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Abstract. Time-resolved light scattering from thermal grat-
ings induced by absorption of pulsed laser light resonant with
transitions in the A2

∑
–X2Π(0,0) band of OH has been

studied in premixed methane/air flames using a cwAr+ laser
probe. Measurements of flame temperature and pressure were
derived from fits of theoretical simulations to the observed
time variation of signals over a pressure range of 10 to40 bar
and for different stoichiometry that were in agreement with
independent measurements usingN2 CARS and predictions
of a one-dimensional flame calculation. Broadband DFWM
spectra in the same band ofOH were observed up to a pres-
sure of9 bar, above which signals were obtained only from
scattering from thermal gratings.

PACS: 42.62.Fi; 84.40.Py

Optical techniques for diagnostics of flames are attractive
owing to their non-intrusive character and their ability to
provide spatially and temporally resolved measurements of
important parameters governing the combustion processes.
Recently degenerate four wave mixing, DFWM, has received
much attention as a diagnostic technique for combustion and
plasma environments. Detection of trace species in flames [1]
and plasmas [2], measurements of flame temperatures in
one [3] and two [4] dimensions and velocimetry of non-
combusting flows [5] have been achieved using DFWM. Mul-
tiplex, or broadband, DFWM [6] has been used to make
single-shot temperature measurements in flames [7, 8].

The DFWM signal is produced by a non-linear optical
process in which each one of two intense laser beams, the
pumps, interferes with a third beam, the probe, to induce
a spatially periodic modification of the molecular populations
in a resonantly absorbing medium. Thispopulation grating
results in a corresponding spatial modulation of the absorp-
tion or dispersion properties of the medium leading to scat-
tering of the other pump beam to give a coherent, laser-like,
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signal beam. In many technical flames the combustion takes
place at elevated pressures and so the effects of high pres-
sures on DFWM signals is an important consideration [9, 10].
It has been shown that the use of saturating laser intensi-
ties may make the DFWM signals insensitive to collisional
effects which, in the unsaturated case, lead to a dramatic
reduction in signal levels [11]. However collision-induced
relaxation effects may lead also to a rapid transfer of en-
ergy from the molecular excited states into thermal energy
which will be also disposed in a grating-like pattern. This
thermal gratingwill scatter light coherently into the phase
matched signal direction and make a contribution to the meas-
ured signal. At high pressures, or in rapidly quenching me-
dia, this laser induced thermal grating scattering, LITGS,
may dominate the DFWM signal from the population grat-
ing [12]. These thermal gratings have been used to measure
gas dynamic properties [13, 14] and their relative contribution
to DFWM signals has also been studied [15]. Such laser-
induced transient gratings have been exploited for some time
to study diffusion and other relaxation processes in condensed
phases [16].

In general a four-wave mixing signal may have contribu-
tions from both population and thermal gratings. By use of
crossed polarizations in the two pump beams the formation of
the intensity grating, which relaxes to form the thermal grat-
ing, may be prevented [17, 18]. On the other hand, the thermal
grating may be distinguished from the population grating by
virtue of its dynamical behaviour [13]. A probe beam having
a different wavelength may be used, as in the present work, to
measure the time behavior of the LITGS signal.

We report experimental studies of LITGS and broadband
DFWM in OH formed in a methane/air flame at pressures
in the range 1 to40 bar. The LITGS studies were carried
out by generating the thermal grating using a pulsed, narrow-
bandwidth, dye laser and probing it with a cw laser. Analysis
of the time behaviour of the signals is shown to yield meas-
urements of temperature and pressure or, alternatively, gas
transport parameters. Broadband DFWM signals were gener-
ated using a pulsed and frequency-doubled broad-bandwidth
laser. The signals were found to have contributions from scat-
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tering off both population and thermal gratings and are shown
to be dominated by LITGS signals at pressures above9 bar.

1 Theoretical considerations

The signals from both thermal and population gratings are
generated by Bragg scattering from the spatially periodic per-
turbations to the complex refractive index of the medium.
The grating picture of DFWM consists of the signal being
created by scattering of one pump beam off the population
grating formed by interference between the other pump and
the probe beam, with all beams having the same frequency.
The LITGS process may be described by the generation of
a thermal grating following interference of two pump beams,
with the signal arising from scattering from this grating of
a probe beam which may have a different frequency. Interfer-
ence of two pump beams, of wavelengthλ1, intersecting at an
angle,θ, establishes a grating of spacing,Λ, given by

Λ= λ1/(2 sinθ/2) .

