Nanosecond time-resolved dual-comb absorption spectroscopy
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Abstract:

Frequency combs have revolutionized the field of optical spectroscopy, enabling researchers to
probe molecular systems with a multitude of accurate and precise optical frequencies. While there
have been tremendous strides in direct frequency comb spectroscopy, these approaches have been
unable to record high resolution spectra on the nanosecond timescale characteristic of many
physiochemical processes. Here we demonstrate a new approach to optical frequency comb
generation in which a pair of electro-optic combs is produced in the near-infrared and subsequently
transferred with high mutual coherence and efficiency into the mid-infrared within a single optical
parametric oscillator. The high power, mutual coherence, and agile repetition rates of these combs
as well as the large mid-infrared absorption of many molecular species enable fully resolved
spectral transitions to be recorded in timescales as short as 20 ns. We have applied this approach
to study the rapid dynamics occurring within a supersonic pulsed jet, however we note that this
method is widely applicable to fields such as chemical and quantum physics, atmospheric

chemistry, combustion science, and biology.
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Main Text:

Time-resolved mid-infrared frequency comb spectroscopy has demonstrated great value for
investigations of chemical and biological dynamics,’” plasma discharges,®® photolysis,1°13
and supersonic/detonation systems.'4” The value derives from the large optical bandwidth,
high resolution, and rapid spectral acquisition that is possible with optical frequency combs.
Even still, the fastest high resolution mid-infrared absorption measurements have been
limited to microsecond time resolution 3410121823 Achieving nanosecond time resolution, a
characteristic timescale of many irreversible non-equilibrium and stochastic
physicochemical processes, has proven challenging. Here we demonstrate an approach for
nanosecond-timescale, high-resolution absorption spectroscopy in the mid-infrared region.
A pair of near-infrared electro-optic-modulator frequency combs originating from the same
single-frequency laser are simultaneously injected into a continuous-wave, singly resonant
optical parametric oscillator. This dual comb pump generates a pair of mutually coherent
mid-infrared frequency combs in a single collimated free-space beam. This configuration
uniquely enables the generation of two mid-infrared frequency combs with arbitrary
repetition rates, high power, high coherence, and relative simplicity, enabling quantitative
measurements of absorption and spectral line-shapes at nanosecond timescales. Here we
study the complex fluid dynamics of a supersonic jet expansion but note that this approach
is amenable to studies of atmospheric re-entry, hypersonic engines, detonation processes,

chemical kinetics, equilibrium dynamics, and other unsteady and non-repetitive processes.

A schematic of the optical parametric oscillator (OPO)-based dual comb spectrometer can
be found in Figure 1a. Light from a 1064 nm external-cavity diode laser is split onto two fibre

arms, each passing through electro-optic phase modulators (EOMs) to generate two optical
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frequency combs with slightly different repetition rates. One beam also passes through an acousto-
optic modulator to provide a relative frequency shift, faom, ensuring that the resulting heterodyne
beat frequencies for each pair of comb teeth are unique, fs = faom + nAfrep (Where n is the integer
comb tooth number and Afrep is the difference in repetition rates). The pair of optical frequency

combs are then combined and amplified from 5 mW to 10 W with an Yb fibre amplifier.

The amplified light is subsequently injected into a commercial continuous wave, singly
resonant OPO (TOPTICA Photonics TOPO).24% The OPO generates tunable mid-infrared
radiation by down-converting near-infrared pump photons into near-infrared signal and mid-
infrared idler photons with a periodically poled lithium niobate (PPLN) crystal. Because only the
signal beam is resonant within the OPO, by energy conservation spectral structure on the pump,
like the dual frequency combs, must be transferred exclusively to the non-resonant output, the mid-
infrared idler.?® In addition, the narrow linewidth of the pump laser is preserved on the signal and
mid-infrared idler beams, where each of the beams had a linewidth below 50 kHz (see the

Supplemental Material).

