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A recently introduced approach to photoacoustic detection of trace gases utilizing a quartz tuning
fork sTFd as a resonant acoustic transducer is described in detail. Advantages of the technique called
quartz-enhanced photoacoustic spectroscopysQEPASd compared to conventional resonant
photoacoustic spectroscopy include QEPAS sensor immunity to environmental acoustic noise, a
simple absorption detection module design, and its capability to analyze gas samples,1 mm3 in
volume. Noise sources and the TF properties as a function of the sampled gas pressure, temperature
and chemical composition are analyzed. Previously published results for QEPAS based chemical gas
sensing are summarized. The achieved sensitivity of 5.4310−9 cm−1 W/ ÎHz is compared to recent
published results of photoacoustic gas sensing by other research groups. An experimental study of
the long-term stability of a QEPAS-based ammonia sensor is presented. The results of this study
indicate that the sensor exhibits very low drift, which allows data averaging over.3 h of
continuous concentration measurements. Architecture and practical implementation of autonomous
QEPAS-sensor controller electronics is described. Future developments of QEPAS technique are
outlined. © 2005 American Institute of Physics.fDOI: 10.1063/1.1884196g

I. INTRODUCTION

The detection and quantification of trace chemical spe-
cies in the gas phase find applications in such diverse fields
as in environmental monitoring, industrial process control,
and medical diagnostics. Ultrasensitive chemical analysis of
gases based on molecular absorption in the mid-IR region is
a well-established approach.1 A number of techniques have
been developed to measure absorption coefficients as low as
a=10−9 cm−1 or less, allowing in some cases quantification
of chemical species at 10−12 by volumespptvd concentration
levels. However, most methods demonstrated in the labora-
tory are unsuitable for real world applications because of the
sensor size, weight, power consumption and high sensitivity
to vibrations and temperature variations.

Recent advances in quantum electronics resulted in com-
pact, efficient and powerful infrared laser sources. Commer-
cially available single-frequency fiber-coupled diode lasers
can emit up to 100 mW cw power in the near-IRsmolecular
overtonesd region. Their industrial-grade packaging allows
direct integration of such semiconductor sources into por-
table gas sensors. Fiber amplifiers can boost the optical
power of diode lasers to the several watts level. Quantum
cascade lasers2 and interband cascade lasers3 are capable of
generating tens to hundreds of mWs of optical radiation in
the molecular fingerprintsmid-IRd region. In order to take
full advantage of these achievements for spectroscopic
chemical sensing, detection techniques should be used that
benefit from high power of these now-available infrared laser

sources. Furthermore, the absorbance detection module
sADM d should preferably match the laser source in size and
be immune to the environmental factors.

Typically, an ADM for sensitive direct absorption spec-
troscopy consists of a multi-pass absorption cell and an op-
tical detector. The characteristic optical multi-pass gas cell
volume is,1000 cm3, and this approach does not essentially
gain from high optical power because of the limited dynamic
range of infrared detectors. Photoacoustic spectroscopy
sPASd4 can achieve comparable detection limits with a much
smaller sample cell volume, typically starting from
,10 cm3.5 Furthermore, PAS sensitivity is directly propor-
tional to the available laser power. However, PAS perfor-
mance can be impacted by ambient acoustic noise which
prevents its widespread use in the design of portable gas
sensors. In this work we describe a recently developed varia-
tion of PAS called quartz-enhanced photoacoustic spectros-
copy, or QEPAS. This approach allows the analysis of gas
samples,1 mm3 in volume, results in immunity to environ-
mental acoustic noise, and the QEPAS ADM size matches
the size of telecommunications diode lasers.

II. FUNDAMENTALS OF QEPAS

When optical radiation is absorbed in a medium such as
a gas, it causes heating of the medium that gives rise to
thermal expansion. Thus, absorption of modulated radiation
results in sound generation. Detection of this optically gen-
erated sound with a sensitive microphone is the basis for
PAS. In this work we shall consider PAS in gases. To en-
hance the amplitude of the PA sound, it is common to sur-
round the gas sample with an acoustic resonator.5 In such a
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configuration the amplitude of the sound wave builds up dur-
ing ,Q laser modulation periods, whereQ is theQ factor of
the acoustic resonator. In the most important case of an op-
tically thin gas layer inside the resonator the detected signal
S can be expressed as

S= k
a,CPQ

fV
= k

aCPQ

fA
, s1d

wherea is the absorption coefficient per unit concentration
of the target species,C is the concentration of the target
species,P is the optical power,f is the PA sound frequency,
V is the resonator volume,A is the resonator cross-section
area, andk is a constant describing microphone transfer
function and other system parameters. Usually PA resonators
are designed forf values in the 500–4000 Hz range and
haveQ factors of,20–200.

