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Abstract High-resolution infrared polarization spectros-
copy (IR-PS) and degenerate four wave mixing (IR-DFWM)
spectroscopy of methane using a diode-seeded modeless
laser (DSML) system are reported. Mid-infrared radia-
tion around 3.3 μm is generated by difference frequency
mixing of the single-mode output of the DSML around
0.634 μm with the frequency-doubled output of a single-
mode Nd:YAG pump laser at 0.532 μm. Polarization spec-
troscopy signals in the forward geometry were generated
in methane at around 5 Torr pressure. IR-PS spectra were
recorded with a typical signal-to-noise ratio of 150:1 with
methane pressures of at least 1 Torr. The line shape of
the IR-PS signals was analysed to measure pressure broad-
ening induced by nitrogen buffer gas yielding a value of
6.3 ± 1.5 MHz Torr−1. IR-DFWM spectra of methane were
generated in the counter-propagating pump geometry yield-
ing Doppler-free signals with signal-to-noise ratios of typ-
ically 650:1. Signals were obtained at methane pressures
down to less than 10 mTorr. A comparison of IR-PS and
IR-DFWM is made indicating that IR-DFWM has some ad-
vantages over IR-PS in this spectral region in terms of sensi-
tivity, signal-to-noise ratio and ease of use. The results illus-
trate the utility of the DSML for high-resolution nonlinear
spectroscopy in the mid infrared.
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1 Introduction

Nonlinear spectroscopic techniques offer significant advan-
tages in a variety of applications including combustion and
plasma diagnostics, chemical and process analysis, gas sens-
ing and flow measurement. These advantages include pro-
viding a signal in the form of a coherent, laser-like beam
which facilitates discrimination against background noise
from luminous environments such as flames or hot plas-
mas [1, 2]. These advantages are especially valuable in the
infrared spectral region where thermal background can be
intense. Mid-infrared detectors are also generally less sen-
sitive than those for visible radiation and so the ability to
focus the signal to a small area yields a further advantage.
The mid-infrared region is spectroscopically rich since it
is here that many important molecules and radicals have
their ‘fingerprint’ spectra. In particular, the fundamental CH
stretch mode around 3 μm characterises the energy level
structure of many hydrocarbon species. Ro-vibrational tran-
sitions in this spectral region exhibit very low spontaneous
emission probability and so detection by fluorescence meth-
ods is usually prohibited. Absorption methods lack spatial
resolution. There is therefore a premium on developing de-
tection techniques that provide spatial and temporal resolu-
tion together with species and state selectivity with sensi-
tivity to trace concentrations. Methods based on coherent or
stimulated processes and nonlinear techniques such as po-
larization spectroscopy, PS, and degenerate four wave mix-
ing, DFWM, are the most promising nonlinear candidates
for detection of minor species in this spectral region [3, 4].
Infrared polarization spectroscopy, IR-PS, has been demon-
strated for the detection of CO2 [5], OH [6], H2O [7], CH4

[8] and C2H2 [9] and infrared DFWM, IR-DFWM, has also
been applied to spectroscopy of the polyatomic molecules
CH4 and C2H2 [3, 10].
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Progress in nonlinear laser spectroscopy in the infrared
has been hampered by the lack of suitable and readily
available laser sources. Nonlinear optical techniques de-
mand high peak powers that are not usually available from
c.w. lasers and so pulsed lasers are needed. On the other
hand, spectroscopy in the mid infrared often demands high
spectral resolution since the spectra are often congested. If
species- and state-specific excitation is to be achieved then a
narrow spectral bandwidth is demanded of the laser and ide-
ally the source should provide a single longitudinal mode.
Such narrow bandwidths are however not usually provided
by high-power pulsed lasers.

A practical problem for quantitative laser spectroscopy
in the infrared arises from the mode structure of most labo-
ratory lasers. The spectrum of a conventional laser consists
of a group of longitudinal modes spaced in frequency by the
free spectral range, c/2L, where c is the speed of light and L

is the laser cavity length. For typical laboratory pulsed dye
lasers the mode spacing will be ∼500 MHz. Although the
envelope of the laser spectrum is tuned by some frequency-
selective element in the cavity, the frequency of the individ-
ual modes remains fixed. Spectral line widths of molecular
absorption features in the mid infrared can be of the order
of 10–100 MHz. It is possible then that a molecular reso-
nance frequency may fall between the frequencies of adja-
cent modes and so it will not be excited even though the
envelope of the laser spectrum is tuned across the resonance
frequency. Even when the molecular transition spans one or
several longitudinal modes the excitation will be determined
by the positions of modes relative to the transition line cen-
tre. The resulting signal will then be subject to large fluctua-
tions arising from random fluctuations of the laser mode in-
tensities and frequencies. This effect places an even greater
premium on having a single longitudinal mode that can be
continuously tuned in frequency across a significant range
of the spectrum.