This approach possesses advantages compared to previous work in which mid-infrared
optical frequency combs were generated by pumping a synchronous OPO with a near-infrared
femtosecond laser.?”?8 In synchronous OPOs, a pulsed, mode locked pump laser generates a signal
pulse which oscillates in the OPO cavity. The signal pulse must have a round trip time in the cavity
that allows it to overlap with subsequent pump pulses in the nonlinear crystal, and this requires
stabilization of the OPO cavity length. In the present method no cavity length stabilization is
required because the signal beam is continuous wave, thus allowing for agile tuning of the infrared
comb repetition rate. Further, this also allows for dual comb spectroscopy to be performed with a

single OPO rather than requiring two tightly locked and separate OPOs.?® A further comparison of



the present approach to existing mid-infrared dual comb methods can be found in the Supplemental

Material.

The present approach leverages the tunability and agility of EOM frequency combs, while
producing mid-infrared optical powers >1 W which can be tuned from 2190 nm to 4000 nm. We
note that these optical powers levels are three to five orders-of-magnitude higher than has been
reached for mid-infrared electro-optic frequency combs based on other approaches such as
difference frequency generation.?%23% Figure 2 shows a resulting dual comb (multiheterodyne)
interferogram (a) and a power spectrum (b). Without any active frequency or phase control, the
heterodyne beat frequencies exhibit Fourier-transform-limited widths due to the common-mode
nature of the dual comb generation from a single laser, even at a resolution as precise as 100 Hz.
We note that this linewidth is far less than the kHz-order linewidth of the external cavity-diode
laser. This result occurs because the two near-infrared combs were generated from the same laser
leading to high mutual coherence — a property that was carried through into the mid-infrared. This
configuration stands in contrast to dual comb approaches based on mode-locked frequency combs

which require not only two separate frequency combs but also tight phase locking between

them 5,8,10,21,29

Here we have applied this dual comb spectrometer to perform quantitative measurements
of CO2 within a supersonic jet. The jet system, shown in Figure 1b, consists of two 3.8 L pressure
vessels as the plenum, a normally closed solenoid valve, a converging-diverging (CD) nozzle, and
an optically accessible test section. A high-speed pressure transducer at the top of the test section

monitors the gas pressure at the optical measurement location.

During testing, we initially evacuated the plenum to prevent dilution of the test gas and
then filled the plenum with pure CO2 to chamber pressures ranging from 138 kPa to 727 kPa. An

automatic script opened the solenoid valve to produce a pulse of CO2 which passed through the
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CD nozzle, into the test section, and then vented to the atmosphere. The CD nozzle produced
choked flow at its throat and accelerated the fluid velocity to near Mach 1.8 at steady state when

the plenum chamber pressure was greater than 185 kPa.

We leveraged the facile tuning of the OPO to measure 12C*0, within the supersonic jet by
probing its (10012) « (00001) P26e transition at 3590.78 cm ™. Typical spectra acquired with time
resolutions of 20 ns and 1 ps can be found in Fig. 2c. We note that even at this resolution, the CO>
transition can clearly be observed and more importantly its spectral area (and thus the sample

mixing ratio) can be quantified.

Performing quantitative measurements at these fast rates is enabled by a unique
combination of attributes of the present approach. Firstly, the agile repetition rates and modest
bandwidths (near 30 GHz) of the electro-optic frequency combs allowed us to set Afrep to values
as large as 150 MHz while still ensuring all of the radiofrequency beatnotes occurred within the
detector bandwidth. Thus, enabling us to extract individual comb teeth with Fourier transforms as
short as 20 ns (see the Supplemental Material for further discussion). Secondly, the high power
and coherence of these mid-infrared combs allowed for high signal-to-noise ratios even over very

short timescales without signal averaging.

