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Abstract: We use broadband near-infrared continuous-filtering Vernier spectroscopy (CF-VS)

for time-resolved detection of H2O and OH radical in a premixed CH4/air flat flame. The

CF-VS spectrometer is based on a femtosecond Er:fiber laser, an external cavity that contains

the flame, and a detection system comprising a rotating diffraction grating and photodetectors.

Spectra of H2O and OH radical around 1570 nm are continuously recorded with 6.6 GHz spectral

resolution, 4.0 × 10−7 cm−1 absorption sensitivity, and 25 ms time resolution, while the fuel-air

equivalence ratio is periodically modulated with a square wave. The concentrations of the two

analytes are retrieved with percent level precision by a fit of a Vernier model to each spectrum

spanning 13 nm. The temporal profiles of both concentrations in each modulation cycle are

repeatable and the steady-state concentration levels are in good agreement with predictions based

on one-dimensional simulations of a static flat flame. The robust CF-VS spectrometer opens

up for quantitative monitoring of multiple products of time-varying combustion processes with

relatively simple data acquisition procedures.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Fast and simultaneous detection of multiple species in combustion is essential for a deeper

understanding of chemical reaction dynamics, as well as for obtaining invaluable information

and feedback for the design of combustion systems with improved fuel efficiency or decreased

pollutant emissions [1,2]. Laser spectroscopic techniques are widely used for combustion

diagnostics not only because of their non-intrusiveness but also their high temporal and spatial

resolution [3,4]. Among these techniques [5–8] laser absorption spectroscopy is one of the

most quantitative methods for selective sensing of gas temperature and composition [9,10].

However, the detection bandwidth of absorption techniques based on continuous wave lasers

such as wavelength modulation spectroscopy (WMS) [11,12] and cavity ring-down spectroscopy

[13–16] is usually limited to 1–2 cm−1 [17,18]. Much larger detection bandwidth is provided by

techniques based on broadband sources such as optical frequency combs [19–21], supercontinuum

sources [22,23] and Fourier-domain mode-locked lasers [24]. Spectrometers employing these

sources have been used to determine water concentration and/or temperature in combustion

environments with time resolution of the order of hundreds of microseconds or milliseconds

[21,23–25]. However, most of these measurements were done in a single-pass configuration

through the sample, limiting the interaction length to a few cm, and thus impairing the absorption

sensitivity. So far, time-resolved measurements of species concentrations in dynamically changing

combustion environments have not been realized using a broadband cavity-enhanced system.

Such system would open up for sensitive multispecies detection in applications where single pass

through the combustion process does not provide sufficient sensitivity because of the low analyte

abundance or weak line strengths.
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Here, we use continuous-filtering Vernier spectroscopy (CF-VS) to detect broadband spectra

of H2O and OH radical in a premixed CH4/air flame and track the concentrations of these two

analytes with time resolution of 25 ms. H2O and OH are ubiquitous in combustion reactions and

therefore of general interest for combustion diagnostics [26–28]. The principle of CF-VS is the

generation of tunable frequency filters for the comb using an external cavity [29,30], which also

acts as a sample cell. The cavity length is tuned to introduce a small mismatch between its free

spectral range (FSR) and the comb repetition rate (frep). As a result, the cavity resonances form a

series of frequency filters that transmit groups of comb lines through the cavity, called Vernier

orders (VO). The width of the VO determines the spectral resolution of the system as well as

the power transmitted through the cavity. The VOs are continuously swept across the entire

bandwidth of the comb by scanning either the cavity FSR or the comb frep. A diffraction grating

positioned after the cavity separates the consecutive VOs and its rotation is synchronized with

the spectral scan of the selected VO, keeping the beam spatially fixed on a detector. The entire

spectrum in cavity transmission, with bandwidth limited by the comb source, is recorded using a

single detector positioned after the grating. The frequency axis of the spectrum is calibrated

using either the position information of the grating or spectral fringes introduced by a known

etalon element. The acquisition time of a single spectrum is usually of the order of few tens of

ms [29–32], limited by the scanning speed of the grating and/or the ring-down time of the cavity,

as the scan needs to be adiabatic to avoid distortion in cavity mode profiles [29].

In order to demonstrate the potential of CF-VS for detection of time-dependent concentration

profiles in a combustion environment, we record continuously spectra of OH radical and H2O

while the fuel-air equivalence ratio is modulated with a low frequency square wave. To verify the

accuracy of the results, the retrieved concentrations of both analytes in the steady-state regions of

each modulation cycle are compared to simulated values of a static flame model.

