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Applications of quartz tuning forks in spectroscopic gas sensing
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A recently introduced approach to photoacoustic detection of trace gases utilizing a quartz tuning
fork (TF) as a resonant acoustic transducer is described in detail. Advantages of the technique called
guartz-enhanced photoacoustic spectroscd@EPAS 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 saniptes? 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 0k8.&° cm™ W/ |Hz 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 oa&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 PhysickDOI: 10.1063/1.1884196

I. INTRODUCTION sources. Furthermore, the absorbance detection module
(ADM) should preferably match the laser source in size and
The detection and quantification of trace chemical spebe immune to the environmental factors.
cies in the gas phase find applications in such diverse fields Typically, an ADM for sensitive direct absorption spec-
as in environmental monitoring, industrial process controltroscopy consists of a multi-pass absorption cell and an op-
and medical diagnostics. Ultrasensitive chemical analysis ofical detector. The characteristic optical multi-pass gas cell
gases based on molecular absorption in the mid-IR region igolume is~1000 crd, and this approach does not essentially
a well-established approactA number of techniques have gain from high optical power because of the limited dynamic
been developed to measure absorption coefficients as low asnge of infrared detectors. Photoacoustic spectroscopy
=10 cm ! or less, allowing in some cases quantification (PAS)* can achieve comparable detection limits with a much
of chemical species at 18 by volume(pptv) concentration smaller sample cell volume, typically starting from
levels. However, most methods demonstrated in the labora-10 cn®.®> Furthermore, PAS sensitivity is directly propor-
tory are unsuitable for real world applications because of th¢ional to the available laser power. However, PAS perfor-
sensor size, weight, power consumption and high sensitivitynance can be impacted by ambient acoustic noise which
to vibrations and temperature variations. prevents its widespread use in the design of portable gas
Recent advances in quantum electronics resulted in consensors. In this work we describe a recently developed varia-
pact, efficient and powerful infrared laser sources. Commertion of PAS called quartz-enhanced photoacoustic spectros-
cially available single-frequency fiber-coupled diode lasersopy, or QEPAS. This approach allows the analysis of gas
can emit up to 100 mW cw power in the near<iRolecular ~ samples~1 mn? in volume, results in immunity to environ-
overtones region. Their industrial-grade packaging allows mental acoustic noise, and the QEPAS ADM size matches
direct integration of such semiconductor sources into porthe size of telecommunications diode lasers.
table gas sensors. Fiber amplifiers can boost the optical
power of diode lasers to the several watts level. Quantum
cascade laseTand interband cascade laskease capable of Il. FUNDAMENTALS OF QEPAS

generating tens to hundreds of mWs of optical radiation in  \when optical radiation is absorbed in a medium such as
the molecular fingerprintmid-IR) region. In order to take g gas, it causes heating of the medium that gives rise to
full advantage of these achievements for spectroscopighermal expansion. Thus, absorption of modulated radiation
chemical sensing, detection techniques should be used thaisyts in sound generation. Detection of this optically gen-
benefit from high power of these now-available infrared lasekrated sound with a sensitive microphone is the basis for
PAS. In this work we shall consider PAS in gases. To en-
9author to whom correspondence should be addressed:; electronic mailance the amplitude of the PA sound, it is common to sur-
akoster@rice.edu round the gas sample with an acoustic resorfatorsuch a
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configuration the amplitude of the sound wave builds up dur-
ing ~Q laser modulation periods, whegis 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

alCPQ_, aCPQ

S=k4y fA

&)

where « is the absorption coefficient per unit concentration
of the target speciesC is the concentration of the target
speciesP is the optical powerf is the PA sound frequency,

