grating period K ¼ 30:5 lm is used with a phase-mat-

ched combination (kp; T) where the regulated grating

temperature T(DT ¼ �0:1oC) is varied between 90�C and

105�C and the ECDL pump wavelength is set between

1,063 and 1,064 nm. For instance, the R(0) and R(1) lines

spaced by � 10 cm�1 can be accessed by decreasing the

pump laser wavelength from 1,064 nm-R(1)- to 1,063 nm-

R(0)- at constant temperature T ¼ 102�C of ppMgCLN.
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Compared to a fixed kp pump laser for which only tem-

perature tuning controls the phase-matching, keeping the

chip temperature unchanged in our case further enforces

the stability of the resonator pathlength. Although the P(1)

line, spaced by �20cm�1 from the R(0) line, could be

accessed in a similar way by setting the pump to 1,067 nm,

in this case, the Yb:fiber amplifier gain bandwidth is

reduced. To by-pass this inconvenience, we have stepped-

down the ppMgCLN temperature to T ¼ 90�C for which

the phase-matching (PM) condition (Dk ¼ 0) is satisfied at

the P(1) transition for a pump near 1,064.2 nm.

2.2 Experimental setup for direct absorption

spectroscopy (DAS)

The experimental setup used to perform direct absorption

spectroscopy of R(0), R(1) and P(1) singlet lines of

methanes m3 band is sketched on Fig. 1. A 10-cm-long

absorption cell, equipped with BaF2 tilted windows, con-

tains low pressure (P.1 Torr) of pure CH4 in natural

abundance (12C purity 99.99 %), and its total pressure is

measured with a capacitive pressure gauge (Baratron

model 626 BX01TBE, not shown). We consider that the

cell temperature is the same as the temperature measured

by our room temperature sensor (T ¼ 296 K) in a regulated

air conditioning environment.

The idler beam exiting the OPO cavity is filtered from

the residual pump and signal by a dichroic beam splitter

(DBS). The residual pump and signal power relative to the

idler are estimated to be \0:1 % after the DBS. After

filtering, a small fraction of the idler power is sent to a solid

Ge etalon with a free spectral range (FSR) of 1.43 GHz at

3.3 lm. This Ge etalon is used to discard any non-single

frequency scan of the OPO when addressing broadband

scans over a large frequency range ([70 cm�1) [16].

Most of the remaining idler power is then divided into

two channels. The first channel is the ‘‘spectroscopic

channel,’’ where the idler beam is sent to the absorption

cell. The transmitted power through the cell is monitored

with an InAs photodetector (PD) and recorded on a digital

oscilloscope (Lecroy Model Wavejet 334A, 2 GS/s) and

saved for data analysis.

The second channel serves as a ‘‘reference channel.’’ An

InAs PD placed on this channel replicates any intensity

fluctuations and amplitude modulation in the spectroscopic

channel. In any case, care was made to minimize as well as

possible the unavoidable spurious interference fringes

affecting the idler power baseline, due to feedback from the

PDs, but mainly to the non-perfect anti-reflective coatings

of the ppMgCLN crystal in the idler band (R [ 20 %),

which leads to a weak fringing pattern with a � 1.5 GHz

of FSR corresponding to the sub-cavity formed by the

crystal end facets.

A third channel, ‘‘frequency marker channel,’’ is used to

measure the frequency scan of the pump laser during the

experiment. A 30 MHz-driven electro-optic phase modu-

lator (EOM, Model 4001 New Focus) is inserted just before

the (non-scanned, non-biased) pump Thorlabs Fabry-Pérot

interferometer (FPI, with FSR = 1.5 GHz and finesse = 200

at 1,064 nm) so as to create two sidebands at �30 MHz,

providing thus a 60 MHz marker to calibrate in a relative

way the MIR frequency scale. We remind that in a SRO,

the pump frequency scan is fully transferred to the idler

wave (Dmp ¼ Dmi). In the Doppler regime corresponding to

the low gas pressure used (P\1 Torr) the FWHM of the

lines is typically DmD � 300 MHz. Thus, a frequency scan

Fig. 1 Spectrometer based on singly resonant OPO for the spectros-

copy of the m3 band of methane in the 3.3 lm range. The idler output

is divided into a spectroscopic channel (containing the cell) and a

reference channel monitoring the idler baseline. A frequency-

difference marker in the idler range, provided by the two �
30 MHz sidebands of the RF phase-modulated pump, allows to