QEPAS is an alternative way to detect weak PA excita-
tion. The basic idea of QEPAS is to invert the common PAS
approach and accumulate the acoustic energy not in a gas-
filled cell but in a sharply resonant acoustic transducer. Such
an approach removes restrictions imposed on the gas cell by
acoustic resonance conditions. The transducer can be posi-
tioned in the acoustic near-field zone of the excitation optical
beam, in which case the gas enclosure is optional and serves
only to separate the gas sample from the environment and
control its pressure.

Conventional microphones are not suitable for this task
because they are designed for flat frequency response. A
natural candidate for such an application is crystal quartz,
because it is a widely used low-loss piezoelectric material. A
variety of packaged quartz crystals aimed at timing applica-
tions is commercially available. Most of them, however,
resonate at megahertz frequencies and are therefore not ap-
propriate to gas-phase PAS, because the energy transfer pro-
cesses in gases occur on a longer time scale, and also be-
cause the PA signal decreases at higher frequenciesfEq. s1dg.
The only readily available low-frequency quartz elements are
quartz tuning forkssTFd intended for use in electronic clocks
as frequency standardssFig. 1, topd. TFs resonate at
32 768s215d Hz in vacuum. Only the symmetric vibration of
a TF si.e., the two TF prongs bend in opposite directionsd is
piezoelectrically active. Hence the excitation beam should
pass through the gap between the TF prongs for efficient
excitation of this vibration.

Acoustically, a quartz TF is a quadrupole, which results
in excellent environmental noise immunity. Sound waves
from distant acoustic sources tend to move the TF prongs in
the same direction, thus resulting in no electrical response.
The choice of crystal quartz as an acoustic transducer for the
PAS modification explains the acronym QEPAS to denote
this technique.

The principal procedure of QEPAS data acquisition is
similar to conventional PAS and was described in Ref. 6. The
QEPAS studies reported to date were performed using a
wavelength modulation approach and 2f detection,7 which
suppresses the background originating from spectrally non-
selective absorbersssuch as resonator walls, TF electrodes,
and the gas cell elementsd. The laser beam is focused be-
tween the prongs of the TF and its wavelength is modulated

at fm= f0/2 frequency, wheref0 is the TF resonant frequency.
A lock-in amplifier is used to demodulate the TF response at
f0. Spectral data can be acquired if the laser wavelength is
scanned. To increase the effective interaction length between
the radiation-induced sound and the TF, an acoustic gas-filled
resonator may be added similarly as in the traditional PAS
approach.

Analogous to conventional PAS, the QEPAS response to
optical absorption is described by Eq.s1d, wheref = f0 is the
resonant frequency of the TF. If the TF is used without an
additional resonator,A represents an effective cross section
which should be approximately equal to the square of the TF
gap. TheQ is now a parameter of the TF and typically ranges
from 104 to 105, depending on the surrounding gasssee the
next sectiond.

The minimum optical absorption coefficient detectable
with a PAS based sensor is determined by the conditionS
=N, whereS is a PA signal andN is the noise levelswhich is
assumed to be independent of the optical excitationd. Usually
the noise power density can be considered constant within
the detector bandwidthDf. In this case the average noise
magnitudeN, ÎDf. SinceS, P, the laser-independent value
to characterize the PA ADM is the normalized noise equiva-
lent absorption coefficientsNNEAd determined as the mini-
mum optical absorption coefficientsthat is, resulting inS

FIG. 1. Photograph of a typical wristwatch TF when top part of the TF
housing is removedstopd. TF dimensions notationsbottomd.
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=Nd multiplied by the optical excitation power and divided
by the detector bandwidth. Lower NNEA means better ADM
performance.

III. QUARTZ TUNING FORK: RESONANT PROPERTIES
AND NOISE

TFs can be designed to resonate at any frequency in the
10–150 kHz range and beyond, but we assume below that a
TF with f0=32 768 is used. So far, only the TFs with this
resonant frequency were used in QEPAS experiments be-
cause of their ready commercial availability. Mechanical and
electrical properties of TFs were extensively studied in rela-
tion with their application in ultrahigh resolution scanning
microscopy pioneered by Karrai and Grober in 19958 sfor
latest developments see, e.g., Refs. 9–11 and references
thereind. The dimensions and several other TF parameters
from three arbitrarily selected manufacturers are given in
Table I, where the dimensions are denoted as shown in Fig.
1, bottom.