Mid-infrared radiation may be generated by difference
frequency generation (DFG) using pulsed dye lasers and
Nd:YAG pump lasers. The line widths of such systems are
usually limited to around 0.1 cm−1 or 3 GHz and are subject
to the problems arising from fixed mode frequencies detailed
above. Mid-infrared radiation is readily generated by opti-
cal parametric processes. Tuneable single-mode operation of
optical parametric oscillators, OPOs, is achieved by seeding
with a single-mode laser such as a colour centre, Ti:sapphire
or diode laser and high power may be obtained by use of
optical parametric amplifiers, OPAs [11–13]. Orr and co-
workers have developed injection-seeded OPOs and OPAs
for applications in high-resolution spectroscopy [14–17].
Alternative seeding strategies for OPO and OPG (Optical
Parametric Generation) systems have been developed and
Lucht and co-workers have used such systems with OPAs to
produce high power for nonlinear spectroscopy [18–20].

Raman shifting of the output of a pulsed alexandrite
laser when seeded by a single-mode diode laser provides
a promising alternative [21]. This system is however com-
plex, quite expensive, has limited single-mode tunability and
reaches a limited range of the infrared region.

The diode-seeded modeless laser, DSML, has been devel-
oped to provide high-power, continuously tunable, single-
mode radiation for applications such as linear and nonlinear
spectroscopy [22]. It has been successfully applied to high-
resolution cavity ring-down spectroscopy [23] and degen-
erate four wave mixing [24] of flame OH in the ultraviolet
by frequency doubling the visible-wavelength output. The
system has been recently improved and applied to polariza-
tion spectroscopy of molecular iodine in the visible spec-
tral region [25]. The improved system uses an internal, pas-
sive, frequency-locking technique resulting in an effective
wide single-mode tuning range without mode hops. In the
present work this improved version of the DSML is applied
for the first time for nonlinear spectroscopy in the mid in-
frared. Radiation around 3.3 μm was generated by DFG us-
ing the DSML output at 0.634 μm and residual energy from
the frequency-doubled Nd:YAG laser at 0.532 μm used to
pump the DSML.

Infrared polarization spectroscopy (IR-PS) has been re-
ported using a conventional Nd:YAG-pumped dye laser sys-
tem and DFG in which wide spectral scans of IR-PS in
methane were achieved [8]. The line width of this sys-
tem is limited by the bandwidth of the pulsed dye laser of
∼0.04 cm−1 and relative intensities would be affected by
mode effects in the dye laser oscillator. In the present work,
the DSML, having a line width of 0.006 cm−1, is used to
generate the mid-IR radiation by DFG. The system was then
used to generate IR-PS of methane with a significant in-
crease in resolution. Polarization spectroscopy provides a
stringent test of the laser system in terms of the amplitude
and frequency stability of the output and the pointing and
polarization stability of the beam. Small changes in beam
direction or polarization orientation can lead to distortion of
the line shape arising from effective uncrossing of the polar-
izers used in producing the signal.

High-resolution infrared DFWM was first demonstrated
using a commercial single-mode OPO that is no longer
available [3]. The present work applies a DSML to gener-
ate mid-infrared radiation by DFG. It is possible to con-
struct a DSML using commercially available products and
so this opens the possibility of reliably generating high-
power, single-mode radiation in the mid infrared. In the
present work a DSML is used with DFG to generate IR-
DFWM signals in methane for comparison with the IR-PS
technique.

In what follows the apparatus, laser system and experi-
mental methods are briefly described. High-resolution stud-
ies using IR-PS of methane are then reported and also the re-
sults of detecting methane using IR-DFWM with the same
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laser system. The relative merits of the two techniques are
then discussed in terms of sensitivity, signal-to-noise achiev-
able, ease of use and data analysis.

2 Apparatus and experimental procedure

The experimental arrangements for IR-PS and IR-DFWM
are shown in Fig. 1, which also shows the essential similarity
of the optical layouts involved. The conventional arrange-
ment for polarization spectroscopy was used as described in
the literature and shown schematically in Fig. 1a [26, 27].
Although the ‘counter-propagating’ geometry, with pump
and probe beams crossing the sample in opposite directions,
offers an effectively ‘Doppler-free’ spectroscopy, the exper-
imentally simpler, forward arrangement was chosen in this
test of the DSML system. The counter-propagating geome-
try is actually ‘Doppler selective’ in that it selects the sub-
group of molecules having essentially zero velocity paral-
lel to the incident laser beams. Consequently, the signals
are inherently weaker than those obtained in the forward
geometry where the entire velocity distribution is probed.
Doppler broadening is also usually not the dominant broad-
ening mechanism in the mid-infrared region. The ‘counter-
propagating’ geometry was however adopted for the IR-
DFWM experiments as shown in Fig. 1b since the reduc-
tion in signal by the Doppler selection was found not to be a
problem. This arrangement was found to be both experimen-
tally simpler and provided improved resolution by reducing
the Doppler-broadening component of the line shape.

