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Abstract: In this paper, we report on the progress of the auto-triggered quartz-enhanced photoacoustic
spectroscopy (QEPAS) technique which operates without external frequency generators and ensures
permanent locking to the current resonance frequency of the tuning fork. This is obtained by
incorporating the tuning fork in an oscillator circuit that autonomously oscillates at the present
resonance frequency that shifts with changing environmental conditions, e.g., density and viscosity
of the surrounding gas, temperature, and pressure. Both, the oscillation amplitude as well as the
frequency can be read from the oscillator circuit. The photoacoustic signal appears as an offset of the
electrically induced signal amplitude. Since the sum amplitude depends on the phase relation between
the electrical and photoacoustic driving forces, the phase is permanently modulated, enabling the
extraction of the photoacoustic component by use of a second lock-in amplifier stage which is being
referenced with the phase modulation frequency. The functionality of this method is demonstrated
for methane detection in a carbon dioxide atmosphere in a concentration range from 0 to 100% and
ammonia in synthetic air employing a pulsed mid infrared QCL around 1280 cm™!. The gas mixtures
are motivated by the demands in biogas-analysis.
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1. Introduction

Quartz-enhanced photoacoustic spectroscopy (QEPAS) is a type of photoacoustic spectroscopy
which employs a piezoelectric quartz tuning fork instead of a microphone as a transducer. Since the
introduction of the QEPAS-technique by Kosterev et al. in 2002 [1] it has emerged to be a very useful
tool for photoacoustic detection of a manifold of gaseous substances. Further progress in QEPAS has
been made in terms of using custom tuning forks with larger gaps and lower resonance frequencies
to use light sources with larger focal diameters such as LEDs or THz-QCLs or by incorporating the
photoacoustic cell and transducer, also called spectrophone, in a multipass cell to increase the power
density and thus the sensitivity. A summary of achievements for different species and with respect
to the used techniques can be found e.g., in the review articles by Patimisco et al. [2,3] and Ma [4].
For a simple QEPAS setup only a bare quartz tuning fork is required; however, in most spectrophones
the tuning fork is additionally equipped with acoustic resonators [5]. Their use can improve the
S/N-ratio of a QEPAS spectrophone by a factor of up to 30 [6]. For a QEPAS system using the first
overtone mode, an enhancement factor of even 50 as compared to the bare tuning fork was reported [7].
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On the other hand a strong coupling between the tuning fork and the acoustic resonator exists and
the highest signals are achieved when the resonance frequencies of the tuning fork and the one of the
acoustic resonator coincide. The resonance frequency of the acoustic resonator is essentially dependent
on its length in relation to the velocity of sound. The most common approach is to use two cylindrical
pipe elements sandwiching the tuning fork in a way that the radiation is aimed through both segments
and between the prongs of the tuning fork. In this configuration best sensitivity is achieved when
the length of a segment is between half and a quarter of the sound wavelength. However, since the
tuning fork and the acoustic resonator react differently on changes in the environmental conditions the
balanced condition is easily lost when the system is operated in real world scenarios.

Provided that the excitation laser addresses multiple species, the large dynamic range of
photoacoustic spectroscopy enables the measurement of both, main components as well as trace
gases of a gas mixture. This is one demand for biogas analysis. Therefore, we demonstrated that the
system is able to measure methane in a carbon dioxide atmosphere (main components) as well as
ammonia in small concentrations as present within the biogas.

Besides the compact size and the small measurement volume of only a few cubic centimeters
the high Q-factor of the tuning fork is usually highlighted as an advantage of the QEPAS-technique
in contrast to conventional photoacoustic spectroscopy which gives rise to the high sensitivity of a
QEPAS-spectrophone. However, at the same time, the high Q-factor results in a sharp resonance curve
and thus a careful setting of the laser’s modulation frequency is required. Since the resonance frequency
of the spectrophone is affected by environmental conditions such as pressure, temperature, and gas
composition related density and viscosity, changes of these parameters can easily cause measurement
errors. In this paper a new detection scheme for using both electrical and photoacoustic driving of the
tuning fork and phase modulation of these two driving forces is discussed.

2. Materials and Methods

In a typical QEPAS setup a laser beam is focused between the prongs of the tuning fork (and if
applicable through an acoustic resonator). The emission wavelength of the laser source is tuned to an
absorption line of the target molecule and is additionally modulated with the resonance frequency or
half the resonance frequency of the tuning fork depending on the modulation approach, 1f-amplitude
modulation or 2f-wavelength modulation, respectively. This is usually done using a separate frequency
generator with a precision of at least 0.1 Hz. The tuning fork is connected to a trans-impedance
amplifier and the signal is then further amplified by a lock-in amplifier which is referenced by the
frequency generator. To determine the correct modulation frequency, the frequency can be scanned in
proximity of the expected resonance frequency while recording the signal amplitude of the spectrophone
and thus obtaining a resonance curve with a maximum at the spectrophone’s resonance frequency.
The modulation frequency of the laser has to be realigned frequently if changes in environmental
conditions such as pressure, temperature, and gas composition are expected. Even a complete
recalibration might be necessary because of changes of the Q-factor if the environmental conditions
change perceivably.