2. Experimental setup and procedures

2.1. Continuous-filtering Vernier spectrometer

The CF-VS setup is depicted in Fig. 1. The spectrometer is based on a mode-locked Er:fiber laser

with a repetition rate (frep) of 250 MHz and a spectral coverage of 1.51–1.58 µm. The oscillator

output beam with an optical power of ∼20 mW is guided to free space through a polarization

maintaining fiber (PMF). The beam is then mode matched using two lenses to an open-air cavity

with a length of 60 cm. The beam waist size is around 0.7 mm in the center of the cavity. The

cavity finesse was determined by measuring the cavity ring-down times at several wavelengths

within the comb bandwidth using a monochromator and an acousto-optic modulator, and was

found to vary between 730 to 760. A third-order polynomial fit to these values was later used as

an input parameter in the model of the spectra. The cavity length is tuned by ∆L to set the desired

VO and spectral resolution by translating a stage (TS) on which one of the cavity mirrors is

mounted. A flat flame burner (see section 2.2) positioned in the middle of the cavity is mounted

on a vertical translation stage to tune the height of the beam above the burner (HAB). Two mass

flow controllers (MFC) set a constant equivalence ratio (φ) of air and CH4 that are premixed

and then sent to the burner. Whenever modulation of φ is desired, a square wave generated by a

function generator (FG 1) drives a solenoid valve (S) in series with a third mass flow controller

(MFC 3) that supplies additional air.

The beam transmitted through the cavity is guided by another PMF to a diffraction grating

(DG, 600 grooves/mm) mounted on a galvo scanner (GS). Half- and quarter-wave plates are

placed before and after the PMF to mitigate spectral etalon fringes, as well as to optimize the

diffraction efficiency of the grating. The grating disperses consecutive VOs, and the selected VO

is spatially filtered with an iris. After the iris, the beam travels through a 50/50 beam splitter

(BS1), from which the reflected arm is incident onto a quadrant detector (QD). The QD outputs a

voltage signal proportional to the difference between the intensities incident on the left (D1+D2)
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Fig. 1. Experimental setup. PI 1 and 2: proportional integral controllers; PMF: polarization

maintaining fiber; PZT: piezo-electric transducer; TS: translation stage; MFC 1-3: mass

flow controllers; S: solenoid valve; HVA: high voltage amplifier; Ph: phase shifter; λ/2 and

λ/4: half- and quarter-wave plates; FG 1 and 2: function generators; GS: galvo scanner;

DG: diffraction grating; BS 1 and 2: non-polarizing beam splitters; QD: quadrant detector;

D1-4: photo diode elements of the quadrant detector; PD 1 and 2: InGaAs photodiodes for

acquisition of Vernier and etalon spectra, respectively; DAQ: multichannel data acquisition

card.

and right (D3+D4) pairs of photodiode elements, and therefore measures the horizontal beam

displacement from the detector center. A 20-Hz sinusoidal modulation produced by a low-noise

function generator (FG 2) drives the GS and a piezoelectric transducer (PZT) mounted on one of

the cavity mirrors to dither the cavity length and sweep the selected VO across the laser spectrum.

The GS and PZT scans are synchronized by adjusting the phase and gain of the signal sent to

the PZT to keep the VO coarsely fixed in space, and thus minimize the output signal of the QD.

However, the different nonlinearities in the GS and PZT responses cause a mismatch between

the two scans, resulting in small fluctuations of the beam position on the QD. To remove this

mismatch, an active stabilization is implemented, making use of the QD output as an error signal.

The error signal is fed to a proportional integral controller (PI 1) that actuates on the pump

current of the laser, varying frep of the comb to compensate the high-frequency fluctuations with

a bandwidth of 150 kHz. The low-frequency and high-amplitude fluctuations are compensated

by feeding the output of PI 1 to a second PI controller (PI 2). The output of PI 2 controls the frep

of the comb via feedback to the PZT (bandwidth of 6 kHz) attached to one of the laser cavity

mirrors.

The beam transmitted by the BS 1 is further split into two arms by another beam splitter (BS

2): one beam is focused directly onto an InGaAs detector (PD 1) for acquisition of the Vernier

spectrum, and the other one is sent through a low-finesse etalon (4-mm thick CaF2 window) and

incident onto another InGaAs detector (PD 2) for frequency calibration. The outputs of PD 1 and

PD 2 are digitized with a multichannel data acquisition card (DAQ) with 500 kHz sampling rate.