Absorption of light followed by rapid, collisionally induced
quenching leads to a corresponding spatially periodic energy
deposition in the medium. The resulting perturbation in tem-
perature and pressure leads to a perturbation of the medium
density, the evolution of which has been treated by solv-
ing one-dimensional, linearized hydrodynamic equations [12,
14]. A nearly static pattern of temperature perturbation is pro-
duced which decays by thermal diffusion. A simultaneous
pressure variation or standing wave pattern is also imposed on
the medium, which corresponds to two counter-propagating
acoustic waves which decay by viscous damping. As the
acoustic waves travel across the thermal grating the total
scattering efficiency is modulated in time with a period de-
termined by the local sound speed in the medium,co. Both
thermal and acoustic contributions decay at rates determined
by the dynamic properties of the gas. Our experimental re-
sults have been analysed using the model of Paul et al. [12]
although an additional correction was found necessary to ac-
count for the decay of the acoustic waves as they escape
a small interaction volume as described by Cummings et
al. [14]. The scattering efficiency of the gratings, and hence
the LITGS signal intensity, is proportional to the square of the
density perturbationρ′, which is found to be [12]:

ρ′ = −(2π)2γ −1

γ

α

Po

8Ep

πd2
cos(2πξ) Z(ζ) ,

whereγ is the ratio of specific heats,cp/cv, Ep is the total
flux in each of the interfering pump beams, of spot sized,
and Po is the equilibrium pressure.α is the total absorp-
tion coefficient determined by the Einstein B coefficient and
the absorbing-state population density. The cosine term rep-
resents the spatially periodic modulation in terms of a nor-
malized length parameterξ = x/Λ and Z(ζ) is a similarly
non-dimensional function describing the temporal oscilla-
tions and decay of the density perturbation whereζ = cot/Λ.
The decay rate and oscillation period ofZ(ζ) is determined
by the Prandtl, Schmidt, and Reynolds numbers characteriz-
ing the medium and the model is applied in the limit of large
Reynolds numbers, Re� 1, which corresponds to the condi-
tion that the grating spacing is much larger than the mean free

path in the gas. The Schmidt number is also assumed to be
large, i.e. molecular diffusion is slow on the time scale of the
LITGS signal build-up and decay.

Theoretical treatments of DFWM induced by broadband
lasers have been presented previously dealing with the signal
intensity [19], time behavior [20], and spectral lineshape [21].
In some cases temperatures have been derived from the mul-
tiplex spectral intensities using a dependence on line strength
and population density equivalent to that for monochromatic
excitation [7, 8]. Owing to experimental factors the data ob-
tained in this work was insufficiently reliable to allow ac-
curate temperatures to be derived from the broad-bandwidth
DFWM spectra.

2 Experimental apparatus and procedure

Signals from both broadband DFWM and LITGS were gen-
erated fromOH produced in a methane/air flame in the DLR
high-pressure burner described in detail elsewhere [22]. Op-
tical access was afforded to the flame along two orthogonal
axes. LITGS and DFWM signals were generated by lasers
propagating along one axis and simultaneous laser-induced
fluorescence, LIF, signals were observed along the other axis.
Measurements were made1.5 mmabove the8-mm-diameter,
porous brass plate of the burner. The temperature at the meas-
urement point was well characterized by previous measure-
ments using coherent anti-Stokes Raman Scattering, CARS,
and spontaneous Raman scattering fromN2 [23].

The experimental arrangement used to study the LITGS
signals is shown in Fig. 1. The pump beams were provided by
the frequency-doubled output of a narrow-bandwidth pulsed
dye laser (Lumonics HD500) excited by a frequency-doubled
Nd:YAG laser (Spectra Physics). The thermal grating was
produced by focusing the pump beams using a1000-mm fo-
cal length lens, crossing them at an angle of2.4◦ and tuning
the wavelength,λ1, to transitions in the A2

∑
–X2Π(0,0)

band ofOH around307 nm. An energy of up to a maximum
of 1.7 mJ in each pump beam was used to achieve reason-
able signal-to-noise levels when pumping the R1(5) line. The
probe beam at wavelengthλ2 was arranged to be at an angle

Fig. 1. Experimental setup for time-resolved LITGS fromOH in a high-
pressure flame. F denotes an interference filter
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ϕ with respect to the bisector of the crossed pump beams sat-
isfying the Bragg condition:

2 sinϕ = λ2/Λ .