The mechanical and electrical properties of the TF are
coupled via the piezoelectric effect. The TF parameters as a
mechanical oscillator correspond to equivalent electrical pa-
rameters of a seriesRLCcircuit: masssmd to inductancesLd,
rigidity skd to inverse capacitys1/Cd and dampingb to re-
sistanceR sFig. 2, topd. The resonant frequencyf0 and Q
factor of the TF are related toR, L, andC as follows:

f0 =
1

2p
Î k

m
=

1

2p
Î 1

LC
, s2d

Q =
1

R
ÎL

C
. s3d

A mechanical deformation of the TF prongs induces
electrical charges on its electrodes. A generally accepted way
of observing the TF electrical response is to utilize a tran-
simpedance amplifier as shown in Fig. 2sbottomd, switch
position 1. A gain resistorRg=10 MV was used in our de-
sign. Feedback maintains a zero voltage between the TF
electrodes and thus the influence of the parallel stray capaci-
tanceCp fFig. 2sadg is neutralized. In Ref. 12 it was shown
that the TF noise in this circuit, measured at the amplifier
output at the resonant frequencyf0, is equal to the thermal
noise of the equivalent resistorR

ÎkVN
2l

ÎDf
= RgÎ4kBT

R
, s4d

whereÎkDN
2l is the rms voltage noise at the transimpedance

amplifier output,Df is the detection bandwidth, andT is the
TF temperature. The gain resistorRg also introduces noise
with a spectral densityÎ4kBTRg, but it is ÎRg/R times lower
than the TF noise and can be usually neglected for typical
values ofR,10–100 kV.

The electrical parameters of the TF can be determined by
applying an ac voltageU to it as shown in Fig. 2sbottomd,
switch position 2, and scanning frequencyf of the applied
voltage. The maximum of theIsfd function, whereI is the TF
current andf is the modulation frequency of the applied
voltage, yieldsf0. In this manner,R and Q are determined
using the two relations

R=
U

Isf0d
, Q =

f0

DfÎ2
, s5d

where DfÎ2 is the width of theIsf0d curve at theIsf0d / Î2
level sFig. 3d. The presence of the parallelCp capacitance
introduces a systematic error to measurements of theRLC
circuit impedance. TypicallyCp<2 pf, and thus its imped-
ance atf0=32.7 kHz isZC<2.4 MV and theR!ZC condi-
tion is satisfied. Therefore, the small error related toCp can
be neglected. Bothf0 and Q are dependent on the TF tem-
perature, the surrounding gas pressure and the major chemi-
cal composition. Two resonant curves acquired for TF 1ssee
Table Id in vacuum and when exposed to ambient atmosphere

TABLE I. Dimensions andQ factors in vacuum and air for three types of
TFs. The dimensions are denoted as shown in Fig. 1, bottom.

TF

Dimensions, mm

Qvac Qair, w g t

1 3.8 0.58 0.30 0.30 87 000 13 000
2 3.8 0.58 0.20 0.24 126 000 12 000
3 2.8 0.30 0.20 0.10 116 000 8000

FIG. 2. Equivalent electric circuit of a TFstopd. UF is a voltage generated
due to the action of the external mechanical force.9 Schematic of the TF
signal detectionsbottomd for photoacoustic measurementssswitch position
1d and the TF characterizationsswitch position 2d.

FIG. 3. The TF response to ac voltagesV=140mV amplituded. The ac-
quired curves yieldedQ=13 271 andR=93.9 kV at 755 Torrsdashed lined;
Q=93 456 andR=13.3 kV in vacuumssolid lined.
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are shown in Fig. 3. A number of studies on TF dampening in
gases was reported in Refs. 9–16. All of them state a linear
relation of f0 and gas pressureP. However, there are some
discrepancies regarding theQ dependence onP. For this
reason we performed a characterization of the TFs used in
this study at different gas pressures and composition. The
linear nature off0sPd was confirmed. For TF 1 the slope
coefficient in air was found to be df0/dP=9.6
310−3 Hz/Torr. To describe gas-induced vibration dampen-
ing we introduced a parameterg defined as

g =
1

Q
−

1

Qvac
, s6d

whereQvac is the TFQ factor in vacuum, which depends on
internal losses in the TF as well as the losses added by the
electrical circuit. It was found thatgsPd=aPb sFig. 4d, where
a and b are parameters specific to a particular kind of TF.
Thus,QsPd can be described as

Q =
Qvac

1 + QvacaPb . s7d

For TF 1 in aira=2.8310−6 andb=0.47, if P is expressed in
Torr. We also studied the TF parameters in a mixture of air
and SF6. Both f0scd andgscd dependences were found to be
linear as functions of SF6 concentrationc for a 0%–40%
range

f0scd = f0s0d – 0.023c, gscd = 5.13 10−7c, s8d

where c is expressed as a percentage, andf0s0d
=32 762.58 Hz for studied TF 1.