V is the resonator volumé) 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- s
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, FIG. 1. Photograph of a typical wristwatch TF when top part of the TF
resonate at megahertz frequencies and are therefore not djpusing is removedtop). TF dimensions notatiotbottom.
propriate to gas-phase PAS, because the energy transfer pro-
cesses in gases occur on a longer time scale, and also bat-f,,=fy/2 frequency, wheré, is the TF resonant frequency.
cause the PA signal decreases at higher frequefiEgeg1)]. A lock-in amplifier is used to demodulate the TF response at
The only readily available low-frequency quartz elements ard,. Spectral data can be acquired if the laser wavelength is
quartz tuning fork¢TF) intended for use in electronic clocks scanned. To increase the effective interaction length between
as frequency standard§-ig. 1, top. TFs resonate at the radiation-induced sound and the TF, an acoustic gas-filled
32 768(2%%) Hz in vacuum. Only the symmetric vibration of resonator may be added similarly as in the traditional PAS
a TF(i.e., the two TF prongs bend in opposite directioiss approach.
piezoelectrically active. Hence the excitation beam should Analogous to conventional PAS, the QEPAS response to
pass through the gap between the TF prongs for efficiendptical absorption is described by Bg), wheref=f; is the
excitation of this vibration. resonant frequency of the TF. If the TF is used without an

Acoustically, a quartz TF is a quadrupole, which resultsadditional resonator represents an effective cross section
in excellent environmental noise immunity. Sound waveswhich should be approximately equal to the square of the TF
from distant acoustic sources tend to move the TF prongs igap. TheQ is now a parameter of the TF and typically ranges
the same direction, thus resulting in no electrical responsdrom 10* to 1(°, depending on the surrounding g@ee the
The choice of crystal quartz as an acoustic transducer for theext section
PAS modification explains the acronym QEPAS to denote  The minimum optical absorption coefficient detectable
this technique. with a PAS based sensor is determined by the condiion

The principal procedure of QEPAS data acquisition is=N, whereSis a PA signal andN is the noise leve{which is
similar to conventional PAS and was described in Ref. 6. Thassumed to be independent of the optical excitatidsually
QEPAS studies reported to date were performed using the noise power density can be considered constant within
wavelength modulation approach anél @etection’ which  the detector bandwidtiAf. In this case the average noise
suppresses the background originating from spectrally nommagnitudeN~ |/Af. SinceS~ P, the laser-independent value
selective absorbersuch as resonator walls, TF electrodes,to characterize the PA ADM is the normalized noise equiva-
and the gas cell elementsThe laser beam is focused be- lent absorption coefficieftNNEA) determined as the mini-
tween the prongs of the TF and its wavelength is modulatedhum optical absorption coefficierithat is, resulting inS
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TABLE |. Dimensions andQ factors in vacuum and air for three types of 12
TFs. The dimensions are denoted as shown in Fig. 1, bottom.
10
Dimensions, mm
< s8f &g
TF 4 w g t Qvac Qair Ef
1 3.8 0.58 0.30 0.30 87 000 13 000 % 6
2 3.8 0.58 0.20 0.24 126 000 12 000 B
3 2.8 0.30 0.20 0.10 116 000 8000 i
2 -
=N) multiplied by the optical excitation power and divided [ " e
by the detector bandwidth. Lower NNEA means better ADM 2750 32755 32760 32765 32770
performance.

Frequency, Hz

I1l. QUARTZ TUNING FORK: RESONANT PROPERTIES FIG. 3. The TF response to ac voltagé=140 uV amplitudg. The ac-
AND NOISE quired curves yielde@=13 271 ancR=93.9 K at 755 Torr(dashed ling
Q=93456 andRr=13.3 K} in vacuum(solid line).
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 f;=32 768 is used. So far, only the TFs with this A_ mechanical de_formanon of the TF prongs induces
resonant frequency were used in QEPAS experiments bée_lectncal charges on its electrodes. A generally accepted way

cause of their ready commercial availability. Mechanical anc®! ©Pserving the TF electrical response is to utilize a tran-

electrical properties of TFs were extensively studied in relaSimpedance amplifier as shown in Fig.(ottom), switch

tion with their application in ultrahigh resolution scanning POSition 1. A gain resistoR,=10 M( was used in our de-
microscopy pioneered by Karrai and Grober in 1ooer S9N Feedback maintains a zero voltage between the TF
latest developments see, e.g., Refs. 9-11 and referenclectrodes and thus the influence of the parallel stray capaci-
therein. The dimensions and several other TF parameterl2N€€Cp [Fig. 2@] is neutralized. In Ref. 12 it was shown
from three arbitrarily selected manufacturers are given ifhat the TF noise in this circuit, measured at the amplifier