Many QEPAS systems provide the ability to record resonance curves non-photo-acoustically
by directly exciting the tuning fork with the frequency generator as reported by Kosterev et al. [8].
This feature is typically used for presetting the modulation frequency before optical alignment of the
spectrophone and for verifying the modulation frequency after changes in the environmental conditions,
but not for the actual measurement. Figure 1 shows the signals for photoacoustic excitation (open
red squares), for purely electrical excitation (solid green squares), and for simultaneous electrical and
photo-acoustic excitation while the phase between them is altered (filled squares). For this feasibility

study pure methane was excited by a cw quantum cascade laser operating at v = 1276.85 cm™!

using
2f-modulation. The amplitudes were set to 60 mV for electrical excitation and to 40 mV for photoacoustic
excitation by adjusting the amplitude and the modulation width respectively. Figure 1 shows the

resulting signal for simultaneous excitation when the phase of the laser modulation is varied from
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@ = —210° to +210° while the phase of the electrical excitation is fixed. The sinusoidal sum signal
varies between Ry = 20 and 100 mV. The phase difference between two maxima is A = 180°. Since the
phase was set with respect to the modulation frequency which is half the resonance frequency of the
tuning fork because of 2f-modulation the actual phase difference is 360°, as expected.
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Figure 1. Generated signal amplitude at the lock-in-amplifier for photoacoustic excitation (open
red squares), electrical excitation (solid green squares), and simultaneous excitation (green filled red
squares). The latter depends on the phase between the two driving forces.

In [9,10] we already described the ability to incorporate a quartz micro-tuning fork with removed
container in an oscillator circuit and to simultaneously focus a laser beam between the tuning fork’s
prongs to generate acoustic waves upon absorption of the molecule. Since the laser modulation signal
is derived from the oscillation circuit that automatically adjusts to the current resonance frequency
of the tuning fork, the laser is always modulated with the correct frequency. The measurement
signal and the reference which are fed to the lock-in amplifier are also derived from the oscillator
circuit. The measurement signal is thus the sum of the electrically generated amplitude and the
photo-acoustically induced amplitude, which furthermore depends on the phase between both signals.
Until now, the phase was manually adjusted as a temporal delay in the modulation line to obtain
a maximum signal amplitude. A scheme of this method is shown in Figure 2a. The phase of a
photoacoustic wave is governed by the gas mixture’s relaxation dynamics which in turn depends on
the collision partner behavior and thus on the gas mixture composition, its pressure and temperature.
Therefore a phase setting optimized for a fixed concentration is valid for a limited range of the
mentioned parameters only. This partially limits the advantage of the modulation frequency auto
tracking: instead of the realignment of the frequency a realignment of the phase is needed. In this paper
however, we report on the ability of a continuous phase modulation instead of a fixed setting which
yields a steady measurement and additionally separates the photo-acoustically induced amplitude
from the offset generated by the oscillator circuit.
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Figure 2. Schematic of the setup for modulation frequency auto tracking: (a) the tuning fork oscillator
adjusts to the present resonance frequency. This is fed as reference to the lock-in amplifier and with a
manually set (fixed) phase to the laser driver for modulation. The signal output at the lock-in is the sum
of photoacoustic and electrical excitation. (b) A second lock-in amplifier is added to the setup and the
phase of the laser modulation is modulated with a lower frequency. Thus the signal A of the first lock-in
shows a sinusoidal variation (left inset). The second lock-in demodulates and amplifies this signal and
yields a constant signal B (right inset) which is proportional to the sole photoacoustic excitation.

Figure 2b depicts how the auto-triggered QEPAS setup can be extended to avoid the critical phase
alignment. Instead of setting a fixed delay the phase is continuously modulated between 0 and 360°
with a frequency f,s = 0.37 Hz which is considerably smaller than the resonance frequency of the
tuning fork. The output (A) of the first lock-in amplifier is fed to the input of a second lock-in amplifier
which is referenced with the phase modulation frequency f,s. Without target molecules present in
the spectrophone, signal (A) represents the amplitude induced by the oscillator circuit only. It is not
modulated and thus output (B) of the second lock-in-amplifier is zero. Upon absorption, signal (A)
starts oscillating with the frequency f,hs and the photo-acoustically induced amplitude. The output of
the second lock-in amplifier (B) shows the oscillation amplitude of (A), i.e., the pure photo-acoustic
amplitude without electrically induced offset.

The functionality of the two lock-in stages was incorporated into one device developed by
KNESTEL Technologie & Elektronik GmbH. The device consists of a combination of a micro
controller and a FPGA where the functionality of both lock-in amplifiers and phase modulation
is digitally programmed.

For the measurements detailed in Section 3, a pulsed external cavity QCL provided by the
Fraunhofer IAF was used because it covers both, methane and ammonia which are important for biogas
measurements. The laser emits pulses at a repetition rate frep = 400 kHz and is over-modulated with a
TTL signal with a duty cycle of roughly 30% (either generated by the oscillator circuit or manually set)
thus releasing four laser pulses during each high-level. The laser can be tuned in the frequency range
980 cm™'-1290 cm™!.