The cw output of an argon ion laser (λ2 = 488 nm), having
a power of1.25 W and directed at an angleϕ = 1.9◦, was
used to probe the thermal grating. The reflected signal was
passed through a set of pin-holes to reject stray light and de-
tected with a photomultiplier. To study the time behaviour of
the LITGS signal the photomultiplier output was measured
with a fast digital storage oscilloscope (sample rate2 GHz).
The spectral response was recorded by tuning the pump laser
across the A2

∑
–X2Π(0,0) band and detecting the signal in-

tensity using a boxcar averager (Stanford Research SRS 250).
LIF signals were also recorded simultaneously with the scan-
ning of the pump laser. Both temporal and spectral data was
stored and processed on a laboratory computer.

Broadband, or multiplex, DFWM spectra of the A2∑–
X2Π(0,0) band ofOH were recorded using the experimen-
tal arrangement shown in Fig. 2. A broadband, modeless,
laser [24], spectrally tuned by an interference filter and con-
taining two amplifier stages (Mode-x Laser Systems, ML-3)
was pumped by a frequency-doubled Nd:YAG laser and the
output frequency-doubled using two KD∗P crystals in tan-
dem. The demands of critical phase matching restricted the
bandwidth that could be frequency-doubled in one crystal to
about10 cm−1. The use of two crystals allowed two indepen-
dently tunable spectral regions of the dye laser spectrum to
be frequency-doubled and thus a larger number of transitions
could be excited. The forward-folded BOXCARS phase-
matching arrangement [25] was used to generate the DFWM
signals. This geometry offers better signal-to-noise levels
than the commonly used counter-propagating, or phase-
conjugating arrangement, since no beam splitters are needed
to pick out the signal beam from the much stronger probe

Fig. 2. Experimental setup for broadband, multiplex, DFWM ofOH in
a high-pressure flame. 2ω1 and 2ω2 denote KD∗P crystals used to generate,
by frequency-doubling different parts of the broadband output of the mode-
less laser, a beam containing two independently tunable bands of UV light
around307 nm. After the telescope the UV beam is divided into four paral-
lel beams by the two specially coated quartz blocks. A fraction of one UV
beam emerging from the burner is coupled into an optical fibre and deliv-
ered to the spectrograph to record the laser spectrum simultaneously with
the broadband DFWM signal

beam. Furthermore, the forward geometry is found to be less
sensitive to beam steering effects arising from high refrac-
tive index gradients in some combustion applications. The
phase-conjugating geometry offers improved spectral reso-
lution when narrowband lasers are used owing to the selection
of one velocity sub-group from the Doppler-broadened spec-
trum. However this advantage is lost when using broadband
excitation and so the forward geometry is most suitable
in this case. Four parallel beams were produced from the
frequency-doubled dye laser output using two specially fab-
ricated quartz blocks having suitable dielectric coatings on
input and exit faces. The beams were focused by a500-mm
focal length lens to cross at an angle of1.6◦ in the measure-
ment region of the flame. Three of the beams, two pumps
and a probe, were used for signal generation. The fourth
is used to trace the signal beam path for alignment and is
blocked during the experiment. The signal beam is passed
through an aperture, blocking the pump and probe beams, and
is directed through a single-stage grating spectrograph (1.3 m
focal length,2400 l/mm holographic grating) equipped with
a rear-illuminated CCD camera (Princeton Instruments). The
overall spectral resolution of the system was0.2 cm−1. Part of
the excitation beam energy was directed to the spectrometer
via an optical fiber to fall on a different part of the CCD chip
to allow simultaneous recording of the laser spectrum.

3 Results and analysis

The temporal behaviour of the LITGS signals was recorded at
different values of pressure and stoichiometry. All the time-
resolved data presented here are results of single-shot record-
ings following excitation of the R1(5) line. Figure 3 shows the
time behaviour of the LITGS signal in a stoichiometric flame
at pressures of 10, 20, and40 bar. The oscillation arising from
the acoustic wave and the decay by viscous damping and ther-
mal dissipation is clearly shown by the data. Furthermore, the
decrease in decay rate with increasing pressure is evident.