Each cycle of the 20-Hz modulation comprises two scans of the full Vernier spectrum, yielding

an acquisition time of 25 ms for a single spectrum.

2.2. Flat flame burner

The burner with design similar to that described in [33], Hartung et al., operates on a premixed

CH4/air fuel and generates an axisymmetric flat flame. The burner is cooled with a built-in water

circulation, and a nitrogen co-flow is supplied at the outer ring of the burner to stabilize the

structure of the flame. In the radial direction, a homogenous flame temperature and distribution

of combustion products is assumed. Axially, the flame is cone-shaped with a diameter of 3.8 cm

(center ring) at the burner surface. The species concentrations along the center axis are calculated
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using the Cantera software [34]. The model employs numerical solutions of the 1-D stagnation

flow governing equations with GRI3.0 reaction mechanism. For temperature, we use the results

of previous WMS measurements in the same flame [35], which agree with Cantera simulations at

lower HABs.

2.3. Spectral acquisition procedures

Prior to every measurement series, the perfect-match length (LPM, for which FSR= frep) of

the cavity is found by translating one of the cavity mirrors to maximize the transmitted power

through the cavity while the cavity length is dithered. Next, the VO of the spectrometer is chosen

as a trade-off between the signal to noise ratio and spectral resolution. The cavity length is

tuned by ∆L= –30 µm, corresponding to VO around −40 (calculated as 2∆L/λ, where λ is the

center laser wavelength of the comb) and a spectral resolution of Γv = 6.6 GHz (calculated as

Γv = c/(2F|∆L|), where c is the speed of light, and F is the cavity finesse), sufficient to detect

absorption lines at atmospheric pressure in the flame, which have linewidths of ∼2 GHz (half

width at half maximum). After setting the desired VO, the scans of the PZT and the grating are

synchronized to minimize the fluctuation of the open-loop error signal from the QD. Both PI

controllers for active stabilization are then turned on to lock both scans.

Before the flame is switched on, a background spectrum is acquired by recording the Vernier

spectrum of ambient air. After igniting the flame, the alignment of the cavity and the coupling

efficiency to the PMF that guides the transmitted light are optimized. The PMF not only decouples

the cavity alignment from the rest of the system, but also spatially filters out the higher order

transverse modes transmitted through the cavity. For the acquisition of spectra, the CH4 flow rate

is fixed at 950 mL/min while the air flow rate is set to obtain the desired fuel-air equivalence

ratio. The equivalence ratio is modulated by applying a square wave with a chosen frequency and

duty cycle to the solenoid valve that controls the additional air supply. The HAB is set by tuning

the vertical translation stage, where HAB= 0 was determined as the position where half of the

transmitted power is cut by the burner.

2.4. Frequency calibration

The frequency axis of the acquired spectrum is calibrated using the etalon signal from PD 2. To

obtain the pure etalon response, the background offsets of PD 2 and PD 1 are first subtracted

from the etalon signal and the Vernier signal, respectively, and both signals are normalized to the

same power level. The etalon signal is then divided by the Vernier signal to remove the power

envelope and absorption features. The etalon fringes are finally obtained by band-pass filtering

the signal to remove high-frequency noise and the remaining power envelope.

The consecutive zero crossings of the etalon fringes, whose spacing corresponds to half of the

FSR (∼27 GHz) of the CaF2 window, are used as frequency markers. The frequency scale is

obtained by linearly interpolating between these markers with a constant number of sampling

points chosen so as to keep the total number of points in the spectrum unchanged, which yields a

sample point spacing of ∼2 GHz. Next, the Vernier spectrum is linearly interpolated at these

frequency coordinates. A normalized Vernier spectrum is obtained by dividing the calibrated

Vernier spectrum by a background spectrum calibrated through the same procedure. Finally,

the absolute frequency scale is retrieved by comparing the position of absorption lines in the

normalized spectrum with a simulated spectrum of the target molecules.