Table I, where the dimensions are denoted as shown in FigutPut at the resonant frequenéy is equal to the thermal
1. bottom. noise of the equivalent resist&

The mechanical and electrical properties of the TF are (y2) aksT
coupled via the piezoelectric effect. The TF parameters as a T = R
\J

mechanical oscillator correspond to equivalent electrical pa-
rameters of a serigRLC circuit: mass(m) to inductancegl), where\/<A_ﬁ> is the rms voltage noise at the transimpedance
rigidity (k) to inverse capacityl/C) and dampingB to re-  amplifier output,Af is the detection bandwidth, aridis the
sistanceR (Fig. 2, top. The resonant frequencly andQ  TF temperature. The gain resistBy also_introduces noise

(4)

factor of the TF are related g, L, andC as follows: with a spectral density4ksTR;, but it is \ﬁ? times lower
1 K o1 1 than the TF noise and can be usually neglected for typical
fo=— \/j =—\/—, (2)  values ofR~10-100 K).
2m ¥m 27 VLC The electrical parameters of the TF can be determined by
applying an ac voltag® to it as shown in Fig. Zbottom),
Q= é\/g ) switch position 2, and scanning frequentyf the applied

voltage. The maximum of thif) function, wherd is the TF
L C U R current andf is the modulation frequency of the applied
__rW\_”_@M/\__ voltage, yieldsfy. In this mannerR and Q are determined
using the two relations

U fo
C R: L = 1 5
g 1(fo) Q Af ®
R . .

I N where Af 5 is the width of thel(fy) curve at thel(fy)/ 2
Uin 2 < level (Fig. 3). The presence of the parall@, capacitance

it introduces a systematic error to measurements ofRh€
TF U=IR, circuit impedance. TypicallyfC,~2 pf, and thus its imped-

ance atfy=32.7 kHz isZc=2.4 M() and theR<Z. condi-
— — tion is satisfied. Therefore, the small error relatedCfocan
G o el \ectric circuit of & THop). Uy | | § be neglected. Botliy and Q are dependent on the TF tem-
FIG. 2. Equivalent electric circuit of a THop). Ug is a voltage generate : : i
due to the action of the external mechanical for@chematic of the TF perature, the surroundlng gas pressure and the major chemi

signal detectior(bottom) for photoacoustic measuremergssvitch position cal com_position. Two resonant curves vaUir_ed for Teele
1) and the TF characterizatigswitch position 2. Table ) in vacuum and when exposed to ambient atmosphere
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FIG. 4. Dependence of TF lossksee Eq.6)] on air pressure. Pressure, Torr

FIG. 5. Acoustic resonator enhancement facgt@s a function of air pres-
ureP. Experimental points are fitted with a cunéP)=14.797°% where

are shown in Fig. 3. A number of studies on TF dampening irg". .
is expressed in Torr.

gases was reported in Refs. 9-16. All of them state a linear
relation of f; and gas pressure. However, there are some

discrepancies regarding th@ dependence orP. For this To increase the effective interaction length between the
reason we performed a characterization of the TFs used ifydiation-generated sound and the TF, a half-wave acoustic
this study at different gas pressures and composition. Thgssonator was installed. It consisted of two silica tubes, each
linear nature off,(P) was confirmed. For TF 1 the slope 245 mm long with a 0.32 mm inner diameter, aligned per-

coefficient in air was found to bedfy/dP=9.6 pendicular to the TF plane. The distance between the free
X 107% Hz/Torr. To describe gas-induced vibration dampen-ends of the tubes was equal to half wavelength of sound in