Theoretical simulation of this data was based on the the-
oretical model of Paul et al. [12]. In our analysis the ther-
mal grating was assumed to be established rapidly during
the excitation pump pulse, i.e. the quenching is taken to be

Fig. 3. Time-resolved LITGS signals recorded from the flame at pressures
of 10, 20, and40 bar. Note the reduction in decay rate as the pressure is
increased
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sufficiently fast so that the build-up time of the thermal grat-
ing may be ignored on the time scale of the pump pulse
and subsequent grating decay. This assumption is validated
by measurements of the quenching rate,Q ' 0.5 ns−1, for
a typical excited state ofOH in a flame at atmospheric pres-
sure [26]. At higher pressures the quenching rate is assumed
to be Q= 0.5× P ns−1, whereP is the pressure in units of
bars. The absorption line-strength data were determined using
published values of Einstein A-coefficients forOH [27]. The
dynamics of the thermal grating decay are determined by the
gas transport properties and hence on the species present. The
local composition of the gas in the measurement volume was
estimated from one-dimensional flame-code calculations [28]
and previous exhaust gas measurements. Values of thermo-
dynamic properties; density, heat capacity (cp, cv), viscosity,
µ, and thermal conductivity,K , of the gas mixture, were ob-
tained from, or calculated using, published data [29].

Figure 4 shows a typical LITGS signal as a function of
time for a40-bar flame, stoichiometryφ = 1, together with
a best-fit simulated signal calculated numerically using tem-
perature,T, and pressure,P, as the fitting parameters. The
quality of fit was improved by allowing input parameters to
vary within a range of uncertainty reflecting experimental er-
rors in laser pulse width, detector response time and the ther-
mal grating spacing. Although the grating spacing,Λ, was
determined by geometrical measurements of the pump beam
crossing angle, to be7.3µm, a residual uncertainty arose
from inaccuracy in determining the crossing angle and pos-
sible deviations of the beams in traversing strong refractive
index gradients in the flame. A variation of5.5% inΛ allowed
a better fit to the data and a derived temperature in better
agreement with independent measurements usingN2 CARS.
We note that other work on thermal gratings in atmospheric-
pressure flames encountered similar uncertainty in determin-
ing the grating spacing. Errors of between15% and20% were
quoted [30]. The determination of the grating spacing is the
source of largest single error in the present work and the re-
sulting systematic error limits the confidence in the accuracy
of the derived absolute temperature. The mean value of 10
separate measurements yielded a temperature of2101 Kwith
a standard deviation of85 K in good agreement with CARS
measurements of 2015±60 K under similar flame conditions.

Fig. 4. Time-resolved LITGS signal from methane air flame at40 bar,
φ= 1. Open circlesdenote experimental (single-shot) data and thesolid line
is a best fit theoretical simulation adjusted for temperature and pressure

Owing to conduction of heat to the burner plate the flame tem-
perature is lower than the calculated adiabatic temperature
of 2320 Kat 40 bar. The pressure derived from such fits had
a mean value of 43±2.6 bar in reasonable agreement with
the static pressure transducer value of40 bar. Similar qual-
ity of fit of simulated to experimental data was obtained for
stoichiometric flames at20 bar.

Temperatures and pressures were also derived from sig-
nals obtained in flames of different stoichiometry at40 bar.
Values are listed in Table 1, which lists the mean values ofT
and P derived fromN data sets. It is seen that the tempera-
tures were found to be lower for the richer flames(φ > 1) in
accord with predictions of the adiabatic flame model calcula-
tions. The apparent slight improvement in precision with in-
creasing equivalence ratio is not statistically significant owing
to the small data base. The errors in the pressure measure-
ments are significantly larger than those for the temperature
since fitting the decay curve is more affected by noise than
the fit to the oscillations which determine the temperature,
especially as the signal tails off at longer times.

The temperature at10 bar was measured to be 2186±
54 K which is higher than that at higher pressures owing to re-
duced heat loss as the flame sits further away from the burner
surface. However this value is still lower than the calculated
adiabatic flame temperature,Tad> 2300 Kat 10 bar.