Methane was contained in a 10-cm-long, stainless steel,
cell fitted with angled windows to avoid etalon effects
caused by surface reflections. The pressure in the cell was
measured using a capacitance manometer (MKS Baratron)
and buffer gas (nitrogen) could be introduced to vary the de-
gree of pressure broadening. The construction of the DSML
has been described elsewhere and is outlined only briefly
here for convenience [22, 25]. The beam from a c.w. ex-
ternal cavity diode laser (New Focus 6202) operating be-
tween 632 and 639 nm is used to seed a modeless laser
[28] acting as a narrow-bandwidth amplifier. Radiation from
a frequency-doubled, seeded single-mode, Nd:YAG laser
(Coherent 8010) was split to provide pump energy for the
DSML and for the DFG process. A total of approximately
180 mJ of energy was used to pump the modeless laser
and two further amplifier stages. The resulting output of the
DSML after the two stages of longitudinally pumped ampli-
fiers consisted of a pulse with energy up to 40 mJ, duration
5 ns and bandwidth 0.006 cm−1. The bandwidth was mea-
sured previously using a Fabry–Perot interferometer having
an instrumental width of 39 MHz or 0.0013 cm−1(Technical
Optics).

The DSML was improved over the system reported pre-
viously [22] by the addition of a novel frequency-locking

Fig. 1 a Schematic of experimental layout for IR-PS using the ‘for-
ward’ geometry. The probe beam is created by splitting a small frac-
tion of the incoming laser pulse at a beam splitter, BS. The pump beam
co-propagates with the probe at a small angle crossing the probe beam
in the sample cell containing methane and buffer gas. The probe passes
through two crossed Glan–Thomson polarizers so that the detector reg-
isters a signal depending on the polarization rotation induced by the cir-
cularly polarized pump beam. b The layout for IR-DFWM showing the
similarity to that for IR-PS. The two counter-propagating pump beams
are created and overlapped easily by retro-reflecting the forward pump
beam through a system of two apertures, A. The signal beam generated
by phase-conjugate reflection in the interaction region is picked off by
a beam splitter, BS

system [25]. This system controlled the tuning of the DSML
such that it followed the frequency tuning of the diode laser
and compensated automatically for any mode hopping. The
result of this improved frequency-scanning system is that
the output energy is maximized, the line width minimized
and beam-pointing stability of the DSML is maintained as
the laser is tuned. Using this system it is possible to tune
the laser over a wide spectral range (∼60 cm−1) whilst
maintaining single-mode operation. The tuning range is ul-
timately limited only by the gain bandwidth of the seeding
diode laser or the amplifier dye. Furthermore, it is possible
by appropriate programming of the tuning elements to scan
rapidly over some spectral regions and to then scan slowly,
with high resolution, over selected regions containing spec-
tral lines of interest.

The spectrum and absolute frequency of the DSML out-
put were monitored using a multiple Fizeau interferometer
(Cluster LM007) having a precision of ±0.003 cm−1. Once
the Nd:YAG laser was thermally stabilized the wavenumber
of the frequency-doubled Nd:YAG output was found to be
stable within the line width of ∼0.006 cm−1 during the time
taken to acquire data but the absolute value could vary ow-
ing to longer term drift of the cavity. Additional drifts in the
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absolute calibration of the Fizeau interferometer resulted in
a degree of uncertainty in the absolute value of the mid-IR
radiation generated by DFG. The wavelength measurement
of the DSML output, however, allowed the mid-IR spectra to
be located approximately on an absolute wavenumber scale
(to better than 1.0 cm−1) for comparison with HITRAN data
[29, 30]. Spectral components were then identified by com-
parison with HITRAN and the absolute values given by HI-
TRAN are quoted here.

The output of the DSML was mixed with 60 mJ of resid-
ual radiation at 532 nm from the single-mode Nd:YAG pump
laser in a KTP crystal phase matched to produce difference
frequency generation. The beam diameters of the DSML
beam and the 532-nm pump beam were 2.5 and 3 mm, re-
spectively. To minimize the risk of damage to the nonlinear
crystal neither beam was focused. It is possible that higher
conversion efficiencies could be achieved given the total in-
put energy of 100 mJ by using a higher quality mixing crys-
tal with a higher damage threshold. The output at 3.3 μm,
however, provided a pulse of up to 1 mJ with a duration es-
timated to be ∼4 ns giving an intensity more than sufficient
to generate signals with good signal-to-noise ratio. The IR
detector had insufficient bandwidth to allow a more precise
determination of the pulse duration. The beam profile at the
interaction region was approximately Gaussian with a diam-
eter of about 3.5–4.0 mm.