ing we introduced a parametgrdefined as air at 32.75 kHz, thus satisfying the resonant conditidhis
1 1 resonator was found to enhance the QEPAS sensitivity
Y= 0 o (6)  ~8-10 times(Fig. 5), regardless of a-0.4 mm wide gap
vac

between the tubes where the TF was located. The presence of

whereQyqc is the TFQ factor in vacuum, which depends on the resonator did not noticeably change the measQréat-

internal losses in the TF as well as the losses added by ther of the TF. All the measurements described below were

electrical circuit. It was found tha(P)=aP® (Fig. 4), where  performed using an ADM consisting of the TF and such an

a andb are parameters specific to a particular kind of TF.gcoustic resonator.

Thus,Q(P) can be described as The QEPAS sensitivity to the concentration of the trace
Quac component in a specific gas sample is a function of the

T A~ oo (7) sample pressure. This dependence is determined by the fol-

1+QuaaP’ lowing characteristic trends

For TF 1 in aira=2.8x 108 andb=0.47, if P is expressed in (1) TF Q-factor decreases at higher pressyies. (7)].

Torr. We also studied the TF parameters in a mixture of aiFrom Eqgs.(1), (3), and(4), it follows that the SNR is pro-

and Sk. Both fo(c) and y(c) dependences were found to be portional to,Q for a fixed f, and applied mechanical force.

Q:

linear as functions of Sfconcentrationc for a 0%—40% (2) Peak optical absorption varies with pressure, espe-
range cially at low (<30 Torn pressures when the collisional line
fo(C) = fo(0)—0.02%, (c)=5.1% 107, (8) broadening is less than Doppler broadening. On the other

hand, merging of closely spaced absorption lines should be
taken into account at higher pressutés.
(3) Energy transfer from vibrationally excited molecules
to translational degrees of freeddwtT relaxation) is faster
IV. PHOTOACOUSTIC GAS SENSING WITH A TE: at higher pressures, resulting in more efficient sound excita-
IMPLEMENTATION AND OBSERVATIONS tion. The effect of thé/-T relaxation rate on the PA signal is
discussed in detail in Ref. 18.
(4) Acoustic resonator enhancement factor changes with
TFs with different dimensions including those listed in pressure.
Table | were compared as QEPAS transducers without an The laser wavelength modulation amplitui® must be
additional acoustic resonator. It was found that the thickesbptimized at each pressure for the highestsignal. The
of the tested TF$1 in Table ) produced the highest signal- two-parameter optimizatiofpressure and\) was reported
to-noise ratio(SNR) when photoacoustic sound was excitedfor different gases i’ It was experimentally found that
by a modulated laser beam focused between the TF prongte optimumAXN=2X full width at half maximum of the
Therefore TF 1 was selected as the transducer for all thearget absorption line.
gas-sensing studies as reported in this work. The optical configuration of the QEPAS sensor should

where c is expressed as a percentage, aiffigl0)
=32 762.58 Hz for studied TF 1.

A. General principles
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TABLE Il. Summary of published results on QEPAS based gas sensing. NNEA—normalized noise equivalent
absorption coefficient. NEC—noise equivalent concentration for available laser power argltime constant.

Molecule (hos) Frequency, Pressure, NNEA, Power, NEC (7=19),

[Reference cmt Torr cmtW/HZzY2 mw ppmv
NH; (N,) 17 6528.76 60 7.210° 38 0.65
H,O (exhaled air 19 6541.29 90 &10° 52 580
CO, (exhaled air 19 6514.25 90 1.810°8 5.2 890
N,O (air+5%Sk) 18 2195.63 50 1.510°8 19 0.007
CO (N, 18 2196.66 50 58107 13 0.5
CO (propylene 21 2196.66 50 7.410°8 6.5 0.14
CH,O0 (air) 20 2832.48 200 221078 3.4 0.55