The simulation of data obtained at10 barwas noticeably
less good as shown in Fig. 5, from which the temperature of
2186±54 K and a pressure of 14.2±0.5 bar were derived.
The main reason for the relatively poor fit is the breakdown of

Table 1. Mean values ofT and P from N data sets

Pressure φ Fitted s.d. Fitted s.d. N
/bar temp./K temp./K press./bar press./bar

40 1.0 2101 85 43 2.6 10
40 1.2 2068 50 41.2 3.6 10
40 1.6 1920 43 31.9 4.5 5
20 1.0 2139 46 24.4 2.2 5

Fig. 5. Time-resolved LITGS signal from methane air flame at10 bar,
φ= 1. Open circlesdenote experimental (single-shot) data and thesolid line
is a best fit theoretical simulation adjusted for temperature and pressure.
The simulation does not properly account for the different rates of relax-
ation leading to the thermal grating at this pressure, the time scales of which
are significant relative to the overall signal lifetime
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the assumptions of the model. At the lower pressure the de-
cay of the LITGS signal is no longer slow on the time scale
of the grating formation and laser pulse duration. Thus the
initial stage of the signal is affected by thermal and acoustic
signals generated with a continuously shifting phase. Further-
more the assumption of rapid transfer of excitation energy
to the thermal grating may no longer be valid. A two-step
relaxation mechanism with two differing relaxation rates gov-
erning the internal (vibration–rotation) to translational energy
transfer will distort the initial decay of the signal [12]. A lack
of knowledge of these relaxation rates precludes accurate
modelling of this mechanism. A similar two-step relaxation
process was noted in the generation of thermal gratings via
absorption byOH in anH2/O2 flame at atmospheric pressure
where the effect is even more significant [30]. The systematic
error resulting from these uncertainties leads to an upward
shift in derived temperatures. When the fitting is weighted
towards the final stages of the decay a lower temperature is
obtained.

The data has been analysed, using calculated values of
gas transport properties, to derive values of temperature and
pressure so that the results could be compared with inde-
pendent measurements of these parameters. In principle the
values ofT andP could be taken from these other measure-
ments and the data used to derive values of the gas transport
properties [31–33]. Over the entire pressure range studied
the signals were seen to be dominated by LITGS with no
significant contribution from scattering from electrostrictive
gratings [13, 34].

LITGS has been shown to yield spectra of pure gases
such asO2 and CO2 in cells by absorption [35] or Raman
pumping [36]. In the present work LITGS spectra of the
radical flame species,OH, were produced by scanning the
wavelength,λ1, of the pump lasers and monitoring the scat-
tered signal from theAr+ ion laser probe beam. Provided
λ1 does not vary over too large a range, the grating spac-
ing does not change significantly and the probe beam, inci-
dent at angleϕ, will continue to be scattered efficiently. The
LITGS signal thus gives a measure of the absorption spec-
trum of the molecule asλ1 is scanned. Such a LITGS spec-
trum is shown in Fig. 6 for part of the R-branch in a10-bar
flame. A simultaneously recorded LIF signal is also shown for
comparison.

The LITGS spectra obtained in the present work, exhibit
a higher resolution and a higher signal-to-noise,S/N, ratio
than the corresponding LIF spectrum under these conditions.
The higher resolution results from the nonlinear nature of
the LITGS process – the signal lineshape depends quadrat-
ically on the absorption rather than linearly as in LIF. The
improvedS/N ratio arises from the coherent nature of the
LITGS signal which is emitted as a laser-like beam allow-
ing more effective discrimination against background light
and laser scatter from the flame than is possible with the in-
coherent LIF signal. A further advantageous feature of the
LITGS signal is its quadratic dependence on the species con-
centration. As the pressure increases the quenching becomes
more effective in producing the thermal grating whereas the
increasing quenching leads to a reduction in the LIF signal.
In principle the LITGS spectrum could be analysed to yield
temperatures from the relative intensities of lines from ro-
tational energy levels in Boltzmann equilibrium. The data
recorded in the present work used strongly saturating pump

Fig. 6. Simultaneously recorded LITGS and LIF spectra from methane/air
flame at10 barpressure showing part of the A2∑–X2Π(0,0) band ofOH

beams, which leads to significant contributions from absorp-
tion in satellite features in theOH spectrum. A quantita-
tive theory to account for the saturation behaviour of the
LITGS signals and the complex relaxation processes lead-
ing to the thermal grating formation is not at present avail-
able. A preliminary attempt to simulate the LITGS spec-
trum was made using the model of Paul et al. [12]. Fits to
the measured spectrum yielded temperatures that were sys-
tematically lower than values measured by CARS or using
the time-resolved decay of the LITGS signal indicating the
need for a detailed theory of spectral intensities arising from
LITGS.