The spectral bandwidth of the mid-IR output had also to
be estimated as no instrument of sufficient resolution in the
mid infrared was available. The ‘effective’ bandwidth of the
mid-infrared radiation was estimated by recording the spec-
tral profile of an isolated absorption line in methane at low
pressure by scanning the DSML across the line. A similar
procedure was used by Lucht and co-workers to estimate
the line width of the idler beam from their OPG/OPO sys-
tem [20]. In their case a low-pressure absorption spectrum of
an acetylene line at 6518.4858 cm−1 was recorded and the
laser line width estimated from the convolution of the laser
and absorption line shapes. In the present work the Q(14)
line in methane was recorded at low pressure (∼10 mTorr)
where the absorption line shape is dominated by Doppler
broadening leading to a Doppler width of 0.0092 cm−1. The
spectral profile of the mid-IR output is unknown and so was
assumed to be Gaussian. Thus, the effective absorption line
shape will be a convolution of two Gaussians—the laser pro-
file and the Doppler-broadened absorption line. An estimate
of the mid-IR laser line width can then be found by decon-
volution. The linearity of the frequency axis was checked
by comparing wavelength values measured by a four-stage
Fizeau interferometer (Cluster LM007) with values of the
methane absorption lines in the HITRAN data base. The
absorption spectrum (absorption coefficient proportional to
optical depth) of a single isolated line is shown in Fig. 2.
The best-fit line shape yielded an effective width of the laser

Fig. 2 Absorption line profile of the Q(14) line in methane obtained
by scanning the DSML. The spectrum was recorded at low pressure
(∼10 mTorr) where the absorption line shape is dominated by Doppler
broadening. The solid curve is a Gaussian profile fitted to the data.
The line width of the laser, 0.011 cm−1, is derived by deconvolving an
assumed Gaussian profile for the Doppler-broadened absorption line of
0.0092 cm−1

spectrum of 0.011 cm−1. This is consistent with the com-
bined effects of the DFG process involving two single-mode
fields, DSML and seeded Nd:YAG laser, with finite band-
widths (∼0.006 cm−1) and pulse shortening of the infrared
pulse relative to the two visible laser pulses arising from
the nonlinear difference frequency mixing process. (The line
width of the seeded Nd:YAG laser, according to the manu-
facturer’s specification, is in the range 0.003–0.006 cm−1.
Single-mode operation was verified by observing the pulse
shape and spectrum of the laser at the second-harmonic
wavelength.)

The intensity of the pump (and probe) beams was ad-
justed using a half-wave plate and linear polarizing prism.
IR-PS signals were obtained over a range of intensities to
determine the saturation levels in the experiment. Operat-
ing in the unsaturated regime IR-PS and IR-DFWM sig-
nals were generated in pure methane or methane/nitrogen
mixtures. Relative frequency detunings were measured us-
ing the multiple Fizeau interferometer. The spectra obtained
by scanning over multiple transitions were put on an ab-
solute wavenumber scale by comparison with published val-
ues from the HITRAN database.

For the IR-PS experiments the degree of polarization and
its control are crucial to achieving a good signal-to-noise
ratio. Polarizers constructed of YVO4 were used to control
the polarization of the pump and probe beams. The crossed
polarizers in the probe beam were measured to have an ex-
tinction of 2.6 × 10−7.

Alignment of the beams for IR-PS and IR-DFWM was
facilitated by using a HeNe laser, operating at 0.632 μm,
to track the infrared pump, probe and signal beams. The
HeNe laser was made collinear with the infrared beam by
alignment of both beams through a set of two pinholes.



High-resolution infrared polarization spectroscopy and degenerate four wave mixing spectroscopy 719

The signals in both IR-PS and IR-DFWM experiments were
detected using an InSb detector cooled by liquid nitrogen
(Cincinnati Electronics).

3 Infrared polarization spectroscopy

IR-PS signals were recorded in the Q-branch and the R-
branch of the ν3 band of CH4. Assignments here follow the
notation of [31, 32] indicating the branch, rotational quan-
tum number, J , symmetry species, C, and energy ordering
index, N . The dependence of the IR-PS signal on pump
beam intensity was measured using the Q(3)F2,1 line at
3018.3585 cm−1 where the nearest neighbouring lines lie at
between 0.1 and 0.2 cm−1 compared to the laser line width
of ∼0.01 cm−1. The signal intensity was measured as a
function of the pump intensity by varying the pump beam in-
tensity using crossed polarizers. The data is shown in Fig. 3.
The straight line of slope 2 shows the expected quadratic
dependence of the signal at lower pump power. The devia-
tion at higher powers shows the onset of saturation. Other
work has studied saturation of the R(3) line which has three
components R(3)A2,1, R(3)F2,1 and R(3)F1,1 separated by
0.04 cm−1, which is comparable to the line width of the
laser used, 0.04 cm−1 [8]. The signals generated at lower
pump intensity were reported to follow a power law of 1.5
rather than the expected value of 2 as in the present work.
The quadratic dependence in the present work may be a
result of the narrower laser line width relative to the line
separations—a factor of 10 in the present work compared

Fig. 3 Log/log plot of IR-PS signal intensity vs pump power. The solid
line is a straight line of slope of 2 indicating a quadratic dependence
of signal on pump power. A pump energy of approximately 100 μJ
in a 4-ns pulse corresponds to a log(pump power) = 1. The deviation
from the quadratic dependence, i.e. onset of saturation, begins at pump
energies >100 μJ (beam sizes are given in the text)

to a factor of about 1 in [8]. The use of a relatively more
isolated transition also avoids possible coherent interference
effects of neighbouring transitions. Other factors such as
difference in beam shape could also account for the differ-
ence in power dependence observed. Saturation is evident in
Fig. 3 for intensities above 100 μJ corresponding to a satu-
ration intensity Isat of approximately 3 MW/cm2, which is
similar to that observed in [8].