2.5. Absorption sensitivity

The sensitivity was estimated by calculating the noise (σ) in the baseline as the standard deviation

of the ratio between two consecutive background spectra, which was found to be equal to

2.3× 10−3. This corresponds to a noise equivalent absorption sensitivity of 4.0× 10−7 cm−1

Hz−1/2, calculated as NEA=σT1/2/Leff , in which T is the acquisition time of one scan (25 ms)
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and Leff = 9.1 m is the effective path length (FL/π) considering the 3.8 cm flame diameter and a

finesse of 750. The NEA per spectral element, calculated as NEA/M1/2 is 2.6× 10−8 cm−1Hz−1/2,

where M= 240 is the number of resolved elements (ΓV = 6.6 GHz) in the spectral range used for

the fit (1.6 THz).

3. Measurements in the flame

3.1. H2O and OH concentration retrieval at constant equivalence ratio

Prior to investigating time-dependent processes in the flame, measurements at a constant fuel-air

equivalence ratio φ= 1.00 and different HABs were realized to evaluate the overall precision,

sensitivity and accuracy of the instrument in concentration retrieval from a spectrum acquired in

a single scan, as well as from a measurement series of several seconds. Simulations of the H2O

and OH concentrations as a function of HAB were carried out using Cantera [34] considering a

one-dimensional burner-stabilized premixed flame model to obtain a reference for evaluation of

accuracy.

For the concentration retrieval of H2O and OH, we choose a spectral range spanning 13 nm

around 1570 nm that contains several strong OH lines. In Fig. 2(a), a normalized spectrum from

a single scan taken at HAB= 3.0 mm and φ= 1.00 is presented (black markers) and compared

to a fit of a Vernier spectrum model [30,31] considering both H2O and OH absorption features

(green curve). The residual of the fit is presented in Fig. 2(b). Most of the absorption features

belong to H2O, and a Vernier spectrum model considering only OH radical transitions is plotted

in red to indicate the line positions for this species. The H2O line parameters used in the model

are taken from an experimental line list obtained from a spectrum measured in the same flame

using comb-based Fourier transform spectroscopy under similar experimental conditions and

HAB= 2.5 mm [36]. The Lorentzian half width of all H2O absorption lines is set to 0.810 GHz,

and the Doppler half-width to 0.713 GHz. The OH line list is taken from the HITRAN 2016

database [37], with the Lorentzian half width set to 2.04 GHz, according to an estimation from a

previous work [38] using the same flame, and the Doppler half-width to 0.732 GHz. The VO

number is set to −40, the flame diameter to 3.8 cm, and the flame temperature to 1950 K, the

value determined from WMS measurements at HAB= 3.0 mm [35]. The normalized spectrum

was multiplied by a constant factor to compensate for power variations between the background

and flame spectra. The concentrations of H2O and OH are retrieved from the fit to the entire

spectral range shown in Fig. 2(a). The small number of OH lines compared to the continuum of

H2O absorption leads to a low weight of OH concentration in the computation of the goodness

of the fit, and therefore the fit is repeated using only OH concentration as a fitting parameter in

a narrower spectral range between 1572.0 and 1573.6 nm containing the 4 strongest OH lines

[highlighted in blue in Fig. 2(a)], and using the H2O concentration retrieved in the previous fit as

a constant. Figures 2(c) and 2(e) show zooms of the two OH doublets used for concentration

retrieval in the second step of the fit, along with their respective residuals in Figs. 2(d) and 2(f).

An overall good agreement between the model and the experimental spectrum is seen in

Fig. 2, although a remaining structure in the residual is observed. An incomplete cancellation

of absorption features in the etalon spectrum may introduce errors in the frequency calibration,

but the level of residual that is typically observed in this case is considerably lower [32]. The

structured residuum observed in the flame spectrum is caused mainly by missing transitions in

the H2O line list, particularly at wavelengths close to the OH transitions, since the line list does

not contain lines that are within 0.02 cm−1 from an OH transition [36].

The retrieved concentrations of H2O and OH are 17.3(4)% and 0.40(3)%, where the uncertain-

ties are a combination of the precision at 25 ms obtained from the Allan variance analysis and the

error in VO determination (described in detail in the next paragraphs). Other factors influencing

the accuracy of concentration determination are the uncertainty of the water line intensities (up to

6% for the strongest lines and larger for weaker lines), and uncertainty of the flame temperature.
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Fig. 2. (a) Single scan flame spectrum (black markers) measured at HAB= 3.0 mm, φ= 1.00

and total flow of 10 L/min compared to a fit of a Vernier spectrum model considering both

H2O and OH transitions (green curve), and only OH (red curve). The spectral region used

for retrieving the OH concentration is highlighted in blue. (b) Residual of the fit shown

in (a). (c, e): Zooms of regions containing the strongest OH lines used to retrieve OH

concentrations, along with the corresponding residuals (d, f).