be designed so as to avoid illumination of the TF and the CO in N, (Ref. 18: V-T relaxation of the fundamental
inner surface of the enhancing acoustic resonator by the lasgibration of this molecule is too slow for sound generation at
radiation, including any scattered light and incidental reflec-32.7 kHz. The observed QEPAS response is associated with
tions from the optical elements. Thef Dperation mode fast rotational-translational relaxation of the rotational exci-
greatly reduces direct photothermal excitation of the TF. Intation accompanying absorption of the vibrational quantum.
particular, it was observed that the TF did not produce any CO in propylene, GHg (Ref. 21: A propylene host was
electrical response even when2 mW of a 1.6um laser found to promoté/-T relaxation of CO to some extent. How-
beam modulated dft,/2 was directly focused to one of the ever, the speed of sound in propylene is different from{air
TF prongs. However, temporal modulation of scattered andN,). Hence the acoustic resonator tube length no longer sat-
incidentally reflected radiation intensity is nonsinusoidal be-sfies the resonant condition. Furthermore, the lock-in ampli-
cause of optical interference effects. Consequently, its modufier phase was set to suppress the background propylene sig-
lation spectrum contains components at twice the modulational and therefore the phase did not necessarily coincide with
frequency and can excite the TF vibration. In the practicathe CO-originating photoacoustic signal.
implementation of our QEPAS ADM the enhancing acoustic  CH,O (Ref. 20: the SNR continued to grow slowly for
resonator mount serves as an efficient shield protecting thgressures>200 Torr. However, selectivity requirements and
TF from the scattered radiation. Tilting the cell windows andlaser wavelength modulation limitations did not allow us to
the proper laser beam shaping resulted in background-fremcquire meaningful spectroscopic data at sample pressures
detection in all the gas-sensing experiments performed. beyond 200 Torr.

We can conclude from the above observations that the
B. Review of published results on QEPAS-based trace optimum pressure tq _detet_:t molecules with isolated fast-
gas sensors relaxing optical transitions is-50—90 Torr for the present
ADM design. For slower relaxing species such as,OHhe
highest SNR is achieved at elevated gas sample pressures.
It was shown in Ref. 21 that the PA phase information
be used to enhance the chemical selectivity. This obser-
L vation is not really unique to QEPAS but is relevant to PAS
molecular vibrations. Comments on Table II follow. in general. However, PA operation at such high acoustic fre-

NH; (Ref. 19: The NNEA measured for this molecule in uency as 32.7 kHz makes relaxation-related PA phase shifts

thg qvertone region 1s the best among the testgd speue%ore pronounced. Observation of PA phase shifts by means
pointing to fast vibrational-translation&V/-T) relaxation of of a TF can be a powerful tool to studyT relaxation pro-

Tesses in gases. As compared to the conventional PAS ap-

lied to relaxation studies, TRwhen used without an en-
rTﬁancing acoustic resonajooffers advantages of resonant
frequency and instrumental phase shift being practically in-
dependent of the gas pressure, temperature, and chemical
Lomposition.

The results reported so far in published QEPAS
studies’*! are summarized in Table II. The first three table
lines represent optical excitation in the overtone region, an%an
the other four lines refer to the excitation of fundamental

sure follows the product of the peak absorption,@Factor,
and acoustic resonator enhancement factor, which confir
that the 2rfy7r,.r<<1 condition(r,.t is the V-T energy trans-
fer time constantis satisfied at gas pressure80 Torr. The
highest sensitivity was achieved at 60 Torr gas sample pre
sure.
H,0 and CQ (Ref. 19: The NNEA for both these mol-
ecules is close to the NEAA measured for jkhdicating a € Comparison with conventional PAS sensors and
fast V-T relaxation of the excited states. However, minimum!ong-term stability
detectable concentration levels are high because the absorp- Among the seven species listed in Table 1l Nekhibits
tion lines within the tuning range of the available laserthe fastes¥/-T relaxation, which can be considered instanta-
source are weak. neous on the 1If time scale. Thus, the results for Nisoni-
N,O (Ref. 18: Addition of SF; to the sampled air pro- toring permit the evaluation of the intrinsic QEPAS ADM
moted V-T relaxation and resulted in a 4 ppb NEC fer sensitivity. A number of studies on trace ammonia detection
=3 s time constant. by means of conventional PAS were reported, which allows a
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TABLE lll. Comparison of QEPAS NNEA with other published PAS sen- 40 AL AL MM MR AL LALAL LA AL AL
sors data.
. 30 J
Resonant acoustic NNEA,
Publication and comments frequency, Hz cm W/ (Hz
Z 20
°CO, laser, amplitude 1840 1.1x 10°8 =
modulation go
9Diode laser, amplitude 4000 6.4< 1079 & 10
modulation [
PFiber-amplified diode 1800 2.2<10°% 0 l
laser, wavelength modulation I
Present work 32760 5410°
-10
®Not as directly reported in the publication; see text for specific details. 0 10 20 30 40 50

