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Abstract A quartz enhanced photoacoustic spectroscopy
sensor designed for fast response was used in combina-
tion with a pulsed external cavity quantum cascade laser
to rapidly acquire gas absorption data over the 1196–
1281 cm−1 spectral range. The system was used to measure
concentrations of water vapor, pentafluoroethane (freon-
125), acetone, and ethanol both individually and in com-
bined mixtures. The precision achieved for freon-125 con-
centration in a single 1.1 s long spectral scan is 13 ppbv.

1 Introduction

Quartz enhanced photoacoustic spectroscopy (QEPAS)
[1, 2] is based on the use of a quartz tuning fork (QTF) as a
detector for acoustic oscillations induced in an absorbing gas
by modulated optical radiation. Readily available QTFs de-
signed for timing applications and oscillating at ∼32.8 kHz
(i.e., close to 215 Hz) were used in all the QEPAS work re-
ported to date. A QTF is an oscillator with extremely low
internal losses; its quality factor Q in vacuum is typically
70 000 to 110 000. In QEPAS applications, the QTF is im-
mersed in gas, which dampens its motion. Nevertheless, the
typical Q of a QTF in air at normal pressure and temper-
ature conditions is still very high, i.e., ∼10 000 to 13 000.
While the high Q of a QTF detector is helpful for obtaining
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an enhanced signal to noise ratio (SNR), it limits the re-
sponse time of the detector. As is well known from classical
oscillator theory,

τ = Q

πf0
(1)

where f0 is the natural vibration frequency of the oscilla-
tor and τ is the time needed for the vibration amplitude
to decay to 1/e of the initial value. Consequently, the re-
sponse time of a QTF in ambient air is τ ∼ 100 ms, and
uncorrelated measurements can be taken in ∼300 ms in-
tervals. This time is too long for a rapid scans technique
often used in absorption spectroscopy with photodiodes or
other fast detectors. This does not prevent QEPAS from
achieving a high sensitivity when applied to the detection
of small molecules. QEPAS features zero baseline, practi-
cally no 1/f noise, and its sensitivity is not limited by the
laser source noise. With a properly designed optical sys-
tem and a spatially clean optical excitation source, a QEPAS
detector was shown to perform at the QTF thermal noise
limit. However, there are situations where a faster response
time is desired. One such case is when it is not possible to
achieve a zero baseline level. The spatial distribution of ra-
diation from many kinds of laser sources has wide spread
low intensity wings even if most of the emitted power is
concentrated in the near-Gaussian central beam. Radiation
from these wings results in a non-zero background when
absorbed in the spectrophone structural elements. A notice-
able signal background is usually present when amplitude
modulation (AM) instead of wavelength modulation (WM)
is used.

The most often used QEPAS spectrophone design is
shown in Fig. 1, consisting of a QTF and two symmetri-
cally positioned pieces of thin rigid tubing which form an
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Fig. 1 Spectrophone design and definitions of the dimensions. G is
width of the opening between the QTF prongs, and g is the gap be-
tween a microresonator tube facet and the QTF

acoustic microresonator. In a QEPAS review paper [2] pub-
lished in 2005, it was assumed that the microresonator does
not significantly affect the QTF properties (i.e. f0 and Q).
That statement was experimentally verified and valid for the
µRs used at that time, with the length of each tube l ≈ λs/4,
where λs is the sound wavelength, and for pressures of
∼100 Torr or less, which the authors then believed to rep-
resent the optimal conditions. Our recent research, however,
revealed that acoustic resonance in a microresonator of this
geometry occurs when l ≈ λs/2. In this case and at higher
pressures (∼1 atm), the microresonator strongly impacts the
QTF parameters, reducing the quality factor to 1500–2500
and at the same time improving the fundamental absorption
detection limit [3]. Then according to (1), τ ∼ 20 ms, and
relatively fast spectral measurements are possible. In this
paper, we shall describe a QEPAS sensor using a rapidly
tunable external cavity quantum cascade laser (EC-QCL) as
an excitation source to detect and quantify molecules with
wide and quasi-unstructured absorption bands. The spectral
signatures of atmospheric water vapor will also be measured
at different spectral scan rates.