The± 50 K uncertainty, determined from WMS measurements [35], translates to a 2.5% relative

uncertainty on the density of both species, as well as up to 3% uncertainty on the OH line

intensities [37]. The H2O and OH concentrations expected from Cantera simulations are 18.2%

and 0.25%, respectively. A good agreement is observed for H2O concentration, while the fitted

OH concentration is largely overestimated. This deviation is not surprising: since H2O lines

close to OH lines are not included in the experimental line list [36], the fit attempts to compensate

these missing H2O lines by increasing the OH concentration. For example, in Fig. 2(e), a broader

absorption feature at 1573.5 nm, where one of the strong OH lines is located, indicates the

possible presence of additional H2O lines not included in the model. It should be noted that

Cantera simulations of OH concentrations have not previously been verified experimentally. One

possible source of discrepancy are reactions at the flame boundary. However, these should be

reduced to minimum by the nitrogen co-flow surrounding the flame.

The precision in concentration retrieval was estimated from the Allan-Werle analysis of H2O

and OH concentrations from a series of 4000 spectra (100 s) at HAB= 3.0 mm. In Fig. 3, the

Allan variance for each analyte is shown (H2O – blue open circles, OH – red diamonds). The

white noise regime, represented by the black dashed lines, dominates up to 20 s. The standard

deviations of H2O and OH concentrations at 25 ms are 0.3% and 0.02%, respectively, which

corresponds to relative precisions of 2% and 5% for H2O and OH concentration in a single

spectrum, respectively. Best precisions of 120 ppm for H2O and 8 ppm for OH are obtained after

20 s of averaging.
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Fig. 3. Allan-Werle plots for H2O (blue open circles) and OH (red diamonds) concentrations

retrieved from fits, along with the curves corresponding to the white noise regime (τ−1/2

dependence, black dashed lines).

Another factor influencing the accuracy in concentration retrieval is the uncertainty in the VO

determination. Experimentally, the VO is set by adjusting the translation stage on which one

of the cavity mirrors is mounted. Therefore, the precision in setting the VO is limited by the

micrometer screw resolution of ∼5 µm, which corresponds to ∼6 VOs. The exact VO cannot be

retrieved from the fit: attempts to add the VO as another fitting parameter for the same series of

spectra yielded VOs varying by about 10 units, which is unreasonable because the VO does not

change during the measurement series (while the system is locked). To estimate how the VO

determination affects the uncertainty in concentration retrieval, the Vernier spectrum model was

fitted to the entire series of spectra with 7 different fixed VO values between −37 to −43. The

results reveal changes in H2O and OH concentrations of 0.05% and 0.003% per VO, respectively.

The maximum uncertainty caused by the uncertainty in the VO determination is therefore 0.3%

for H2O and 0.02% for OH.

To further evaluate the accuracy and precision of our spectrometer, series of 400 spectra (10 s)

were acquired at HABs ranging between 1.0 and 14.0 mm, and the concentrations were retrieved

using the same procedure as described in the first paragraph of this section. Figure 4 shows

the concentrations of both analytes ([H2O] – blue open circles; [OH] – red diamonds) retrieved

from each spectrum and averaged over the entire measurement series, along with the profiles

simulated using Cantera for each species ([H2O] – blue curve; [OH] – red curve). The error bars

correspond to the precision at 25 ms obtained from the Allan-Werle analysis at each HAB. In

this range of HABs the temperature of the flame varies in the interval 1900 - 1950 K [36], thus

setting the temperature to 1950 K in all fits introduces a relative error in gas density and OH line

strength of up to 3%, as described above.

The retrieved H2O concentrations are in agreement with the Cantera simulation at lower HABs,

but they deviate from the expected values as the HAB increases. This behavior has been observed

before with WMS [35] and is caused by the decreasing flame diameter at higher HABs due to

the cone-shaped flame. The retrieved OH concentrations are systematically overestimated at

all HABs, which we believe can be explained by the missing transitions in the H2O line list, as

discussed previously for HAB= 3.0 mm.