PReference 7.
‘Reference 22.
YReference 23.

Time, 10° s

FIG. 6. Consecutive QEPAS readings acquired over a period- 1 h.
Nitrogen with 6 ppmv of NH is supplied to the ADM, and the laser wave-

. L . . length is alternatively switched to be on and off the ]Nasorption line at
comparison of QEPAS sensitivity with the results achievedssog 4 cmt.

by means of the conventional resonant PAS approach. For
such a comparison, we selected three of the recent publica-
tions. Our latest result for Nfdetection(obtained with the

’ : \ of Eg. (1)], but is 2-3 times lower than wavelength-
6528.76 crt  absorption  ling is  NNEA=5.4

9 1 J _ , modulation based PAS sensors have achieved. This gap will
X 10" cm =W/ (Hz. An improvement over the previously ot jikely be closed with the future QEPAS developments.
reported .numbel(Rgf. 17, see Table ?”'S due tq an im- Specifically, a considerable gain in QEPAS sensitivity should
proved, tighter design of the enhancing acoustic resonato e achieved when TFs with lower resonant frequencies are
Table Il summarizes a comparative study of QEPAS anOEsed[see Eq(1)]. An added advantage of using a TF with a

conventional PAS sensitivity, and detailed comments fOHOWIower resonant frequency is more efficient photoacoustic

below. sound generation in gas systems with I&WT relaxation
Reference 22 described NHletection using C@laser g 9 Y .
rates, for example, formaldehyde in Air.

radiation amplitude modulated at 1837 Hz and a resonant While NNEA describes the sensor performance on a

photoacoustic cell. The reported NNEA=1.1 . . .
%108 el W/ /Hz. short time scale, other kinds of measurements are required to
Another put\ilicatioﬁ"‘ described NH detection with di- characterize long-term drifts and establish the signal averag-
ode lasers amplitude modulated at 4 kHz and a dif'ferentiailng limits. We shall follow the approach described in Ref. 25,
hich introduced utilization of Allan variance of time se-

resonant photoacoustic cell. The authors of Ref. 23 do not’ . i
directly report NNEA orAf values. However, they report guences of measurements to quantify the long-term stability
that a sensitivity of 1.4 107 cnT W was achieved with a of optical sensors. In order to obtain such statistical informa-