In the data presented here intensities at or below the value
of Isat were used consistent with maintaining an adequate
signal-to-noise ratio. Signals were initially generated with
I ∼ Isat in 5 Torr of pure methane. The maximum signal-
to-noise ratio achieved was 1400:1, although 150:1 was
more typical. IR-PS spectra were recorded over selected sec-
tions in the region of 3010 to 3050 cm−1. A typical section
around 3018 cm−1 is shown in Fig. 4 recorded with 6 Torr
methane. The signal-to-noise ratio in this case is 150:1. The
solid line consists of Gaussian profiles fitted to the data
since the lines are predominantly Doppler broadened at low
pressure. The single Q(3)F2,1 line at 3018.3585 cm−1 is
shown in more detail in Fig. 5a. Figure 5b shows a high-
resolution scan of several closely spaced lines, Q(6)E,1,
Q(6)F2,1 and Q(7)A2,1, at 3016.4581, 3016.4888 and
3016.4977 cm−1, respectively. The lines are separated by
0.0307 and 0.0089 cm−1; the latter separation is compara-
ble to the Doppler width and at the limit of the resolution of
the laser system. The data points are averaged values over
50 laser pulses and the error bars indicate the standard error
in the data.

Assuming a Doppler width of 0.0092 cm−1, calculated
for the room temperature at which the data was recorded,
the residual line width obtained from the best-fit Gaussian
curve was 0.015 cm−1. The fact that this width exceeds the
estimated laser width is attributed to the effects of absorp-
tion and some degree of power broadening. To the authors’
knowledge these results represent the highest resolution yet

Fig. 4 Part of the IR-PS spectrum recorded in 6 Torr pure methane
covering a 0.9 cm−1 section around 3018 cm−1. The signal-to-noise
ratio in this spectrum is typical at ∼150 : 1. The solid line consists of
Gaussian profiles fitted to the data. Line assignments follow [32]
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Fig. 5 a Expanded view of single IR-PS peak arising from Q(3)F2,1
transition at 3018.3585 cm−1. Data points are averages of 50 con-
secutive pulses and the error bars indicate the standard error. b Ex-
panded view of the closely spaced three-component multiplet, Q(6)E,1,
Q(6)F2,1 and Q(7)A2,1, with spacings of 0.0307 and 0.0089 cm−1.
The spacing of the two closest components is approximately equal to
the Doppler width of 0.0092 cm−1. Solid lines are fitted Gaussian pro-
files. Line assignments follow [32]

obtained for polarization spectroscopy in the mid infrared
using a pulsed laser.

The effects of collision or pressure broadening are illus-
trated in Fig. 6, which shows the IR-PS line shape for the rel-
atively isolated R(1)F1,1 line at 3038.4980 cm−1. The sig-
nals were obtained from pure methane at 5 Torr and with
the addition of up to 100 Torr nitrogen. The Lorentzian
contribution to the Voigt profiles was measured over the
range 0–100 Torr of nitrogen and the collisional width as
a function of pressure is shown in Fig. 7. The slope of
the best-fit straight line yields a pressure broadening co-
efficient of 0.00021 ± 0.00005 cm−1/Torr, in agreement
with published values [28–30]. This data shows a resid-
ual width of 0.0043 cm−1, which may be due to effects
of residual self broadening, power broadening and absorp-
tion.

It was found that to maintain an acceptable signal-to-
noise ratio of >100:1 it was necessary to use high concentra-

Fig. 6 Pressure broadening of IR-PS signal on the R(1)F1,1 line at
3038.4980 cm−1 for 5 Torr methane in nitrogen mixtures. a–c Voigt
line shapes recorded with nitrogen pressures of 0, 50 and 100 Torr,
respectively. The lower figure shows the fitted Voigt line shapes for
comparison

Fig. 7 Plot of IR-PS line width vs. pressure of added nitrogen for the
data of Fig. 6 showing linear dependence on nitrogen pressure. The
broadening coefficient of 0.00021 cm−1 Torr−1 is derived from the
best-fit straight line to the data shown

tions N of methane, and hence relatively high partial pres-
sures of the order of 1–5 Torr in the mixtures with N2. When
lower pressures were used the signal-to-noise ratio deterio-
rated rapidly as a consequence of the N2 dependence of the
signal.

The signal-to-noise in PS experiments is critically af-
fected by the extinction of the crossed polarizers. Careful
alignment of the two polarizers was necessary to ensure
perfect crossing and so achieve the maximum extinction of
2.6×10−7 quoted above. Uncrossing of the polarizers arises
from drifts in alignment of beam-steering optics and opto-
mechanical mounts holding the polarizers and leads to leak-
age of the probe light, to increase in background noise and
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to dispersion-shaped line shapes which complicate spectral
fitting [27]. In practice, the optical mounts suffered from
movement due to thermal changes and physical vibrations
external to the experiment. As a result the IR-PS spectra
could change in character during the extended times neces-
sary to acquire data over a wide spectral scan. Such changes
limit the ability to derive quantitative information from rel-
ative intensities of spectral lines.