A typical time series of the integrated absorption of the P26e CO, transition during the
supersonic jet pulse as well as the intracell pressure can be found in the upper panel of Fig. 3. We
observed large oscillations of both the CO2 absorption and the pressure which persisted for up to
40 ms after the pulse. Computational fluid dynamics (CFD) modelling of the pulsed jet system
indicates that the oscillations in the measured integrated area are largely due to changes in the CO>
mixing ratio resulting from oscillatory gas flow into and out of the test section once the valve is
closed. As shown in Fig. 4, we also observed a clear dependence of this oscillatory behaviour on

the chamber pressure which was also qualitatively observed in the CFD. We note that the CFD
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modelling was unable to capture all of the complexities of the experimental system (e.g., finite
valve opening rates and a complete description of turbulent mixing), indicating the value of high
speed, quantitative measurements especially in more computationally challenging applications

such as detonation systems and hypersonic engines.

To further demonstrate the tunability and ultrahigh time resolution of the described method
we have also applied it to record induced changes in absorption occurring at nanosecond timescales
in a different gas. In this measurement the OPO output was split into two paths with one passing
through a 20 cm long cell containing 1.33 kPa of CH4 and 1.33 kPa of C>H. and the second
reference path bypassing the cell. The two beams were then combined on the photodetector. An
acousto-optic modulator on the cell path was then employed to rapidly modulate the power in that
path (measured 75% to 25% fall time of 170 ns) while the reference path power was held constant,
thus leading to a change in the measured absorption. As shown in Fig. 5, the comb spectrometer
is readily able to quantify this absorption change with a 100 ns time resolution. We note that these
measurements of the 10011F2+—00001A1 CHa transition at 4367.00 cm™! were performed nearly
500 nm from the CO> transition studied in the pulsed jet, with these large changes of the optical

frequency comb wavelengths readily achieved with the OPO.

Unlike the realization of OPO-based frequency down conversion of femtosecond-based
optical frequency combs, we found that our electro-optic combs do not require synchronous
pumping of the OPO resonator. This important property allowed us to simultaneously produce a
pair of high-power, mutually coherent mid-infrared frequency combs having different repetition
rates in a single OPO. In this way the agility and flexibility of near-infrared electro-optical
frequency combs can be efficiently transferred to the spectroscopically critical mid-infrared
spectral region (where efficient, low V; electro-optic modulators are unavailable). For instance the

use of modulators driven by tailored radiofrequency waveforms could provide ultra-dense
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frequency combs for ultrahigh resolution spectroscopy.®! In addition, since calculations for this
OPO vyield a phase matching bandwidth as wide as several THz, the use of cascaded modulators
and nonlinear spectral broadening techniques® could dramatically extend optical bandwidth.
Further, there are potential quantum information applications if the OPO is operated below

threshold to generate entangled frequency combs.®

We note that the recent availability of low-noise mid-infrared detectors with bandwidths
of tens of gigahertz3* should allow measurements of this type to reach single-nanosecond
timescales and below while maintaining the present spectral resolution. In addition, the ability to
record an isolated spectral line shape in a single shot should enable simultaneous measurements of
quantities such as analyte mole fraction, temperature, density, and velocity in dynamic
environments. The combination of frequency resolution, spectral power density, and acquisition
speed will create new opportunities to measure process dynamics over a broad range of timescales

with applications from protein folding to explosions.
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Figure 1. (a) The optical-parametric-oscillator-based, mid-infrared dual-comb spectrometer employed to interrogate
a supersonic pulsed jet. A near-infrared external cavity diode laser (ECDL) is the common source for two optical
frequency combs generated using electro-optic phase modulators (EOMs) having slightly different repetition rates.
The two EOMs on the upper path are driven with identical waveforms to increase the modulation depth. The acousto-
optic modulator (AOM) on the lower beam path shifts the beat frequencies between the two optical frequency combs
away from DC. The pair of frequency combs are then combined and converted into mid-infrared wavelengths through
the use of an amplifier (Amp.) and a singly resonant, continuous wave optical parametric oscillator (OPO). The idler
beam is then passed through the supersonic jet and measured on a photodiode. All couplings shown in yellow are in
fibre. (b) A machine drawing of the supersonic pulsed-jet showing the plenum, a normally closed solenoid valve, a