accurately calibrate the time (frequency) axis of the recording

oscilloscope. For the detailed description of the OPO source setup,

see Refs. [16, 17]. ECDL extended-cavity diode laser, M mirror, BS

beam splitter, PBS polarization beam splitter, L lens, DBS dichroic

beam splitter, YAG E YAG etalon, PD photodetector, EOM electro-

optic modulator, FPI Fabry-Pérot interferometer, PZT Piezoelectric

transducer, Yb:FA Yb-fiber amplifier, OI optical isolator

Line intensity measurements
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range of the order of 1.5 GHz is sufficient to capture any

line.

To perform line-by-line absorption spectroscopy, the

idler wave frequency is first set at a frequency close to the

HITRAN documented line position, which is checked by

the readout of the Michelson-type MIR wave meter (Bristol

Instruments, with a 10�6 relative accuracy). Then a fre-

quency generator (Rigol model DG3121A) is used to

deliver an analog (voltage offset biased) triangular voltage

that drives the PZT of the ECDL. This triangular ramp

triggers all the three other channels of the oscilloscope to

which all PD outputs are connected: the reference channel,

the spectroscopic channel and the reference marker channel

(which should display at least one FPI pump fringe and its

two sideband markers). The centering of the spectroscopic

pattern near the middle of the descending ramp can be

made by either varying the offset ramp voltage in �10 mV

steps, or by adjacent mode-hop tuning of the oscillating

signal mode, which is achieved by manual change of the

high voltage applied to the PZT attached to one of the OPO

mirrors. When an accidental signal mode-hop occurs, the

spectroscopic pattern can be conveniently retrieved by

manual change of this high voltage until the initial oscil-

lating signal mode is recovered. The incident idler power

on the sample cell is typically comprised between 0.2 and

0.4 W, corresponding to an OPO driven at two times above

the pump threshold (Pth ¼ 3W).

3 Line strength measurements

3.1 Direct absorption spectroscopy

Our measurement procedure relies on accurate detection of

the attenuation of the coherent idler radiation absorbed by

the methane molecules. Due to the large oscillator

strengths in the m3 fundamental band, the cell transmission

saturates beyond P ¼ 1:2 Torr for a cell length of L ¼ 10

cm, which is the reason why the gas pressure was restricted

to P\1 Torr. The absorption process that takes place in the

sample cell is governed by the classical Beer–Lambert’s

law which states that the transmitted light power P with

frequency ~m (in cm�1) decreases as:

Pð~mÞ ¼ P0e�SðTÞgð~m� ~m0ÞnL; ð1Þ

where P0 is the incident light power, ~m0 is the line center

frequency, n is the gas density (in molecules�cm�3), L is

the absorption path length (in cm), SðTÞ the gas tempera-

ture-dependant line strength (in cm/molecule) [18] and

gð~m� ~m0Þ is the normalized absorption lineshape that we

will consider to be a Voigt profile which takes into account

both Doppler and collisional broadening mechanisms.

From Eq. 1, one can derive the integrated absorbance of the

line which is obtained from our recorded spectra:

Aline ¼
Z

ln
P0

Pð~mÞ

� �
d~m ¼ SðTÞLn ð2Þ

Considering an ideal gas (P ¼ nkBT), one can determine

the gas density n from the measurements of pressure P and

temperature T .

Hence, if the length L of the cell is known, one obtains

the strength of the line from Eq. 2:

SðTÞ ¼ kBT

PL
Aline ð3Þ

where kB ¼ 1:38065 	 10�23 J=K is the Boltzmann con-

stant. Hence, plotting Aline as a function of the reduced

pressure parameter x ¼ PL=kBT yields the line strength S

as the slope of the fitted straight line over x.

3.2 Measurements and data analysis

To avoid any interfering lines and to avoid line mixing

effects, we chose the three singlet lines of the m3 band of

CH4: P(1), R(0) and R(1) at 3;009:011267

cm�1; 3;028:752175 cm�1 and 3,038.498427 cm�1,

respectively. The absorption profile for a given rovibra-

tional transition is recorded as a function of the total CH4

pressure in the cell which is varied between 0.1 and 1.1

Torr. The absorbance spectra are fitted with an iterative

nonlinear least-squares procedure assuming a Voigt line-

shape for the normalized g function. The integrated

absorbance Aline of the line is retrieved from the fit algo-

rithm of the experimental data.