4 Infrared degenerate four wave mixing spectroscopy

IR-DFWM is often considered to be experimentally more
difficult than IR-PS owing to the need to align three input
beams rather than the two involved in IR-PS. Alignment of
two pump beams and a probe beam in a forward-folded box-
car geometry [33] has been shown to be facilitated by the use
of fixed plate beam splitters [34, 35]. Reliable and robust
alignment has been achieved in this way to allow DFWM
signals from combustion-generated NO to be recorded in a
firing SI (spark ignition) engine [36]. The use of parallel-
sided optical flats to generate multiple beams from surface
reflections is complicated in the mid infrared by the high
absorption of infrared radiation in the usual optical materi-
als used in the visible region, e.g. glass and quartz. An at-
tempt to overcome this absorption was made by using thin
quartz beam splitters and mirrors held on the surface of a
parallel-sided steel substrate with holes drilled to transmit
the laser beams. Using this scheme weak IR-DFWM signals
were generated in the forward-folded boxcar geometry. The
weakness of the signals was attributed to imperfections in
the parallelism of the steel substrate and consequent imper-
fect overlap of the two pump and probe beams in the inter-
action region. In principle this method should work if the
reflecting surfaces are coated on the surface of an optically
polished accurately parallel-sided substrate that is transpar-
ent in the mid infrared, e.g. calcium fluoride.

In the present work therefore it was found convenient to
use the counter-propagating geometry and this was found
to be reliable and stable. In practice it is relatively easy to
align both pump beams by simply retro-reflecting the pump
beam through a system of two apertures. The probe beam
is then easily overlapped with the pump beams and in ef-
fect the arrangement is no more difficult than overlapping of
only two beams. This geometry also offers a reduction in the
Doppler broadening in the IR-DFWM line shapes. The mir-
ror used to produce the retro-reflected pump beam is placed
approximately 30 cm from the interaction region to ensure
that there is sufficient temporal overlap of the forward- and
backward-going pulses of duration ∼4 ns. The distance back
to the DFG crystal however exceeds the length of the pulse
and so no interference with the mixing process is caused by
the counter-propagating pump pulse.

A pump beam pulse energy of up to approximately
100 μJ was used for the IR-DFWM experiments such that
the signals were in the unsaturated regime or approaching
the saturation value at methane pressures of a few Torr. The
dependence of the IR-DFWM signals on pump power was
measured using the isolated R(1) line at 3038.4980 cm−1

and is shown in Fig. 8. The solid line is a straight line of
slope 2 showing the expected quadratic dependence of the
signal on pump intensity at lower intensities. The deviation
from quadratic dependence for higher pump powers shows
the onset of saturation at about the same value as for IR-PS
under similar conditions, i.e. about 100 μJ in a 4-ns pulse.

Figure 9 shows an IR-DFWM spectrum of pure methane
at 3 Torr indicating an excellent signal-to-noise ratio of
650:1. (This is much stronger than the IR-PS signals using
the forward geometry under similar conditions of methane
concentration and pressure.) Strong signals and excellent
signal-to-noise were maintained even when the methane
pressure was reduced to less than ∼10 mTorr. In addition, as
seen in Fig. 9, impurities in the methane gas were detected,
namely ethylene giving the features indicated by arrows at
3017.555 and 3017.6886 cm−1. (The concentration of eth-
ylene is unknown but the total impurity of all species con-
tributed to no more than 0.005% of the volume as specified
in the manufacturer’s specified assay.) The cell was evacu-
ated using a rotary vacuum pump capable of achieving pres-
sures in the range 1–10 mTorr and strong IR-DFWM sig-

Fig. 8 Log/log plot of IR-DFWM signal vs. pump power on the R(1)
line at 3038.4980 cm−1. The solid line is a line of slope 2 showing that
the signals obey the expected quadratic dependence on pump power up
to the onset of saturation. As in Fig. 3 a pump energy of approximately
100 μJ in a 4-ns pulse corresponds to a log(pump power) = 1. The de-
viation from the quadratic dependence, i.e. onset of saturation, begins
at pump intensities >100 μJ similar to that shown in Fig. 3 for IR-PS.
Higher pump energies were not used to avoid risk of damage to the
DFG crystal
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Fig. 9 Part of the IR-DFWM spectrum recorded in 3 Torr pure
methane showing a signal-to-noise ratio of ∼650:1 for comparison to
IR-PS shown in Fig. 4. Note the detection of impurity lines indicated
by the arrows that are identified as from ethylene present at no more
than 0.005% of the total. (0.005% is the maximum concentration of all
impurity gases present.) The solid line is a spline fit to the data. Line
assignments follow [32]

nals were still observed. At these concentrations the system
would not have provided any detectable IR-PS signals.