IV. PHOTOACOUSTIC GAS SENSING WITH A TF:
IMPLEMENTATION AND OBSERVATIONS

A. General principles

TFs with different dimensions including those listed in
Table I were compared as QEPAS transducers without an
additional acoustic resonator. It was found that the thickest
of the tested TFss1 in Table Id produced the highest signal-
to-noise ratiosSNRd when photoacoustic sound was excited
by a modulated laser beam focused between the TF prongs.
Therefore TF 1 was selected as the transducer for all the
gas-sensing studies as reported in this work.

To increase the effective interaction length between the
radiation-generated sound and the TF, a half-wave acoustic
resonator was installed. It consisted of two silica tubes, each
2.45 mm long with a 0.32 mm inner diameter, aligned per-
pendicular to the TF plane. The distance between the free
ends of the tubes was equal to half wavelength of sound in
air at 32.75 kHz, thus satisfying the resonant condition.5 This
resonator was found to enhance the QEPAS sensitivity
,8–10 timessFig. 5d, regardless of a,0.4 mm wide gap
between the tubes where the TF was located. The presence of
the resonator did not noticeably change the measuredQ fac-
tor of the TF. All the measurements described below were
performed using an ADM consisting of the TF and such an
acoustic resonator.

The QEPAS sensitivity to the concentration of the trace
component in a specific gas sample is a function of the
sample pressure. This dependence is determined by the fol-
lowing characteristic trends.

s1d TF Q-factor decreases at higher pressuresfEq. s7dg.
From Eqs.s1d, s3d, and s4d, it follows that the SNR is pro-
portional toÎQ for a fixed f0 and applied mechanical force.

s2d Peak optical absorption varies with pressure, espe-
cially at low s,30 Torrd pressures when the collisional line
broadening is less than Doppler broadening. On the other
hand, merging of closely spaced absorption lines should be
taken into account at higher pressures.17

s3d Energy transfer from vibrationally excited molecules
to translational degrees of freedomsV-T relaxationd is faster
at higher pressures, resulting in more efficient sound excita-
tion. The effect of theV-T relaxation rate on the PA signal is
discussed in detail in Ref. 18.

s4d Acoustic resonator enhancement factor changes with
pressure.

The laser wavelength modulation amplitudeDl must be
optimized at each pressure for the highest 2f signal. The
two-parameter optimizationspressure andDld was reported
for different gases in.17–20 It was experimentally found that
the optimumDl<23 full width at half maximum of the
target absorption line.

The optical configuration of the QEPAS sensor should

FIG. 4. Dependence of TF lossesfsee Eq.s6dg on air pressure.

FIG. 5. Acoustic resonator enhancement factorj as a function of air pres-
sureP. Experimental points are fitted with a curve:jsPd=14.75P−0.1, where
P is expressed in Torr.
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be designed so as to avoid illumination of the TF and the
inner surface of the enhancing acoustic resonator by the laser
radiation, including any scattered light and incidental reflec-
tions from the optical elements. The 2f operation mode
greatly reduces direct photothermal excitation of the TF. In
particular, it was observed that the TF did not produce any
electrical response even when,2 mW of a 1.6mm laser
beam modulated atf0/2 was directly focused to one of the
TF prongs. However, temporal modulation of scattered and
incidentally reflected radiation intensity is nonsinusoidal be-
cause of optical interference effects. Consequently, its modu-
lation spectrum contains components at twice the modulation
frequency and can excite the TF vibration. In the practical
implementation of our QEPAS ADM the enhancing acoustic
resonator mount serves as an efficient shield protecting the
TF from the scattered radiation. Tilting the cell windows and
the proper laser beam shaping resulted in background-free
detection in all the gas-sensing experiments performed.

B. Review of published results on QEPAS-based trace
gas sensors

The results reported so far in published QEPAS
studies17–21 are summarized in Table II. The first three table
lines represent optical excitation in the overtone region, and
the other four lines refer to the excitation of fundamental
molecular vibrations. Comments on Table II follow.