2 Experimental setup

A schematic of the QEPAS gas sensor using an EC-QCL
(Daylight Solutions, Inc., Tunable Pulsed External Cavity
Quantum Cascade Laser—ECqcL™, model No. 11080) as
an excitation source is shown in Fig. 2. The laser operated
in a pulsed mode. The repetition rate was adjusted to match
the resonant frequency, f0 ≈ 32 760 Hz of the QTF lo-
cated in the spectrophone. The maximum technically possi-
ble laser pulse width at this frequency was 2.14 ms (7% duty
cycle). According to the manufacturer’s specifications and

Fig. 2 Sensor schematic. Dashed box represents the transimpedance
amplifier and an electronic switch circuit board. High logic level sets
the switch in position 2, where an external AC voltage can be applied
to the QTF. Function generator: DS345, lock-in amplifier: SR844, both
from Stanford Research Systems

our tests described in the next section, the EC-QCL was
continuously tunable in the 1196–1281 cm−1 spectral range.
The slowest spectral scan allowed by the laser driver takes
6.5 s in one direction, and the scan rate could be changed
in integer multiples up to ×6. Thus, the fastest scan cov-
ered the full 85 cm−1 tuning range in ∼1.1 s at a scan rate
of 77.3 cm−1/s, while the ×1 scan rate was 12.9 cm−1/s.
The laser radiation was spatially filtered and focused into
the spectrophone center using two germanium meniscus
lenses, each with a 16.5 mm focal length. Either a 150 µm
or a 200 µm diameter pinhole was installed at the focal
point between the two lenses. During the measurements the
EC-QCL was scanned bi-directionally over its full tuning
range, but only one direction was used for collecting the
spectral data.

The QTF signal was detected using a transimpedance
amplifier with a 10 M� feedback resistor as reported in pre-
vious QEPAS publications (see, for example, [2] and ref-
erences therein). The amplifier board (25 × 45 mm2) was
positioned close to the spectrophone and contained as well
an electronic switch which allowed excitation of the QTF by
an external electrical signal. This feature was used to mea-
sure the main QTF electrical parameters: its stray electrical
capacitance C‖, f0,Q, and its dynamic resistance R. The
measurements were performed as follows. First, electrical
excitation at a 25 kHz frequency far from the QTF reso-
nance was applied. At this frequency, the current through
the QTF I is I = U × iωC‖, thus allowing the determina-
tion of C‖. Then the frequency region near the QTF reso-
nance was scanned, and the calculated capacitive C‖ current
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Table 1 Parameters of the two spectrophones (SPh#1 and SPh#2)
used in this work. All dimensions are in mm. ID, OD—inner and outer
diameters of the microresonator tubes. The QTFs are identical to the
one used in [4] with Ln = 3.8 mm, T = 0.34 mm, W = 0.6 mm, and
G = 0.3 mm (see Fig. 1). All the microresonator tubes are mounted

with g ≈ 0.03 mm, and the measurements were performed at 750 Torr
pressure. The relative humidity of the sampled ambient air was 43% at
+20◦C (1% H2O vapor concentration by volume). The τ is the spectro-
phone response time at 1/e amplitude decay level, calculated based on
f0 and Q

SPh ID OD l f0, Hz Q τ , ms R, k� C, fF L, kH

#1, dry N2 0.51 0.81 4.3 32739.20 3125 30 409.2 3.80 6.22

#1, air 32738.51 4293 42 299.4 3.78 6.25

#2, dry N2 0.84 1.27 4.0 32759.54 1380 13 863.1 4.07 5.79

#2, air 32761.04 1958 19 625.7 3.97 5.95

Fig. 3 The laser power measured behind the spectrophone cell
as a function of the wavenumber at the slowest scan speed (×1,
12.9 cm−1/s)

subtracted from the measured current. The resulting reso-
nance curve I 2(f ) was fitted with a Lorentzian function
and used to determine f0,Q = f0

�f
and R = U

Imax
. Based

on these numbers, other relevant electrical parameters of
the QTF were calculated: its equivalent serial capacitance
C = 1

2πf0RQ
and inductance L = RQ

2πf0
.