Many of the strongest lines in the IR-DFWM spectra ex-
hibit strong absorption at line centre. In the wings of these
lines strong signals are generated where the nonlinearity ex-
ceeds the absorption but this leads to the appearance of a
doublet structure to these lines. The absorption affects the
intensity of all three input beams and so has a strong effect
on the generated signal. In the presence of such absorption
it is not possible to derive quantitative data on relative line
intensities. This absorption is a result of using a relatively
long path cell in which to conduct these experiments at vari-
able pressures. The use of a flow or jet would reduce these
effects [8].

A further, and practically important, effect of the strong
line-centre absorption in the present set-up is that the signals
no longer follow a simple quadratic dependence on num-
ber density. Absorption effects on DFWM were first con-
sidered by Caro and Gower [37] in the limit of optically
thin conditions. Under these conditions, and for I < Isat,
the signal is expected to scale with N2. DFWM under op-
tically thick conditions has been considered by Ewart and
O’Leary [38] who showed that the DFWM reflectivity is
modified by a factor of exp(−2αsL), where αs is the satu-
rated absorption coefficient, proportional to N , and L is the
interaction length in the absorber. As a result the signals can
actually increase as N decreases owing to the reduced effect
of absorption occurring outside the interaction region. Fur-
ther decrease of number density leads eventually to a regime
where exp(−2αsL) ∼ 1 and a quadratic dependence of sig-
nal strength on N is observed. Most of the signals observed
in this work are strongly affected by exponential absorption
since the path length in the gas cell (100 mm) is much longer
than the interaction region (∼10 mm). This explains why

signals were observed even at 10 mTorr, which under opti-
cally thin conditions would be about five orders of magni-
tude lower than those observed at 3 Torr.

At the lower pressures the saturation intensity will also
be reduced and so some degree of saturation may be evident
when using intensities that are unsaturating at the higher
pressures. Owing to the dependence of the absorption fac-
tor on the degree of saturation, specified by αs, it is not ex-
pected that the signal dependence on N will follow a simple
quadratic dependence under conditions of strong absorption
and partial saturation. These considerations preclude quanti-
tative estimation of the detection limit for IR-DFWM based
on the present observations. Future work would eliminate
the absorption effects by generating signals in a flow or
jet under optically thin conditions using diluted mixtures of
CH4 and buffer gas as in [8].

The IR-DFWM signals were found to be stronger and
more reproducible than the equivalent IR-PS signals under
similar conditions. IR-DFWM also does not rely on having
high-quality polarizing prisms, which are expensive and dif-
ficult to manufacture with the required extinction. Conse-
quently, the IR-DFWM signals were not subject to the mis-
alignment effects in polarizing prisms that were a practical
difficulty in IR-PS. Furthermore, IR-DFWM can be used
to detect species within containers requiring access through
window materials that are subject to stress-induced birefrin-
gence that would interfere with IR-PS signals. Finally IR-
DFWM signals may be analysed using relatively simple ana-
lytical models [39–41]. In contrast , complex numerical sim-
ulations are usually necessary for quantitative interpretation
of IR-PS signals [42].

5 Conclusion

The application of a diode-seeded modeless laser system to
polarization spectroscopy and degenerate four wave mix-
ing has been demonstrated indicating that the frequency
and pointing stability of the laser are sufficient to make it
suitable for nonlinear spectroscopy in the important mid-
infrared spectral region. The results show that the system
is capable of providing high-resolution spectra using both
IR-PS and IR-DFWM. Pressure broadening coefficients de-
rived from line shapes as a function of nitrogen buffer gas
pressure were found to agree with literature values.

With this high-resolution system it was found that IR-
DFWM provided stronger signals with higher signal-to-
noise ratios and greater sensitivity than IR-PS at low con-
centrations of methane. IR-DFWM was also found to be ex-
perimentally easier to implement than IR-PS owing to the
latter’s sensitivity to misalignment of the infrared polariz-
ers.



High-resolution infrared polarization spectroscopy and degenerate four wave mixing spectroscopy 723

References

1. A.C. Eckbreth, Laser Diagnostics for Combustion, Temperature
and Species, 2nd edn. (Gordon & Breach, New York, 1996)

2. T. Dreier, P. Ewart, Coherent techniques for measurements with
intermediate concentrations, in Applied Combustion Diagnostics,
ed. by K. Kohse-Höinghaus, J. Jeffries (Taylor & Francis, London,
2002), pp. 69–97

3. G. Germann, A. McIlroy, T. Dreier, R. Farrow, D. Rakestraw,
B. Bunsenges, Phys. Chem. 97, 1630 (1993)

4. S. Roy, R. Lucht, A. McIlroy, Appl. Phys. B 75, 875 (2002)
5. Z. Alwahabi, J. Jetterberg, M. Alden, Opt. Commun. 233, 373

(2004)
6. T. Settersten, R. Farrow, J. Gray, Chem. Phys. Lett. 369, 584

(2003)
7. Z. Li, M. Rupinski, J. Jetterberg, Z. Alwahabi, M. Alden, Chem.

Phys. Lett. 407, 243 (2005)
8. Z. Li, M. Rupinski, J. Jetterberg, Z. Alwahabi, M. Alden, Appl.