NH3 sRef. 17d: The NNEA measured for this molecule in
the overtone region is the best among the tested species,
pointing to fast vibrational-translationalsV-Td relaxation of
initially excited states. Signal dependence on the gas pres-
sure follows the product of the peak absorption, TFQ factor,
and acoustic resonator enhancement factor, which confirms
that the 2pf0tV-T!1 conditionstV-T is theV-T energy trans-
fer time constantd is satisfied at gas pressures.30 Torr. The
highest sensitivity was achieved at 60 Torr gas sample pres-
sure.

H2O and CO2 sRef. 19d: The NNEA for both these mol-
ecules is close to the NEAA measured for NH3, indicating a
fast V-T relaxation of the excited states. However, minimum
detectable concentration levels are high because the absorp-
tion lines within the tuning range of the available laser
source are weak.

N2O sRef. 18d: Addition of SF6 to the sampled air pro-
moted V-T relaxation and resulted in a 4 ppb NEC fort
=3 s time constant.

CO in N2 sRef. 18d: V-T relaxation of the fundamental
vibration of this molecule is too slow for sound generation at
32.7 kHz. The observed QEPAS response is associated with
fast rotational-translational relaxation of the rotational exci-
tation accompanying absorption of the vibrational quantum.

CO in propylene, C3H6 sRef. 21d: A propylene host was
found to promoteV-T relaxation of CO to some extent. How-
ever, the speed of sound in propylene is different from airsor
N2d. Hence the acoustic resonator tube length no longer sat-
isfies the resonant condition. Furthermore, the lock-in ampli-
fier phase was set to suppress the background propylene sig-
nal and therefore the phase did not necessarily coincide with
the CO-originating photoacoustic signal.

CH2O sRef. 20d: the SNR continued to grow slowly for
pressures.200 Torr. However, selectivity requirements and
laser wavelength modulation limitations did not allow us to
acquire meaningful spectroscopic data at sample pressures
beyond 200 Torr.

We can conclude from the above observations that the
optimum pressure to detect molecules with isolated fast-
relaxing optical transitions is,50–90 Torr for the present
ADM design. For slower relaxing species such as CH2O the
highest SNR is achieved at elevated gas sample pressures.

It was shown in Ref. 21 that the PA phase information
can be used to enhance the chemical selectivity. This obser-
vation is not really unique to QEPAS but is relevant to PAS
in general. However, PA operation at such high acoustic fre-
quency as 32.7 kHz makes relaxation-related PA phase shifts
more pronounced. Observation of PA phase shifts by means
of a TF can be a powerful tool to studyV-T relaxation pro-
cesses in gases. As compared to the conventional PAS ap-
plied to relaxation studies, TFswhen used without an en-
hancing acoustic resonatord offers advantages of resonant
frequency and instrumental phase shift being practically in-
dependent of the gas pressure, temperature, and chemical
composition.

C. Comparison with conventional PAS sensors and
long-term stability

Among the seven species listed in Table II NH3 exhibits
the fastestV-T relaxation, which can be considered instanta-
neous on the 1/f0 time scale. Thus, the results for NH3 moni-
toring permit the evaluation of the intrinsic QEPAS ADM
sensitivity. A number of studies on trace ammonia detection
by means of conventional PAS were reported, which allows a

TABLE II. Summary of published results on QEPAS based gas sensing. NNEA—normalized noise equivalent
absorption coefficient. NEC—noise equivalent concentration for available laser power andt=1 s time constant.

Molecule shostd
fReferenceg

Frequency,
cm−1

Pressure,
Torr

NNEA,
cm−1 W/Hz1/2

Power,
mW

NEC st=1 sd,
ppmv

NH3 sN2d 17 6528.76 60 7.2310−9 38 0.65
H2O sexhaled aird 19 6541.29 90 8310−9 5.2 580
CO2 sexhaled aird 19 6514.25 90 1.0310−8 5.2 890
N2O sair+5%SF6d 18 2195.63 50 1.5310−8 19 0.007
CO sN2d 18 2196.66 50 5.3310−7 13 0.5
CO spropylened 21 2196.66 50 7.4310−8 6.5 0.14
CH2O saird 20 2832.48 200 2.2310−8 3.4 0.55
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comparison of QEPAS sensitivity with the results achieved
by means of the conventional resonant PAS approach. For
such a comparison, we selected three of the recent publica-
tions. Our latest result for NH3 detectionsobtained with the
6528.76 cm−1 absorption lined is NNEA=5.4
310−9 cm−1 W/ ÎHz. An improvement over the previously
reported numbersRef. 17, see Table IId is due to an im-
proved, tighter design of the enhancing acoustic resonator.
Table III summarizes a comparative study of QEPAS and
conventional PAS sensitivity, and detailed comments follow
below.