Broadband DFWM spectra ofOH were recorded from
stoichiometric flames in the pressure range 1 to30 bar. The
bandwidth of the laser spectrum was adjusted to provide two
independently tunable regions which covered parts of theR1
andR2 branches of the A2

∑
–X2Π(0,0) band. Single-shot

spectra were obtainable up to pressures of about3 bar. At
higher pressures the signal levels fell as a result of collisional
effects so that averaged spectra of an increasing number of
single shots were required to achieve signals above the cam-
era noise level. Figure 7 shows broadband DFWM spectra
recorded at increasing pressure. At1 barup to eight transi-
tions in the A2∑–X2Π(0,0) band are resolved and resonant
structure is apparent up to9 bar. Above about6 barthis struc-
ture appeared superimposed on a broad spectral background.
At higher pressures only the broad spectral feature approxi-
mately following the shape of the incident laser spectrum was
observed. This broad spectral signal is attributed to LITGS
since it displayed all the features of a four-wave mixing sig-
nal. The thermal grating is formed by resonant absorption
at the molecular transition wavelengths overlapped by the
laser spectrum. The spread in excitation wavelengths,λ1, and
probe wavelengths,λ2, contained in the incident broadband
laser is such that the angular divergence of Bragg-scattered
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Fig. 7. Broadband, multiplex, DFWM spectra (solid line) recorded in
the methane/air flame at different pressures together with simultaneously
recorded laser spectra (dashed line). 1-bar spectrum: single shot;6-bar
spectrum: average of 5 shots;9-bar spectrum: average of 10 shots;30-bar
spectrum: average of 50 shots

signals from different gratings formed over this range is less
than the laser beam divergence. Thus LITGS signals could
be collected effectively over the whole bandwidth of the in-
cident laser. Owing to instabilities in the intensity and spatial
beam profile of the Nd:YAG pumping laser and consequently
in the broadband UV output, fluctuations in the spectral in-
tensity of the DFWM spectra precluded reliable derivation of
temperature from the data. However these results indicate that
thermometry using broadband DFWM ofOH could, in prin-
ciple, be feasible up to6 bar, and possibly up to a maximum
of 9 bar, for methane/air flames. Above this pressure only
scattering from thermal gratings was measurable. In the inter-
mediate regime the signals contain significant contributions
from both population and thermal gratings. One potential ad-
vantage of using broadband DFWM is that the relative contri-
bution of the LITGS signal is apparent from the intensity of
the broad background signal on which the resonant DFWM
signal is superimposed.

4 Conclusions

LITGS signals fromOH in methane/air flames have been
recorded in flames of different stoichiometry and over a pres-
sure range of 10 to40 bar. Broadband DFWM spectra ofOH
have been recorded in the same flame at pressures from 1 to
30 bar. Results indicate that broadband DFWM ofOH should
be feasible for thermometry up to6 bar. Analysis, using the
model of Paul et al. [12] showed that temperature and pres-

sure values can be deduced from the temporal behaviour
of the LITGS signals in high-pressure flames. Accurate re-
sults were obtained from the data for flames at20–40 bar.
Data from flames at pressures of10 baror lower, will need
a more detailed model of the thermal grating dynamics to
take account of multiple-stage relaxation mechanisms and the
finite duration of the incident laser pulses and detector re-
sponse times. These results indicate that LITGS is a viable
method for measurement of temperature and pressure in high-
pressure flames. Alternatively, ifP and T are known from
other measurements the LITGS signals may yield measure-
ment of other gas dynamic properties that would be difficult
to determine by other means in high-pressure combustion.
Since measurements based on LITGS decay do not depend
on absolute or relative signal magnitudes, but only on time
or frequency data they are insensitive to fluctuations in laser
intensity. LITGS signals provide a time- and space-resolved
absorption measurement which is sensitive to minor species
and may thus provide an alternative to LIF in high-pressure
combustion studies. In practice the spatial resolution can only
be increased at the cost of impairing the time resolution,
since the acoustic wave components of the induced grating
will escape the measurement volume more quickly as this
is reduced. Accuracy and precision of measurements will be
limited by uncertainties in determination of the induced grat-
ing spacing and knowledge of the local gas composition.
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