The precision in H2O concentration retrieval decreases with HAB, as seen in Fig. 4. The

growing turbulence in the flame with increasing HAB disturbs the beam propagation through

the flame, introducing fluctuations in the beam pointing during the scan. These disturbances
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Fig. 4. Average H2O (blue open circles) and OH (red diamonds) concentrations retrieved

from fits to a 10 s series of flame spectra and one-dimensional Cantera simulations of the

concentration profiles of H2O (blue curve) and OH (red curve) as a function of HAB at

φ= 1.00. Error bars indicate the precision at 25 ms retrieved from the Allan-Werle analysis.

translate into power fluctuations of the transmitted beam and thus distortions in the laser power

envelope, which affect the precision of the concentrations retrieved from the fit. Nevertheless,

the precision at 25 ms remains at the few percent level, reaching a relative maximum of 4% at

HAB= 12.0 mm. It is also worth mentioning that the spectrometer remains locked to a single

VO during measurements up to HAB= 14.0 mm while the HAB is continuously changed by

manual adjustments of the translation stage, indicating the robustness of the lock with respect to

turbulences in the flame. The precision in OH concentration is less affected by changes in HAB.

Since the OH concentrations are retrieved using a narrower range of the spectrum, the fit used for

their retrieval is less sensitive to laser power envelope distortions.

Overall, fits to spectra measured in 25 ms with a constant φ yield high precision in concentration

retrieval, which indicates the potential of the CF-VS spectrometer to monitor processes occurring

in tens of milliseconds timescale, which is discussed in the next section.

3.2. Measurements with modulation of the equivalence ratio

Measurements with modulated fuel-air equivalence ratio – to introduce a periodic change of

analyte concentrations in the flame – were performed at a fixed HAB of 3.0 mm. The equivalence

ratio of the fuel was modulated between 0.87 and 1.00 with a square wave at frequencies ranging

from 200 to 1800 mHz. The same fitting procedure as previously described was used for

concentration retrieval. The temperature was again set to a constant value of 1950 K for the

entire series of spectra.

Figures 5(a)–5(c) show the temporal profiles of H2O (blue curves) and OH (red curves)

concentrations retrieved from measurements at three different modulation frequencies, along

with the modulation signal sent to the solenoid valve (gray curves). At 200 mHz, two flat regions

in both concentration profiles are clearly distinguishable that correspond to the two steady-state

equivalence ratios, with the transitions between them lasting hundreds of milliseconds. Such

long-lasting transitions lead to the merging of adjacent cycles as the modulation frequency

increases, setting an upper limit on modulation frequency to around 1800 mHz, above which no

change in concentration can be observed because of the slow flame response. To determine the

flame response time, modulations at a constant frequency of 1 Hz and duty cycles of the square

wave ranging from 30 to 15% were carried out (pulse durations between 300 and 150 ms), and
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the results are shown in Figs. 5(d)–5(f). From these temporal profiles, it is clear that changes in

H2O and OH concentrations can be detected at timescales down to 200 ms for OH, and 150 ms

for H2O. The overshoots, visible e.g. in Fig. 5(a), are caused by short instability in the air flow

rate when the third mass flow controller (MFC 3) is switched on and off.

Fig. 5. H2O (blue) and OH (red) concentrations retrieved from fits to spectra acquired at

HAB= 3.0 mm while modulating φ between 0.87 and 1.00 with a square wave at different

frequencies and duty cycles. Temporal profiles obtained with (a-c) 50% duty cycle square

waves at the frequencies specified in the panels, and with (d-f) 1 Hz modulation and duty

cycles ranging from 30 to 15%, corresponding to the pulse durations specified in the panels.

The modulation signals are shown by the gray curves with arbitrary Y axes in all the panels.

To evaluate the stability of the concentration profiles over time, as well as to verify the agreement

of the retrieved concentrations with the Cantera simulations, longer series of measurements (100

s) were carried out using a square wave modulation with 50% duty cycle at 200 mHz. One series

was realized at HAB= 1.5 mm while modulating φ between 0.92 and 1.07, and the second was

carried out at the same HAB and equivalence ratios as used for the series shown in Fig. 5(a). This

particular choice of HABs and equivalence ratios was made to evaluate two distinct scenarios

predicted by Cantera: the first is expected to yield significant changes in concentrations of both

species with opposite phase, whereas the second should generate temporal profiles with similar

variations in H2O concentration but minor changes for OH.

Figures 6(a) and 6(b) show the measured concentration profiles at HAB= 1.5 and 3.0 mm,

respectively. The red and blue curves show the H2O and OH radical concentrations, respectively,

with the 4000 modulation cycles overlapped, and the average of all cycles is shown in black.