Reference 22 described NH3 detection using CO2 laser
radiation amplitude modulated at 1837 Hz and a resonant
photoacoustic cell. The reported NNEA=1.1
310−8 cm−1 W/ ÎHz.

Another publication23 described NH3 detection with di-
ode lasers amplitude modulated at 4 kHz and a differential
resonant photoacoustic cell. The authors of Ref. 23 do not
directly report NNEA orDf values. However, they report
that a sensitivity of 1.4310−9 cm−1 W was achieved with a
t=10 s lock-in amplifier time constant. The lock-in amplifier
equivalent noise bandwidthsENBW, Ref. 24d depends also
on a low-pass filter order. Assuming a first order filter
s6 dB/octd, which gives the best NNEA, we measured di-
rectly the ENBW for the same lock-in amplifiersStanford SR
830d and found that the ENBW=0.048 Hz. Substituting this
for Df, one obtains a NNEA=6.4310−9 cm−1 W/ ÎHz.

The technique reported in Ref. 7 resembles the QEPAS
sensor configuration. Wavelength modulated radiation was
used for PA excitation, and the signal was detected at twice
the modulation frequency. The resonant frequency of the PA
cell was,1800 Hz. The sensitivity reported in this work is
an NNEA=1.5310−9 cm−1 W/ ÎHz. However, as it can be
derived from the presented data, the authors assumedDf
=0.1 Hz for at=10 s lock-in amplifier time constant. This is
most likely an error, since even a first order low-pass filter
results inDf =0.048 Hz, as mentioned in the previous para-
graph. If such a correction is made, the sensitivity achieved
in Ref. 7 is NNEA=2.2310−9 cm−1 W/ ÎHz.

Hence, it can be concluded that the presently achieved
QEPAS performance is higher than the reported results for
amplitude modulation based resonant PASfdespite the much
higher resonant frequency, which appears in the denominator

of Eq. s1dg, but is 2–3 times lower than wavelength-
modulation based PAS sensors have achieved. This gap will
most likely be closed with the future QEPAS developments.
Specifically, a considerable gain in QEPAS sensitivity should
be achieved when TFs with lower resonant frequencies are
usedfsee Eq.s1dg. An added advantage of using a TF with a
lower resonant frequency is more efficient photoacoustic
sound generation in gas systems with lowV-T relaxation
rates, for example, formaldehyde in air.20

While NNEA describes the sensor performance on a
short time scale, other kinds of measurements are required to
characterize long-term drifts and establish the signal averag-
ing limits. We shall follow the approach described in Ref. 25,
which introduced utilization of Allan variance of time se-
quences of measurements to quantify the long-term stability
of optical sensors. In order to obtain such statistical informa-
tion, two kinds of data sets were acquired using the QEPAS
NH3 sensor described in Ref. 17.

s1d A flow of nitrogen with 6 ppmvsparts per million by
volumed NH3 from a trace gas standard generator was passed
through the TF cell at a rate of 42 sccm. The gas pressure in
the TF cell was maintained at 60 Torr by means of the pres-
sure controller. The laser radiation was alternatively locked
to the NH3 absorption line at 6528.76 cm−1 sON moded or
detuned to an absorption-free region at,6528.4 cm−1 sOFF
moded. ON and OFF modes were switched every 1200 s. As
in Ref. 17, the laser power in the TF cell was 38 mW. The
lock-in amplifier time constant wast=1 s, and third order
low-pass filter settingss18 dB/octd were used. With these
settings of the lock-in amplifier the directly measured
ENBW=0.19 Hz. The lock-in amplifier readings were re-
corded every 3 s, and the measurements performed continu-
ously for ,16 h sFig. 6d. To perform an Allan variance
analysis, all the data subsets with the laser on the absorption
line were stacked together and treated as a single uninter-
rupted time sequence. A similar procedure was performed
with the data subsets corresponding to the OFF mode.

s2d The laser beam was blocked, lock-in amplifier time
constant changed tot=0.3 s sENBW=0.63 Hzd, and the

TABLE III. Comparison of QEPAS NNEA with other published PAS sen-
sors data.