A spectrophone without acoustic resonators was used for the measurements, which were conducted
at ambient pressure and room temperature.
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3. Results

3.1. Influence of Background Gas Mixture

Figure 3a compares the results of measurements of methane in carbon dioxide in a concentration
range between Ccps = 0% and 100% using the three different methods: (1) the aforementioned device,
(2) the autotrigger-approach without phase modulation, and (3) data extracted from the resonance
curves employing conventional QEPAS; the resonance curves are given in Figure 3b. Methane was
excited at v = 1276.85 cm™!.
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Figure 3. (a) Comparison of results achieved with three different measurement techniques: black dots:
autotrigger measurement with fixed phase. The values are derived by subtraction of measurements with
blocked laser from those with photoacoustic excitation. Red dots: reading of lock-in amplifier 2 using
phase modulation. Colored dots: values extracted from conventional quartz-enhanced photoacoustic
spectroscopy (QEPAS) resonance curves given in (b) in the respective color. (b) Resonance curves for
different mixtures of methane and carbon dioxide.

The black dots show the differences of measurements with and without photoacoustic excitation
with manually set phase difference as depicted in the schematic in Figure 2a. The phase difference
was adjusted at a concentration of Ccpa = 50% to maximize the signal. The difference represents the
photo-acoustically induced component of the signal. The red dots show a measurement performed
with the phase modulation approach sketched in Figure 2b and the composition of colored symbols
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is extracted from the measurement of whole resonance curves which are given in Figure 3b in the
respective colors. The three measurement methods show similar results disregarding a slight offset
which is probably due to the different electric circuits used. The photoacoustic signal is proportional
to the laser power absorbed in the vicinity of the tuning fork. Since the concentrations are high,
the lambert-beer law which governs the absorption cannot be linearized as for trace gases and a
nonlinear increase of the signal is expected. The Q-factor changes as the mixture of methane and carbon
dioxide is altered. An increase in Q-factor is observed for increasing methane concentrations. On the
other hand, not all the output power of the laser reaches the tuning fork; the higher the concentrations
get, the more laser radiation is absorbed on the optical path before the tuning fork which is roughly
4 mm long. This leads to a decrease in signal since only the acoustic waves generated between the
prongs excite the piezoelectric active oscillation. This explains the maximum of the curve and its
decrease at higher concentrations. The part of the curve for concentrations higher than 70% shows two
peaks that cannot be explained with the nonlinear absorption behavior but is consistent with all three
measurement methods. They are either due to changes in relaxation dynamics or acoustic resonances
inside the spectrophone body and will be further analyzed.

3.2. Sensing Limit

The method was originally developed to meet the difficulties of changing environmental conditions
caused by considerable concentration changes of either the analyte itself or the gas matrix around.
For the application in biogas detection, it is also needed to measure trace components as ammonia
with the same device. This section therefore investigates its application for the measurement of
small concentrations and for this purpose ammonia was measured in the range between 1060 cm™!
and 1150 cm~! employing the same laser source. Figure 4 shows in green the simulated absorption
coefficient derived from HITRAN [11] for 1.5% ammonia in synthetic air. The signal of the second
lock-in amplifier is shown in red, i.e., the pure photoacoustic signal is given and the measurement of
the power transmitted through the cell is depicted in black for comparison.
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Figure 4. Comparison of transmitted power (black), photoacoustic signal (red), and simulated
absorption (green) for 1.5% ammonia in synthetic air.
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The gas mixture was further diluted and the signal of the peak at 1103.6 cm ™! was further analyzed.
Each point in Figure 5 is the mean value of 101 single measurements and the error bars represent
the standard deviation for each concentration. The mean value of the standard deviation is 1.62 uV.
A linear dependence of the signal on the concentration is found for concentrations up to 1.1%. The limit
of detection was derived to be 246 ppm using a 30 margin. This is sufficient for the application since
ammonia is present in the biogas in concentrations up to 1%. Dang et al. describe a system optimized
for the detection of ammonia with a custom tuning fork and they achieve a sensing limit of 22 ppm [12].
Ma et al. reached 418 ppb using a custom tuning fork and an amplified source [13] and Wu et al. even
reached 17 ppb, also with an amplified excitation source [14].
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Figure 5. Determination of the limit of detection of NHj3 in synthetic air. The blue line marks the sum
of the mean value of the noise floor and 3 times its standard deviation.

4. Discussion

A considerable optimization for the dual excitation technique for QEPAS has been introduced that
ensures an automated adaption of the modulation frequency of the excitation laser to the resonance
frequency of the tuning fork as well as signal retrieval at the optimum phase between electrical and
photoacoustic excitation. Thus the pure photoacoustic signal is measured even though a simultaneous
electrical driving is present. The performance was demonstrated using high methane concentrations
varying from 0% to 100% in carbon dioxide. As for conventional QEPAS a linear dependence of
the signal on the concentration is found for small concentration, which was demonstrated by the
measurement of ammonia in synthetic air. The derived limit of detection is worse than for conventional
QEPAS with acoustic resonator; however, the technique enables continuous measurement because no
interruptions to check or realign the modulation frequency are needed.
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