7=10 s lock-in amplifier time constant. The lock-in amplifier 1N o kinds of data sets were acquired using the QEPAS
equivalent noise bandwidttENBW, Ref. 24 depends also NHas sensor described in Ref. 17. N
on a low-pass filter order. Assuming a first order fiter (1) Aflow of nitrogen with 6 ppmy(parts per million by
(6 dB/oc), which gives the best NNEA, we measured di- volume NH; from a trace gas standard generator was passgd
rectly the ENBW for the same lock-in amplifié8tanford SR through the TF ceII.at arate of 42 sccm. The gas pressure in
830 and found that the ENBW=0.048 Hz. Substituting this the TF cell was maintained at 60 Torr by means of the pres-
for Af, one obtains a NNEA=6410"° cmi* W/ Hz. sure controller. The laser radiation was alternatively locked
The technique reported in Ref. 7 resembles the QEPAS® the NH; absorption line at 6528.76 cth(ON mode or
sensor configuration. Wavelength modulated radiation wa§€tuned to an absorption-free region-a8528.4 cm'* (OFF
used for PA excitation, and the signal was detected at twic&'0de. ON and OFF modes were switched every 1200 s. As
the modulation frequency. The resonant frequency of the PAN Ref. 17, the laser power in the TF cell was 38 mW. The
cell was~1800 Hz. The sensitivity reported in this work is lock-in amplifier time constant was=1s, and third order
an NNEA=1.5< 100 cm™1 W/ |Hz. However, as it can be low-pass filter setting¢18 dB/oct were used. With these
derived from the presented data, the authors assufrfed settings of the lock-in amplifier the directly measured
=0.1 Hz for ar=10 s lock-in amplifier time constant. This is ENBW=0.19 Hz. The lock-in amplifier readings were re-
most likely an error, since even a first order low-pass filtercorded every 3 s, and the measurements performed continu-
results inAf=0.048 Hz, as mentioned in the previous para-ously for ~16 h (Fig. 6). To perform an Allan variance
graph. If such a correction is made, the sensitivity achieve@nalysis, all the data subsets with the laser on the absorption
in Ref. 7 is NNEA=2.2<10° cm* W/ |Hz. line were stacked together and treated as a single uninter-
Hence, it can be concluded that the presently achievetupted time sequence. A similar procedure was performed
QEPAS performance is higher than the reported results fowith the data subsets corresponding to the OFF mode.
amplitude modulation based resonant HA8spite the much (2) The laser beam was blocked, lock-in amplifier time
higher resonant frequency, which appears in the denominat@onstant changed t¢=0.3 s (ENBW=0.63 H2, and the
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FIG. 7. Allan deviation as a function of the data averaging period. Solid
line: laser is locked to the NHabsorption line at 6528.4 ¢ih 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 slope.

lock-in amplifier readings were recorded every 1 s. The total
duration of this experiment Wa315 h. . FIG. 8. Functional diagram of the QEPAS based gas sensor. PD—
The results of the Allan variance analysis are presente@hotodetector, BS—beamsplitter, SW1 and SW2—electronic switches,
in Fig. 7. For clarity, Allan deviatior( <02A>) is shown in- LPF—Ilow-pass filter, MC—microcontroller, DAC—digital-analog con-
stead of the variance, and expressed in terms of absorptiof§'e"» SWG—sine wave generator
coefficient or ammonia concentration for this particular sen-
sor. ON and OFF mode data resulted in practically coincithe acoustic resonator resonant frequency. The resulting
dent plots, therefore only the ON mode data are shown. Thehange in the detected signal depends on the enhancing
initial deviation of the curves from the 1t dependence is acoustic resonatd factor and is more difficult to take into
caused by the correlation of the lock-in amplifier readings foraccount than thermal changes in the TF properties. This
~8r. The Allan deviation for all time sequences closely fol- problem is not specific to QEPAS but is general for resonant
lows a 1/t dependence over the entire duration of the meaPAS. The resonant frequency of the gas-filled acoustic reso-
surements series. This observation verifies that whitator is determined by its physical dimensions and therefore
Johnson noise of the TF remains the dominant source afannot be readily changed. Hence if the QEPAS sensor is
noise even on a multi-hour time scale, and the QEPAS base@quired to operate over a wide range of temperatures its
sensor allows practically unlimited data averaging withoutsensitivity should be pre-calibrated in this range. An alterna-
base line or sensitivity drift. For comparison, trace gas sentive approach can be to have a set of ADMs optimized for
sors based on direct optical absorption detection usually exdifferent temperatures and direct the laser radiation to a spe-
hibit drifts that do not allow useful data averaging for time cific ADM depending on the gas temperature. The small size
periods longer than 100—200(see, for example, Ref. 26  of the QEPAS ADM and the availability of compact micro-
The thermal stability of the QEPAS sensor has not beerlectromechanical system optical switches make such an ap-
experimentally studied to date. However, it can be evaluateg@roach feasible.
based on the known TF properti@sThe resonant frequency
fo of the tuning fork changes with temperatufeaccording
to the equation as specified in the TF data sheets