Publication and comments
Resonant acoustic

frequency, Hz
NNEA,

cm−1 W/ ÎHz

cCO2 laser, amplitude
modulation

1840 1.1310−8

dDiode laser, amplitude
modulation

4000 6.4310−9a

bFiber-amplified diode
laser, wavelength modulation

1800 2.2310−9a

Present work 32 760 5.4310−9

aNot as directly reported in the publication; see text for specific details.
bReference 7.
cReference 22.
dReference 23.

FIG. 6. Consecutive QEPAS readings acquired over a period of,16 h.
Nitrogen with 6 ppmv of NH3 is supplied to the ADM, and the laser wave-
length is alternatively switched to be on and off the NH3 absorption line at
6528.4 cm−1.
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lock-in amplifier readings were recorded every 1 s. The total
duration of this experiment was,15 h.

The results of the Allan variance analysis are presented
in Fig. 7. For clarity, Allan deviationsÎksA

2ld is shown in-
stead of the variance, and expressed in terms of absorption
coefficient or ammonia concentration for this particular sen-
sor. ON and OFF mode data resulted in practically coinci-
dent plots, therefore only the ON mode data are shown. The
initial deviation of the curves from the 1/Î t dependence is
caused by the correlation of the lock-in amplifier readings for
,8t. The Allan deviation for all time sequences closely fol-
lows a 1/Î t dependence over the entire duration of the mea-
surements series. This observation verifies that white
Johnson noise of the TF remains the dominant source of
noise even on a multi-hour time scale, and the QEPAS based
sensor allows practically unlimited data averaging without
base line or sensitivity drift. For comparison, trace gas sen-
sors based on direct optical absorption detection usually ex-
hibit drifts that do not allow useful data averaging for time
periods longer than 100–200 sssee, for example, Ref. 26d.

The thermal stability of the QEPAS sensor has not been
experimentally studied to date. However, it can be evaluated
based on the known TF properties.27 The resonant frequency
f0 of the tuning fork changes with temperatureT according
to the equation as specified in the TF data sheets

f0sTd = f0s25 ° Cdb1 − 43 10−8sT − 25 ° Cd2c. s9d

Hence,f0 variation in the 5–45 °C range is,0.5 Hz. This
shift in resonant frequency is considerably smaller than
DfÎ2<2.5 Hz at atmospheric pressure and will cause only
,7% decrease in the detected signal if the laser modulation
frequency is not adjusted accordingly. The decrease in theQ
factor for the same ±20 °C temperature detuning fromT
=25 °C is expected to be,1%,15 resulting in a proportional
QEPAS signal change. Temperature changes are usually
slow, and hence can be readily accounted for by periodic
measurements off0 andQ and the respective adjustments of
the laser modulation frequency and the normalization coeffi-
cient. Another temperature-related parameter is the resonant
frequency of the enhancing acoustic resonator. The speed of
sound in an ideal gas is proportional to theÎT. So, a tem-
perature variation of ±20 °C will cause ±3.5% variation in

the acoustic resonator resonant frequency. The resulting
change in the detected signal depends on the enhancing
acoustic resonatorQ factor and is more difficult to take into
account than thermal changes in the TF properties. This
problem is not specific to QEPAS but is general for resonant
PAS. The resonant frequency of the gas-filled acoustic reso-
nator is determined by its physical dimensions and therefore
cannot be readily changed. Hence if the QEPAS sensor is
required to operate over a wide range of temperatures its
sensitivity should be pre-calibrated in this range. An alterna-
tive approach can be to have a set of ADMs optimized for
different temperatures and direct the laser radiation to a spe-
cific ADM depending on the gas temperature. The small size
of the QEPAS ADM and the availability of compact micro-
electromechanical system optical switches make such an ap-
proach feasible.

V. AUTONOMOUS QEPAS BASED CHEMICAL
SENSOR ARCHITECTURE

The response speed of the QEPAS technique is intrinsi-
cally limited. The oscillator relaxation time constant istr

=Q/pf0 ssee, e.g., Ref. 27d. For a typical Q,30 000 at
50 Torr andf0=32.76 kHz,tr <0.3 s. Hence, to detect the
signal within 5% of its steady-state value we should sample
not more often than approximately once a second. Therefore,
it is not practical to configure a QEPAS based chemical sen-
sor for spectral scans of an absorption line. Instead, the laser
wavelength must be locked to the target absorption line cen-
ter. This approach is justified because of the background-free
nature of 2f QEPAS, which was experimentally confirmed
repeatedly.