converging-diverging (CD) nozzle, and the optical test chamber. The mid-infrared beam is shown in red.
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Figure 2. A portion of the observed mid-infrared optical frequency comb interferogram with a comb tooth spacing of
2.55 GHz and Afrep = 150 MHz (a) and a power spectrum which was calculated as the average of 80 power spectra
each comprising 1.5x108 samples (b). Panel (c) gives example CO, spectra recorded in 20 ns and 1 ps as well as the
corresponding weighted Voigt profile fits with the frequency relative to the carrier frequency of 107 649 GHz. The
uncertainties shown correspond to the relative standard deviation of the magnitudes of the individual measured comb
teeth. The variation in the shown uncertainties is due to the varying comb tooth amplitudes (as can be seen in panel
(b)). Importantly, the Fourier transform length (and thus the time resolution) can be selected after the data has been

acquired.
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Figure 3. Measured change in the integrated absorption of the CO, P26e transition (black lines) during the pulsed jet
and corresponding pressure trace (red lines). The upper panel shows the measurement at a chamber pressure of 138
kPa with a time resolution of 100 ns. The lower panel shows a portion of the traces after the pulse for a chamber
pressure of 689 kPa with a time resolution of 20 ns. In both cases the mixing ratio and pressure measurements show

differing behaviour, capturing complexity in the fluid mechanics occurring within the pulsed jet.
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Figure 4. Observed CO; P26e transition integrated absorption during the falling edge of the pulsed jet for a range of
chamber pressures. All traces have a time resolution of 100 ns and no averaging was performed. We observe a

transition from the low-chamber pressure oscillatory regime to a single oscillation with increasing chamber pressures.
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Figure 5. Observed CHj, transition integrated absorption change (black points) induced by the modulation of the
optical power on the cell leg (red line) while holding the reference path power constant. The integrated absorption was
measured by the optical frequency comb spectrometer with a time resolution of 100 ns and no averaging was

performed.
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Methods:
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Optical parametric oscillator: The OPO utilized in this work is a commercial OPO (TOPTICA
TOPO) without any modifications made to the OPO aside from the introduction of modulation on
the pump laser (as shown in Fig. 1a). A detailed description of the OPO design and tuning have
been previously reported,?*?® including a description of the OPO cavity geometry. The
periodically-poled Lithium Niobate (PPLN) crystal is located inside an optical cavity which is
resonant for signal photons only. The poling period of the PPLN varies along the crystal height in
a fan-out structure. The cavity also contains an etalon which forces the signal to operate on only a
single longitudinal mode with a single frequency narrowband spectrum. The cavity mirror
reflectivities and PPLN length are similar to those found in Henderson et al.?> We note that the
measurement approach presented herein is not limited to this particular OPO, but rather would

similarly apply to any singly-resonant, CW OPO.

The phase-matching bandwidth of the PPLN, the etalon free spectral range, and the etalon
linewidth are chosen such that the cavity has high parametric gain only for a single longitudinal
cavity mode. This results in a signal which is CW and single frequency. The signal spectrum is
defined by the cavity and was measured to have < 50 kHz free-running linewidth during an 80 ms
acquisition time (see the Supplemental Material for further linewidth measurements). The non-
resonant idler has a spectrum which is the convolution of the pump and signal spectra. When the
pump is a narrowband CW source, and the signal beam is at a single frequency, then by energy
conservation the idler is also narrowband and CW. If the pump has spectral features that are
broader than the signal linewidth, then these features will be replicated on the idler spectrum. In
this work we avoid modulating the pump at rates which are synchronous with the cavity round trip
time, which could result in multimode oscillation of the signal. However, even in cases where we

had such modulation, we were still able to record high signal-to-noise spectra.

14



Translation of the crystal position relative to the pump beam changes the phase matching
conditions, which widely tunes the signal (1450 nm to 2070 nm) and idler (2190 nm to 4000 nm)
in discrete steps that correspond to the etalon free spectral range. Simultaneous translation of the
crystal and rotation of the etalon improves coarse tuning resolution to < 30 GHz. We note that this
tuning can be performed at rates up to 1 THz/s, however, tuning in excess of 300 GHz require a
few seconds of thermal settling time. Continuous tuning of the idler center frequency is achieved
by tuning the seed laser. Continuous tuning of the pump up to 300 GHz transfers to idler, and this
can be performed in less than one second (pump tuning beyond 300 GHz causes a mode hop of
the signal). This combination of tuning methods allows the idler rapidly to be brought within a few

tens of MHz of a frequency of interest within seconds.