Depending on the CH4 pressure in the cell, extra-care

must be taken to the frequency scanning range d around the

absorption peak (i.e., the beginning and end point around

the absorption peak has to be carefully selected). Indeed, a

limited integration interval can lead to an uncertainty in the

measured line strength because part of the wings of the line

profile are neglected. To study this effect, we have simu-

lated in Fig. 2a the normalized Voigt profile and its inte-

grated area as a function of frequency in the case where the

CH4 pressure in the cell is P ¼ 1:1 Torr (our maximum

pressure used in the experiment) and temperature T ¼ 296

K. For this simulation, the Lorentzian width due to colli-

sional broadening is cL ¼ 0:2 MHz and the Doppler width

associated with random thermal motion of the absorbing

molecules is cD ¼ 280 MHz assuming a Maxwellian

velocity distribution. As we can see, we have a gaussian-

like profile that rapidly drops because cL 
 cD. The error

associated with the total scanning range d ¼ N	FWHM

(expressed in integer number N, of the full width half

maximum of the absorption line), is shown in Fig. 2b. The

reference is set to be at 20	FWHM and for our
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measurements, we have considered a scanning range of at

least d ¼ 5	FWHM, which ensures an error on the inte-

grated area below 0.01 %.

Calibration of the frequency scale is performed by

means of phase modulation sidebands (�30 MHz origi-

nating from a waveform function generator) of the pump

carrier generated by an electro-optic modulator (EOM)

(Fig. 1). We have calibrated carefully the FSR of the pump

confocal FPI using these markers, and under various scan

speeds to estimate the possible nonlinearity of the pump

laser PZT. At slow scan rate (1–3 Hz), the PZT nonlin-

earity is minimized. From a statistical calibration of the

FSR using the two side-band markers, we found a FSR

value of 1,500 (�1 %) MHz. These frequency markers are

used for each measurement, hence minimizing errors due to

hysteresis and nonlinearities (depending on the scanning

speed) of the PZT during the pump frequency tuning.

An example of R(1) line absorption spectrum at pressure

P ¼ 0:51 Torr is reported on Fig. 3 (blue dot) where the

number of digitized points is reduced to 100 and the

observed signal-to-noise ratio is S=N ¼ 150. The best fit

curve is also shown (red curve) considering a Voigt line-

shape. Transmission of the pump FPI (vertically shifted for

clarity sake) allowing to frequency-calibrate the horizontal

scale is also shown (green curve). The fit residual shows

slight asymmetry in the absorbance wings that may origi-

nate from residual fringing modulations on the idler

baseline.

4 Uncertainty analysis and results

Line strengths of R(0), R(1) and P(1) lines are inferred

from Eq. 3 with a typical statistical uncertainty of 0.3 %

originating from the fitting procedure. On Fig. 4, we show

the histogram of 69 independent determinations of R(1)

line strength calculated from Eq. 3, for a pressure range

between 0.09 and 0.88 Torr. Dispersion in the results due to

measurement repeatability presents a relative standard

deviation (1r) of 5.6 %. Thus, statistical uncertainty of the

fit procedure is not the limiting factor.

Dispersion in the results originates from both uncer-

tainties on the frequency-scale calibration (affecting the

Aline value) and on the x ¼ PL=kBT parameter. In order to

account for these biases, we estimated uncertainties on both

variables. The uncertainty in the frequency-scale calibra-

tion is at least 1 % of the FSR of the FPI

(5	 10�4 cm�1 ¼ 15 MHz). On the other hand, we esti-

mate uncertainties on pressure P, length L and temperature

T to be 5, 1 % and 0.2 K, respectively. Relative uncertainty
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on the pressure is not the specified uncertainty of the

pressure gauge readout (0.5 %). This 5 % uncertainty takes

into account our vacuum system tubing specificity, as well

as the elapsed spectroscopic measurement time after the

cell has been filled (the Swagelok fittings and valve dis-

plays a slow leak).

Other sources of errors may also affect the measured

line profile, such as saturation effects or nonlinearity of the

photodetector when using high laser power source espe-

cially in the mid-IR. Nevertheless, in our experiment, the

estimated saturation parameter (s
 1) ensures linear

absorption conditions as well as neglectable power broad-

ening. Moreover, we did not see any nonlinear response of

our detector with respect to any incident idler power (the

transmitted power is attenuated down to sub-mW level

with a neutral density filter, which is well within the lin-

earity zone of the detector).