The operation of the EC-QCL laser, function generator
and lock-in amplifier was controlled using a PC notebook
computer and serial RS232 interfaces. Digitization of the
analog signals was performed using the National Instru-
ments DAQCard 6062E, and LabView programs were used
to run the measurements. The QEPAS spectrophone was en-
closed in a compact, vacuum-tight gas cell equipped with
two ZnSe windows with 4–12 µm AR coating. The pres-
sure inside this cell was controlled and the gas flow was
measured using an MKS Type 649A device. All the mea-
surements were performed at a 750 Torr pressure. We used
two spectrophones in this work, both designed as shown in
Fig. 1 but having different dimensions of the microresonator
tubes, which are reported in Table 1 along with the QTF di-
mensions and measured electrical parameters.

3 Laser characterization and H2O detection

The laser power measured behind the cell containing the
spectrophone at a ×1 laser scan speed is shown in Fig. 3.
The total power loss from the optical elements and the pin-
hole was ∼50%. Our measurements indicate that 2% to
5% of the laser radiation was lost when the laser beam
passed the spectrophone, in the absence of any cell window
losses. This radiation was eventually absorbed by the spec-
trophone and the gas cell elements and created an acoustic
background at the modulation frequency, related to the laser
power but not due to the gas absorption. Therefore, the de-
tection sensitivity in the reported experiments was deter-
mined by this background and especially its stability rather
than by the QTF thermal noise.

An accurate calibration of the spectral scan was per-
formed using the QEPAS signal from atmospheric water va-
por (45% relative humidity at +21◦C, 1.1% H2O by vol-
ume). The HITRAN database was used to identify the ob-
served H2O lines. The results shown in Fig. 4 for the ×1
scan speed confirm the spectral range specified by the man-
ufacturer and near-linear wavenumber tuning with time. The
faster scans have the same tuning curve if the time scale is
stretched according to the scan rate multiple.

In order to collect the data depicted in Fig. 4a, the lock-in
amplifier time constant was set to 3 ms and the filter slope
to 12 dB/oct, corresponding to an equivalent noise band-
width of �f = 83.3 Hz. It was verified that with such inte-
gration parameters the observed spectral lines were not dis-
torted by the lock-in detection. Their width at ×1 scan rate
was determined by the laser linewidth, which was found to
be ∼1.5 cm−1 in the 1.6% to 7% duty cycle range (0.5 to
2.14 µs pulses). At the ×6 scan rate, the spectral lines have
exponentially decaying tails. Such a tail of the 1244.1 cm−1

absorption line is shown in Fig. 4(c). The measured decay
time 39 ± 2 ms is in a good agreement with τ = 41.7 ms
from (3) and the data in Table 1.

When the lock-in bandwidth is wider than the resonant
curve of the QTF based spectrophone, the noise cannot be
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Fig. 4 (a) QEPAS signal (voltage rms from the transimpedance am-
plifier) acquired during the laser wavelength scan over the full tuning
range. Time “0” marks the turning point between two directions of
the scan. The specified 1196–1281 cm−1 spectral range is covered be-
tween 0.75 s and 7.25 s. Each trace is the result of averaging data from
10 scans. “SPh” identifies the spectrophone. (b) The spectral scan cali-
bration based on the data from (a). (c) The 1244.1 cm−1 absorption line
tail (×6, SPh#1) and its exponential fit after background subtraction

calculated using (4) from [2]. Instead, the noise power den-
sity should be integrated over the QTF resonant curve. Such
an integration results in