Pulsed jet: O-ring face seal fittings with internal diameters of 4.57 mm connected successive
components of the pulsed-jet system to mitigate flow disruption at the mating surfaces. The
normally closed solenoid valve blocked the flow at a 5.56 mm diameter internal orifice, and an
electrical signal from a 120 VV AC coil relay, controlled with a microcontroller board, opened the
valve allowing gas to flow through the orifice. The converging-diverging nozzle constricted the
pipe diameter from 4.57 mm to a throat diameter of 3.61 mm and expanded the diameter back to
4.57 mm with convergence and divergence half-angles of 10° and 6°, respectively. The test section
comprises a 4.50 mm channel bracketed by two 2.5 mm thick sapphire windows. The idler beam
passes through the test section at a 45.3° angle from normal (resulting in a measurement path
length of 6.40 mm) on to a detector with 1.2 GHz bandwidth. The detector signal was then digitized
at 3 gigasamples/s with a 12-bit digitizer. A 16-bit data acquisition system recorded the pressure

transducer signals at 4.8 MS/s for the duration of the test.
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Data analysis: Transmission spectra were calculated from measured interferogram signals and
used to infer the spectral area of the CO, absorbance transition as a function of time. The raw
interferogram was separated into sub-interferograms with durations corresponding to the desired
time resolution (e.g., 20 ns or 100 ns). Discrete Fourier transforms of the individual interferograms
were then performed to produce the radiofrequency-domain optical frequency comb spectra.
Transmission spectra were then calculated by normalizing each measured comb spectrum by a
comb spectrum acquired before the valve had opened. This normalization compensated for the

intensity differences between individual comb teeth.

Spectral areas were quantified by fitting simulated transmission spectra to the measured
spectra using a weighted nonlinear least squares fitting routine employing the Levenberg-
Marquardt algorithm.3 The uncertainty on each comb tooth, o, was determined as the relative
standard deviation of the comb tooth magnitudes during a representative set of spectra recorded
with room air, and each datum contributing to the fit was weighted by 1/6% Transmission spectra

were simulated using the Beer-Lambert law, given by:

J(v) = exp[—Aint 9(v; vo, 4vp, Av)L]. (1)

Here, 3(v) is the transmission at optical frequency v, A is the integrated spectral area of the
absorption transition, g is the normalized Voigt line profile, v, is the transition frequency, 4vy, is
the Doppler full width, Av, is the collisional (Lorentzian) full width, and lis the optical pathlength.
The transition frequency, Doppler width, and collisional width were held constant during the fits.

The Doppler width was calculated as:
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Avp = (7.1623 X 107 7gmol 1 K1) vo\/z. (2)

M

Here, T is the temperature and M is the molar mass of the absorbing species. The collisional-
broadening width was calculated as:
TO)N 3

Av, =2 P Yco,,1, (7

Here, P is the pressure, yco,r, is the self-broadening coefficient of CO: at the reference
temperature To =296 K, and N is the broadening coefficient temperature exponent. The broadening
coefficient and temperature exponent were taken from the HITRAN2020 database.®® In
measurements with a plenum chamber pressure greater than 210 kPa, the pressure transducer
saturated during the pulsed flow of COy, and an estimated pressure was used to calculate the
collisional-broadening width. The pressure was estimated by assuming a linear relationship
between the plenum chamber pressure and the average pressure measured during the quasi-steady
duration of the pulsed flow. An estimated gas temperature of 196 K, calculated with isentropic
flow relations assuming choked flow in the throat of the CD nozzle, was used to calculate the
Doppler and collisional widths. The integrated spectral area was therefore the only free parameter

during the fitting.
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