Phys. B 79, 135 (2004)
9. Z. Li, M. Rupinski, J. Jetterberg, M. Alden, Proc. Combust. Inst.

30, 1629 (2005)
10. G.J. Germann, R.L. Farrow, D.J. Rakestraw, J. Opt. Soc. Am. B

12, 25 (1995)
11. D.C. Hovde, J.H. Timmermans, G. Scoles, K.K. Lehmann, Opt.

Commun. 86, 294 (1991)
12. T.D. Raymond, W.J. Alford, A.V. Smith, M.S. Bowers, Opt. Lett.

19, 1520 (1994)
13. M.J.T. Milton, T.D. Gardiner, G. Chourdakis, P.T. Woods, Opt.

Lett. 19, 281 (1994)
14. G.W. Baxter, M.J. Johnson, J.G. Haub, B.J. Orr, Chem. Phys. Lett.

251, 211 (1996)
15. G.W. Baxter, H.D. Barth, B.J. Orr, Appl. Phys. B 66, 653 (1998)
16. G.W. Baxter, Y. He, B.J. Orr, Appl. Phys. B 67, 753 (1998)
17. G.W. Baxter, M.A. Payne, B.D.W. Austin, C.A. Halloway,

J.G. Haub, Y. He, A.P. Milce, J.F. Nibler, B.J. Orr, Appl. Phys.
B 71, 651 (2000)

18. S. Wu, V.A. Kapinus, G.A. Blake, Opt. Commun. 159, 74 (1999)
19. W.D. Kulatilaka, R.P. Lucht, S.F. Hanna, V.R. Katta, Combust.

Flame 137, 523 (2004)

20. W.D. Kulatilaka, T.N. Anderson, T.L. Bougher, R.P. Lucht, Appl.
Phys. B 80, 669 (2005)

21. Z. Li, M. Afzelius, J. Zetterberg, M. Alden, Rev. Sci. Instrum. 75,
3208 (2004)

22. M.J. New, P. Ewart, Opt. Commun. 123, 139 (1995)
23. A. Schocker, A. Brockhinke, K. Bultitude, P. Ewart, Appl. Phys.

B 77, 101 (2003)
24. K. Bultitude, R. Stevens, P. Ewart, Appl. Phys. B 79, 767 (2004)
25. K. Richard, P. Manson, P. Ewart, Meas. Sci. Technol. 19, 015603

(2007)
26. C. Wieman, T. Hansch, Phys. Rev. Lett. 36(20), 1170 (1976)
27. W. Demtroder, Laser Spectroscopy (Springer, Berlin, 1981)
28. P. Ewart, Opt. Commun. 55, 124 (1985)
29. L.S. Rothman, D. Jacquemart, A. Barbe, D.C. Benne, M. Birk,

L.R. Brown, M.R. Carleer, C. Chackerian, L.H. Coudert, V. Dana,
V.M. Devi, J.M. Flaud, R.R. Gamache, A. Goldman, J.M. Har-
mann, K.W. Jucks, A.G. Maki, J.Y. Mandin, S.T. Massie, J. Or-
phal, A. Perrin, C.P. Rinsland, M.A.H. Smith, J. Tennyson,
R.N. Tolchenov, R.A. Toth, J. Vander Auwera, P. Varanasi,
G. Wagner, J. Quant. Spectrosc. Radiat. Transf. 96(2), 139 (2005)

30. HITRAN database, http://www.hitran.com
31. A.S. Pine, J. Opt. Soc. Am. 66, 97 (1976)
32. L. Féjard, J.P. Champion, J.M. Jouvard, L.R. Brown, A.S. Pine,

J. Mol. Spectrosc. 201, 83 (2000)
33. A.C. Eckbreth, Appl. Phys. Lett. 32, 421 (1978)
34. R.B. Williams, Ph.D. thesis, Oxford University, 1995
35. H. Latzel, A. Dreizler, T. Dreier, J. Heinze, M. Dillmann,

W. Stricker, G.M. Lloyd, P. Ewart, Appl. Phys. B 67, 667 (1998)
36. R. Stevens, P. Ewart, H. Ma, C.R. Stone, Combust. Flame 148,

223 (2007)
37. R.G. Caro, M.C. Gower, IEEE J. Quantum Electron. QE-18, 1376

(1982)
38. P. Ewart, S.V. O’Leary, J. Phys. B, At. Mol. Phys. 17, 4595 (1984)
39. R. Abrams, R. Lind, Opt. Lett. 2, 94 (1978)
40. R. Abrams, R. Lind, Opt. Lett. 3, 205 (1978)
41. R.T. Bratfalean, G.M. Lloyd, P. Ewart, J. Opt. Soc. Am. B 16, 952

(1999)
42. T.A. Reichardt, R.P. Lucht, J. Chem. Phys. 109, 5830 (1998)

http://www.hitran.com

	High-resolution infrared polarization spectroscopy and degenerate four wave mixing spectroscopy of methane
	Abstract
	Introduction
	Apparatus and experimental procedure
	Infrared polarization spectroscopy
	Infrared degenerate four wave mixing spectroscopy
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