√〈
V 2

N

〉 = Rg

√
kBT

L
(2a)

Thus, the QTF thermal noise in this detection mode does not
depend on the dissipative losses, but only on the equivalent
mass of the oscillator. However, L is not a directly measured
parameter. It is more convenient to express noise in terms of
the measured parameters:

√〈
V 2

N

〉 = Rg

√
2πkBTf0

RQ
(2b)

The total fundamental noise also includes the gain resistor
noise and the operational amplifier noise, integrated over the
full lock-in detector bandwidth. However, the power density
of these noise sources is usually low and therefore expand-
ing the detection bandwidth beyond the QTF response does
not significantly increase the noise level. Indeed, the experi-
mentally measured noise level (RMS of short term point-to-
point scatter) was in the 9–11 µV range, in agreement with
the theoretically estimated thermal noise of 9 µV.

As mentioned before, in the presence of a high back-
ground the practical sensitivity of the device is determined
rather by the stability of the radiation-related background
than by the ripple on its envelope caused by the QTF thermal
noise. However, we shall now estimate the normalized noise
equivalent absorption coefficient (NNEA) for the H2O line
at 1244.14 cm−1 in order to compare the spectrophone per-
formance with previous QEPAS results. Using the spectral
simulation tools from the Institute of Atmospheric Optics
(Tomsk, Russia) website [5], we concluded that the simu-
lated atmospheric absorption spectra most closely resemble
the observed QEPAS spectra when the instrument function
is Gaussian with a 1.5 cm−1 FWHM. In this case and for our
conditions, the optical absorption at 1244.14 cm−1 is 8.21×
10−5 cm−1. The equivalent noise bandwidth (ENBW) of the
QTF should be used because it is narrower than the ENBW
of the lock-in amplifier in our experiments, and the QTF de-
termines the time response of the sensor. It can be found
that the QTF ENBW = π

2
f0
Q

. Assuming 10 µV noise and
3.12 mW power from Fig. 3, we can calculate:

SPh#1: 9.6 × 10−10 cm−1 W/Hz1/2

SPh#2: 6.3 × 10−10 cm−1 W/Hz1/2

Hence, the Sph#2 design provides advantages of both sen-
sitivity and time response. To properly compare this ENBW
with the wavelength modulation data from earlier publica-
tions, the first terms A1 in a Fourier series for the corre-
sponding periodic functions should be taken into account.
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Fig. 5 Absorption spectra of the studied molecules in the tuning range
of the EC-QCL. The plots are based on the PNNL database of at-
mospheric pressure FTIR spectra. All the data are for 1 ppmv con-
centration, and the absorption coefficient is converted to base e units

It can be calculated that for a rectangular wave of average
power P and a duty cycle k A1 = 2P

sin(kπ)
kπ

. For our ex-
perimental conditions with k = 0.07, A1 ≈ 2P . For a sine
wave A1 = P , and the 2f wavelength modulation signal
for a Lorentzian absorption line at the optimum modulation
amplitude is ≈ 0.7P according to our numerical calcula-
tions. Thus, the correction factor from AM—short pulses to
a WM—sine wave QEPAS sensitivity is 2.86. If this fac-
tor is taken into account, the observed NNEA for SPh#1
corresponds to 2.75 × 10−9 cm−1 W/Hz1/2. The sensitivity
reported in [6] was 3.8 × 10−9 cm−1 W/Hz1/2, if reduced
to a single optical path. Hence, the present sensitivity is in
agreement with earlier results but improved because of the
adjusted spectrophone dimensions.

4 Detection of larger molecules: pentafluoroethane,
acetone, ethanol

The real advantages of an EC-QCL are revealed when
detecting large molecules with spectrally unresolved ab-
sorption bands. Spectral identification of such molecules
requires detection of the bands’ envelopes covering 50–
200 cm−1. Figure 5 shows absorption bands of pentafluo-
roethane (freon-125), acetone, and ethanol from the PNNL
spectral library [7] in the tuning range of the laser.