— ° -8 o 2

fo(T) = o(25 * Ol1 = 4X 10T =25 ° 7. ©) The response speed of the QEPAS technique is intrinsi-
Hence,f, variation in the 5—-45 °C range is0.5 Hz. This  cally limited. The oscillator relaxation time constant is
shift in resonant frequency is considerably smaller tharrQ/=f, (see, e.g., Ref. 37 For a typicalQ~30000 at
Af 3=2.5 Hz at atmospheric pressure and will cause onlys0 Torr andf,=32.76 kHz,7,=0.3 s. Hence, to detect the
~7% decrease in the detected signal if the laser modulatiosignal within 5% of its steady-state value we should sample
frequency is not adjusted accordingly. The decrease ifQthe not more often than approximately once a second. Therefore,
factor for the same 20 °C temperature detuning frdm it is not practical to configure a QEPAS based chemical sen-
=25 °C is expected to be 1%.° resulting in a proportional sor for spectral scans of an absorption line. Instead, the laser
QEPAS signal change. Temperature changes are usuallyavelength must be locked to the target absorption line cen-
slow, and hence can be readily accounted for by perioditer. This approach is justified because of the background-free
measurements df, andQ and the respective adjustments of nature of 2 QEPAS, which was experimentally confirmed
the laser modulation frequency and the normalization coeffirepeatedly.
cient. Another temperature-related parameter is the resonant The functional diagram of the QEPAS based autono-
frequency of the enhancing acoustic resonator. The speed ofous chemical gas sensor is shown in Fig. 8. The sensor
sound in an ideal gas is proportional to the So, a tem- utilizes a 2 wavelength-modulation spectroscopy approach,
perature variation of +20 °C will cause +3.5% variation in where Z=f; in the case of QEPAS. The sensor consists of

V. AUTONOMOUS QEPAS BASED CHEMICAL
SENSOR ARCHITECTURE
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the three subsystems: a control and data processing electraeitiding a built-in power supply. To make the CEU an inte-
ics unit(CEU) schematically shown as a large dashed box ingral part of the QEPAS gas sensor, the initial parameters

Fig. 8, a transimpedance amplifier with an electronic switchsuch as the level, theU amplitude and phase, and feedback
shown as a small dashed bkis unit has to be positioned coefficient for line locking must be set. This can be per-
close to the TF, and a set of optical components including formed either from the front-panel keypad or via a RS232
the excitation laser, reference cell with a photodetector, and gerial interface. Parameters are stored in the CEU memory. A
TF. The optical components can vary depending on the speewo-line liquid crystal display indicates the current operation
tral range, target molecule and the excitation laser. It is aSparameters including the updatgblvalue and the mode of
sumed that the laser wavelength is determined by the V0|tag§peration(“calibration” or “measuremeny’ as well as the
applied to the laser driver input. For example, the wavemost important measured values such as Ghéactor, fo,
length of a distributed feedback semiconductor laser changggser power, and. A LABVIEW driver was created for con-
with current. Hence the current source with an analog voltyenient initial setup and laboratory tests. The CEU was
age input can be used as the “Driver” in Fig. 8. The dctested for GH, detection with 32.76 and 20.0 kHz TFs
component of the laser driver inplt determines the laser (without acoustic resonator The CEU performance was
central wavelength, while the ac componghprovides the found to equal the performance of the laboratory setup which
wavelength modulation. incorporated two commercial lock-in amplifie(SR 830

The CEU is based on an ATmegal6 microcontrollerDSP’_Sta”ford Research Systgraad a computer-controlled
(MC, Atmel Corporatiop and has two primary modes of function generator(DS 345, Stanford Research Syst¢ms
operation: the measurement mode and the calibration moddne measured noise level matched the theoretically calcu-
In the measurement mode the switches SW1 and SW2 are [teéd TF noise within 10% accuracy.

position 1, and the following functions are performed:
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