The final value of the line strength for each line was

finally determined from the slope of a weighted linear fit

taking into account the errors on both x and Aline.

Figure 5 shows the integrated absorbance Aline as a

function of x ¼ PL=kBT for the R(1) line. Each point is

obtained from the mean value of approximately 10 recor-

ded spectra and an error bar on each variable is added.

From the slope of the weighted linear fit (red curve), we

infer the line strength S ¼ 8:25ð38Þ 	 10�20 cm/molecule.

The intercept of the linear fit with the vertical axis is

ð�0:8� 4:4Þ 	 10�4 cm�1, which is compatible with the

assumption that Alineðx ¼ 0Þ ¼ 0, meaning that the biases

that may induce systematic shifts have been well taken into

account. This result is in agreement with HITRAN 2012

database [5] for R(1) line: S ¼ 8:85ð66Þ 	 10�20 cm/mol-

ecule, although our value is �7 % lower.

Previous measurements of the R(1) line strength using a

difference-frequency (DFG) spectrometer have been

reported in the literature. Dang-Nhu et al obtained S ¼
8:994	 10�20 cm/molecule in 1979 [11], �1 % away from

a theoretical value they calculated. However, the uncer-

tainty in the individual line-by-line strengths is not given.

Twenty years later, Pine’s re-measurement of this line

strength using a DFG spectrometer based on the difference-

frequency of two dye lasers with a � 5 MHz resolution

yielded S ¼ 8:911ð34Þ 	 10�20 cm/molecule [10]. Our

value agrees, within the uncertainty bars, with all these

measurements.

We measured line strengths of P(1) and R(0) lines fol-

lowing the same procedure as above. The line strength

determinations of P(1), R(0) and R(1) lines are listed in

Table 1 and compared to previous work performed by Pine

et al, Dang-Nhu et al as well as to the HITRAN 2012

database (the line strength of P(1) was not in the list

published by Dang-Nhu et al).

From Table 1, we infer an overall relative uncertainty on

the measured line strengths of 7.7 %, comparable with the

HITRAN 2012 uncertainties (7–8 %).

5 Conclusions

In this paper, we have presented the results of P(1), R(1)

and R(0) line strengths determinations at 3 microns by use

of a continuous-wave singly resonant OPO spectrometer

associated with direct absorption spectroscopy method.

This work is to our knowledge the first CH4 line intensity

determination by use of a cw-OPO spectrometer (though a

first line strength measurement of a CH3I rovibrational line

at 3.4 lm using a similar OPO spectrometer has been
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reported in [12]). The overall relative uncertainty on the

line intensity parameters are comparable to HITRAN 2012

database and mostly limited by the frequency-scale relative

uncertainty on the experimental lineshape-fitted data, the

presence of residual idler fringes on the baseline and the

slight nonlinearity of the pump frequency scan. Because we

have addressed singlet components, line mixing effects are

quite negligible, as well as small possible interference with

weak lines of other absorbing species owing to the DAS

method. In order to improve our accuracy, shot-to-shot

amplitude fluctuation of the idler power and residual etal-

oning effects should be canceled via an intensity stabil-

ization of the idler beam. Finally, to drastically reduce the

frequency axis calibration uncertainty, an Er:fiber femto-

second optical frequency comb-assisted DAS, that moni-

tors the absolute frequencies of the scan [12, 14], should

enable us to avoid the problem of the PZT nonlinearity.
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Table 1 Line strength, S, in units of 10�20 cm/molecule

DJðJ00Þ C0  C00 nðm0n  m00nÞ Frequency (cm�1) Ref. [10] Ref. [11] HITRAN 2012 This work

P(1) F2  F1 3ð1 0Þ 3,009.011406 1.669 (31) – 1.71 (13) 1.62 (23)

R(0) A2  A1 3ð1 0Þ 3,028.752260 9.181 (41) 9.292 9.21 (69) 9.05 (40)

R(1) F2  F1 3ð1 0Þ 3,038.498494 8.911 (34) 8.994 8.85 (66) 8.25 (38)

C is the rovibrational symmetry, mn is the quantum number associated with the vibrational mode n, and J is the total angular momentum

excluding nuclear spin. The upper and lower states are referenced by the 0 and 00 symbols, respectively
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