The functional diagram of the QEPAS based autono-
mous chemical gas sensor is shown in Fig. 8. The sensor
utilizes a 2f wavelength-modulation spectroscopy approach,
where 2f = f0 in the case of QEPAS. The sensor consists of

FIG. 7. Allan deviation as a function of the data averaging period. Solid
line: laser is locked to the NH3 absorption line at 6528.4 cm−1, lock-in
amplifier time constant 1 s. Dotted line: laser beam is blocked, lock-in am-
plifier time constant 0.3 s. Open circles trace 1/Î t slope.

FIG. 8. Functional diagram of the QEPAS based gas sensor. PD—
photodetector, BS—beamsplitter, SW1 and SW2—electronic switches,
LPF—low-pass filter, MC—microcontroller, DAC—digital-analog con-
verter, SWG—sine wave generator
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the three subsystems: a control and data processing electron-
ics unit sCEUd schematically shown as a large dashed box in
Fig. 8, a transimpedance amplifier with an electronic switch
shown as a small dashed boxsthis unit has to be positioned
close to the TFd, and a set of optical components including
the excitation laser, reference cell with a photodetector, and a
TF. The optical components can vary depending on the spec-
tral range, target molecule and the excitation laser. It is as-
sumed that the laser wavelength is determined by the voltage
applied to the laser driver input. For example, the wave-
length of a distributed feedback semiconductor laser changes
with current. Hence the current source with an analog volt-
age input can be used as the “Driver” in Fig. 8. The dc

component of the laser driver inputŪ determines the laser

central wavelength, while the ac componentŨ provides the
wavelength modulation.

The CEU is based on an ATmega16 microcontroller
sMC, Atmel Corporationd and has two primary modes of
operation: the measurement mode and the calibration mode.
In the measurement mode the switches SW1 and SW2 are in
position 1, and the following functions are performed:

s1d sine wave generator SWG generates a sine waveŨ at
f = 1

2 f0. Amplitude A and frequencyf are controlled by
the MC;

s2d the laser powersdc component of the photodetector
sPDd signald is measured;

s3d the 3f component of the PD signal is measured and the

Ū is adjusted proportionally to maintain the laser wave-
length at the center of the absorption line; and

s4d the S sTF signal amplituded is measured by the 2f
lock-in amplifier channel. Measurement and digitization
accuracy are sufficient for TF thermal noise detection.

The CEU is normally programmed to switch to the cali-
bration mode every 30 min. This mode can also be initialized
manually or via RS232 interface. The calibration lasts
,3 min and consists of the following operations:

s1d TF parametersf0 andQ are measured and stored in the
CEU memory. In order to perform this function switches
SW1 and SW2 are set to position 2. The sine wave gen-
erator sSWGd is switched to the 2f mode, and the fre-
quency 2f is scanned encompassingf0. The maximum
position and the width of the TF response Ss2fd are used
for f0 andQ calculations, respectively;

s2d SWG is switched back to thef mode with the updatedf
value;

s3d laser wavelength is adjusted in the same manner as op-
erations3d of the measurement mode; and

s4d the background level is measured. To perform this op-

eration a pre-set voltageDU is added toŪ to detune the
laser from the target absorption line, and the background
signalSb is measured and stored in the CEU memory.

The TFs used in QEPAS so far are resonant at
,32.76 kHz, but the CEU can be configured to accommo-
date 20 and 10 kHz crystals. The external dimensions of the
current version of the CEU case ares23316310d cm, in-

cluding a built-in power supply. To make the CEU an inte-
gral part of the QEPAS gas sensor, the initial parameters

such as theŪ level, theŨ amplitude and phase, and feedback
coefficient for line locking must be set. This can be per-
formed either from the front-panel keypad or via a RS232
serial interface. Parameters are stored in the CEU memory. A
two-line liquid crystal display indicates the current operation

parameters including the updatedŪ value and the mode of
operations“calibration” or “measurement”d, as well as the
most important measured values such as theQ factor, f0,
laser power, andS. A LABVIEW driver was created for con-
venient initial setup and laboratory tests. The CEU was
tested for C2H2 detection with 32.76 and 20.0 kHz TFs
swithout acoustic resonatord. The CEU performance was
found to equal the performance of the laboratory setup which
incorporated two commercial lock-in amplifierssSR 830
DSP, Stanford Research Systemsd and a computer-controlled
function generatorsDS 345, Stanford Research Systemsd.
The measured noise level matched the theoretically calcu-
lated TF noise within 10% accuracy.
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