For the sensor characterization, we used gas cylinders
with 15 ppmv freon-125 in N2 and 200 ppmv acetone
in N2. As a source of ethanol vapor, a syringe filled with
ethanol and having a ∼1 mm diameter opening was used.
The ethanol concentration in a flow of gas was calculated
based on the known diffusion coefficient and the gas flow
rate. The measurements were performed using SPh#1, al-
though Sp #2 would likely deliver a better performance.

Fig. 6 QEPAS spectrum of freon-125 acquired at the ×6 scan rate
compared to the FTIR spectrum obtained from the PNNL database

Disregarding some smearing due to the limited spectral
(laser) and temporal (spectrophone) resolution, the acquired
spectra show close resemblance to the reference FTIR spec-
tra even at the highest 78.5 cm−1/s scan rate. As an exam-
ple, Fig. 6 shows freon-125 data after background subtrac-
tion and correction for the varying optical power.

The spectral data analysis was based on the general lin-
ear fit (GLF) method and the corresponding “Virtual In-
strument” (VI) from the National Instruments LabView
package. The experimentally acquired spectral data were re-
presented as a linear combination of absorption (or QEPAS)
spectra of individual molecular compounds, plus a frequen-
cy-dependent background signal:

S(ν) =
n∑

i=0

aiSi(ν) (3)

Here S(ν) is the measured QEPAS signal as a function of
the optical frequency, S0(ν) is the spectral dependence of
the laser-related background (identical to the laser power
curve depicted in Fig. 3), and Si(ν) for i = 1 to n repre-
sent the absorption of n molecular species. In our case, there
were 4 such functions corresponding to freon-125, acetone,
ethanol, and H2O. In practice, ν was not measured directly
but determined by the time delay t from the laser scan start
and hence, S(t) and Si(t) were actually used. In order to ac-
quire Si(t), the QEPAS data from 10 to 15 laser scans of the
corresponding gas mixture were averaged, and then a sim-
ilarly averaged pure nitrogen data (background) subtracted.
Thus, Si(t) already included the information about the laser
power during a scan. The coefficient ai is proportional to
the concentration of the i-th compound, if we assume that
there is no cross-correlation, which, in principle, may occur
because of the mutual influence of molecular species in the
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Fig. 7 Scatter of the freon-125 concentration derived from consec-
utive measurements (single laser scans) using the general linear fit
(GLF) technique. The highest (×6) scan rate of 77.3 cm−1/s was used

Fig. 8 Experimental points (horizontal dashes) and GLF (solid curve)
for (a) freon-125 and ethanol in a N2 carrier gas, and (b) acetone and
ethanol in a N2 carrier gas. Data were acquired at ×1 scan rate

gas on the V–T relaxation rate. For simpler data processing,
only the in-phase component of the signal was used. This
resulted in no more than a 30% decrease of the signal.

Fig. 9 Relative concentrations (ai coefficients in (3)) derived from
consecutive measurements using the GLF technique applied to mix-
tures each containing two absorbing components: (a) freon-125 and
ethanol, and (b) acetone and ethanol

In order to evaluate the sensor precision, repeated mea-
surements of the same gas mixture were performed. The
scatter of results for a 15 ppmv freon-125 in N2 mixture is
shown in Fig. 7, yielding a precision of σ = 13 ppbv. Sim-
ilar measurements for 200 ppmv acetone in N2 yield σ =
250 ppbv. Thus, in both cases the achieved relative precision
is ∼0.1% of the concentration, most likely reflecting the sta-
bility of the laser source. This is a remarkably good number
for a pulsed laser system considering that the measurements
did not involve normalization to the instant laser power.