Figures 6(c) and 6(d) show the expected concentrations of both analytes obtained from Cantera

simulations carried out for a range of equivalence ratios at the corresponding HABs. The

values corresponding to the equivalence ratios used in the experiment are indicated by vertical

green lines, and the experimental concentration values are marked by red and blue crosses. A

comparison of the experimental steady-state concentrations with Cantera simulations reveals that

the overall behavior agrees well with what is expected for each HAB and pair of φs. Although the

absolute concentration values do not agree, the concentration ratios between the two steady-state

regions are in good agreement with simulations for both analytes. These concentration ratios are
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summarized in Table 1 for both measurement series, where the uncertainties are based on the

standard deviation of all concentration values contained in each steady-state region, compared to

ratios predicted from Cantera simulations. The agreement between the concentration ratios is

better at HAB= 1.5 mm than at 3.0 mm. One possible explanation for this is that the change of

the flame diameter with HAB is different for different φs, due to the change in total flow rate.

Moreover, Cantera simulations predict temperature changes for the considered φs by about 17 K

and 30 K at HABs of 1.5 and 3.0 mm, respectively. Thus setting the temperature to 1950 K in

the model introduces a larger error at HAB= 3.0 mm than at 1.5 mm.

Fig. 6. (a, b): Experimental temporal profiles of H2O (blue) and OH (red) concentrations

retrieved from a 100 s series of measurements taken while modulating the equivalence ratio

at 200 mHz, with every cycle overlapped and plotted along with the average of all cycles

(black). The modulation signals are shown by the gray curves with arbitrary Y axes in

both panels. (c, d): One-dimensional Cantera simulations of H2O (blue) and OH (red)

concentrations at different equivalence ratios and CH4 flow rate set to 950 mL/min. The

equivalence ratios corresponding to the high/low levels of the modulation in (a) and (b) are

marked by vertical green dashed lines, and the mean value of the experimentally obtained

steady-state concentrations are indicated by solid markers. Measurements and simulations

shown in the left (a, c) and right (b, d) plots were carried out at HAB= 1.5 and 3.0 mm,

respectively.

The overlapped temporal profiles reveal that the transient features between the steady-state

conditions for every cycle of modulation are repeatable over the entire measurement series and

clearly resolved. However, interpretation of H2O and OH concentrations in those regions is not

possible with one-dimensional Cantera simulations, since they assume constant equivalence ratios

and cannot predict intermediate states. Moreover, the flame becomes visibly inhomogeneous

during the times at which the additional air flow is switched on or off, and therefore the part of

the flame that is probed by the beam can no longer be regarded as representative for the whole
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Table 1. Experimental and simulated H2O and OH concentration ratios for each pair of φs.

HAB (mm) Concentration ratios Fit Cantera simulation

1.5 [H2O]φ=1.07/[H2O]φ=0.92 1.09(1) 1.10

[OH]φ=1.07/[OH]φ=0.92 0.71(3) 0.73

3.0 [H2O]φ=1.00/[H2O]φ=0.87 1.092(5) 1.120

[OH]φ=1.00/[OH]φ=0.87 0.95(2) 1.04

plane at a given HAB. Nevertheless, the consistency of such features reveals that CF-VS can be

employed to extract quantitative information from these transient regions.

4. Conclusions and outlook

We demonstrated for the first time cavity-enhanced comb-based spectroscopy in a flame with

25 ms time resolution and percent level precision in concentration determination of two typical

combustion analytes. The CF-VS spectrometer is able to track changes in concentrations of both

H2O and OH radical while the fuel/air equivalence ratio is modulated, yielding temporal profiles

consistent with the applied modulation and revealing repeatable transient features between the

two steady states. A good agreement between the retrieved steady-state H2O concentrations

and the one-dimensional Cantera simulations was achieved, while the OH concentrations were

overestimated due to missing transitions of the continuum of H2O absorption in the line list

used for modelling the Vernier spectrum. The high precision in concentration retrieval at 25 ms

was maintained in measurements with different degrees of instability – introduced by changing

the HAB – revealing the robustness of the spectrometer. The CF-VS spectrometer can be

implemented also in the mid-infrared region – as previously demonstrated for static measurements

[31,32] – where a wider range of chemical species can be detected with even higher sensitivity.

Thus CF-VS is promising not only for combustion diagnostics but also for other gas sensing

applications that require in situ multispecies quantification in timescales of tens of milliseconds,

such as atmospheric monitoring.
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