The described data processing technique was then ap-
plied to gas mixtures containing two optically absorbing
chemical species. A simple ethanol vapor generator (syringe
containing ethanol and having a ∼1 mm diameter opening)
was inserted into the stream of one of the calibrated gas mix-
tures mentioned above. The acquired QEPAS data fitted with
a linear combination of the corresponding Si(t) functions
are shown in Fig. 8. The scatter of the measured concentra-
tions is depicted in Fig. 9. As expected, concentrations from
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Fig. 10 (a) Evolution of the ethanol and water vapor concentrations
in the system when it is flushed by a 70 sccm air flow; (b) single scans
acquired at two different times, as indicated by arrows in (a)

gas standards are more stable than the ethanol vapor con-
centration from a primitive home-made source. The scat-
ter of the freon-125 concentration in the mixture shown in
Fig. 9(a) yields a precision of σ = 15 ppbv, which is practi-
cally the same as for freon-125 in pure nitrogen.

An additional experiment was performed to see how well
the evolution of concentration can be monitored using this
sensor. The gas system was briefly exposed to a high con-
centration of ethanol and then flushed with a 70 sccm flow
of ambient air (+20◦C, 43% relative humidity). While the
ethanol was gradually removed from the gas system, QEPAS
data were repeatedly acquired at the ×2 laser scanning rate.
The results are shown in Fig. 10, as well as two examples of
the spectral data. Although the ethanol spectral features can-
not be observed visually in the 16:48:30 spectrum, which is
dominated by background and water lines, the ethanol con-

Fig. 11 Properties of SPh#2 as a function of dry nitrogen pressure:
(a) resonant frequency, (b) quality factor

centration is reliably retrieved from such data using GLF,
and it is still much higher than the noise floor. The plot in
Fig. 10(a) also shows a close-to-constant retrieved H2O con-
centration. The precision of the H2O measurements is lower
because its absorption features cover only a small fraction
of the total spectral scan, hence involving fewer informative
data points.

5 Spectrophone properties as a function of the gas
pressure

The Q-factor of an organ pipe type acoustic resonator is pro-
portional to the square root of the gas density [8]. Acoustic
coupling between the gas in the tubes and the QTF will
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also be stronger at higher gas density because of the larger
momentum carried by the gas flow. Therefore, we can ex-
pect that the spectrophone properties will change when the
gas pressure varies. We performed the SPh#2 parameter
measurements at different N2 pressures, and the results are
shown in Fig. 11.

The dependence of the resonant frequency on the gas
pressure is very different from a bare QTF [2] or a QTF
with frequency-detuned microresonator where it is practi-
cally linear. A qualitative explanation is frequency pulling
of the QTF resonance to the resonance of the acoustic res-
onator at higher pressures where both acoustic coupling and
the Q-factor of the tubes are higher. The resonant frequency
of the tubes does not depend on the gas pressure, and there-
fore the spectrophone resonance stays almost constant in the
650–800 Torr range. The changes in f0 are negligible com-
pared to the resonance width at these pressures where the
Q < 3000. Indeed, the FWHM of the amplitude response
of the oscillator is �f = √

3f0
Q

, and for a Q = 3000 it is
∼19 Hz. Hence, neither precise pressure control nor fre-
quent adjustments of the modulation frequency is needed.

6 Conclusions

We demonstrated that a QEPAS detector can be used to ac-
quire spectral data at a much faster rate than it was consid-
ered possible in earlier publications, with a time constant
as short as ∼15 ms. A strong decrease of the Q-factor of
the spectrophone caused by efficient acoustic coupling be-
tween the QTF and an acoustic resonator does not reduce
the QEPAS detection sensitivity. To the contrary, the fun-
damental SNR normalized to the detection bandwidth in-
creases. On the other hand, the spectrophone parameters (its
resonant frequency and Q-factor) become more sensitive to
the gas composition and temperature. Besides, sensitivity to

environmental acoustic background is expected to become
higher, although it was not directly observed in this work.
Therefore, the design of a QEPAS spectrophone must be
performed considering all the requirements and conditions
of a specific application.
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