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Abstract: The implementation, performance validation, and testing of a gas-leak optical
sensor based on mid-IR quartz-enhanced photoacoustic (QEPAS) spectroscopic technique is
reported. A QEPAS sensor was integrated in a vacuum-sealed test station for mechatronic
components. The laser source for the sensor is a quantum cascade laser emitting at 10.56 um,
resonant with a strong absorption band of sulfur hexafluoride (SF¢), which was selected as a
leak tracer. The minimum detectable concentration of the QEPAS sensor is 2.7 parts per
billion with an integration time of 1 s, corresponding to a sensitivity of leak flows in the 10~
mbar-l/s range, comparable with state-of-the-art leak detection techniques.
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1. Introduction

Leak detection and localization are critical manufacturing quality-control processes for
several industrial fields such as mechatronics, biotechnology, petrochemical and automotive
industries. There is a need for products and technologies that require hermetically closed
areas, vessels, and tubes conveying pressurized gases or liquids, where leaks are a serious
threat to products reliability and safety. Consequentially, considerable effort was invested
during the last decades in developing gas leak-detection systems with high sensitivity and
stability to guarantee proper operation of a device in vacuum-sealed or high-pressure
conditions. The selection of the leak sensing method is mainly related to the required
measurement precision. Differential pressure detectors are typically employed in industrial
production chains, when the measurement time period allowed is a few seconds, and the
precision for a single measurement is 1 Pa. These detectors monitor the pressure difference
between two environments that are isolated from each other by forcing high-pressure gas into
one of them. The disadvantage of this approach is the low sensitivity and the fluctuations of
repeated measurements within ~4 Pa [1, 2]. Differential-pressure test detection limits of
1x10~* mbar-1/s can be realized.

A different category of techniques is based on the detection of specific gas species (such
as inert gases). An overpressure of a mixture containing the tracer gas is made inside the
element under test and leaks are detected by tracing the target gas presence in the surrounding
area. Halogen leak sensors require the pressurization of the system to be tested with an
organic halide. The leak is found with a sniffer probe sensitive to traces of the halogen-
bearing gas. With such a system, leaks in the 107~ mbarl/s range can be identified [3].
Radioisotopes based systems are able to detect leaks as small as 10™'" mbar-l/s. The item to be
tested is placed in a chamber, which is filled with a radioactive tracer gas (typically krypton
85) [4]. If there is a leak, the radioactive gas diffuses through it inside the item. After
removing the component from the test chamber, the radioactive gas flows outside through the
leaks and can be detected by a radiation sensor. Mass spectroscopy leak sensors employ
helium as the gas target [5, 6]. These systems have proven to be extremely sensitive, reaching
a leak flow detection range of 107" mbar-l/s, which is suitable for quality control of critical
components such as, for example, vehicle airbags or cardiac pacemaker cases. Hydrogen gas
can also be used. The advantage of hydrogen is its very low natural background concentration
in air (0.5 part per million (ppm)). The main disadvantage is its flammability. To reduce such
a risk, gas mixtures containing < 5% of H, in nitrogen (N,) are employed [7].
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In leak measurements, besides sensitivity and selectivity, the response time is important
for the real-time detection of changes in gas tracer concentration. Techniques based on optical
absorption for trace gas detection are fast (with response times of 1 s or less), suffer from
minimal drifts, offer high gas specificity, are capable of sub-parts per trillion (ppt)
concentration detection sensitivity [8] and permit real time in situ measurements [9]. The best
results have been obtained when laser absorption techniques operate in the mid-IR fingerprint
region, where most gases show their strongest absorption bands. A robust and sensitive
optical detection technique is photo-acoustic spectroscopy (PAS) employing a compact and
relatively low-cost detection module [10, 11]. Among the different PAS methods, quartz-
enhanced photoacoustic spectroscopy (QEPAS) was demonstrated to be the most sensitive
technique, reaching detection limit in the few tens of ppt range [12—14] and normalized noise-
equivalent absorption values down to 10™"" cm™ ' W/Hz" [15].

In this manuscript, the implementation of an optical leak sensor based on QEPAS is
reported. The QEPAS sensor was integrated into a vacuum-seal test station for mechanical
valves. Sulfur hexafluoride (SFs) was selected as the leak tracer gas and a 1% SFg in N,
mixture was employed. SFg is an extremely stable gas with unique physical and chemical
properties that make it an ideal candidate for leak detection applications [16]. Test and
validation of the leak detector system with valves and certified leaks demonstrated the
feasibility to reach minimum detectable leak flow down to 10~’ mbar-1/s range.

2. Methodology and QEPAS sensor calibration

QEPAS is typically used for environmental monitoring of air pollution and the analysis of
multicomponent gas mixtures produced in technological processes [12, 17]. In QEPAS, a
quartz tuning fork (QTF) is used as the resonant electro-acoustic transducer to detect weak
photoacoustic excitations, generated by the gas target absorption from an exciting laser beam.
The merits of QEPAS include high detection sensitivity, high selectivity, and a fast time
response and thus this technique is an excellent choice for leak detection purposes.
Furthermore, QEPAS is immune to external sound sources and does not require the use of
optical detectors [12].
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Fig. 1. Block diagram of the experimental apparatus. ADM = Acoustic detection module; QTF
= Quartz tuning fork; HCW = Hollow core waveguide; EC-QCL = external cavity quantum
cascade laser; CEU = Control electronics unit; DAQ = Data acquisition.
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The typical experimental apparatus used for QEPAS detection of SF¢ is shown in Fig. 1
and is similar to that used in [13, 14]. The light source is an external-cavity quantum cascade
laser (QCL) emitting at ~10.56 um. The radiation is focused into a hollow core waveguide
(HCW) with an internal diameter of 300 um by using a ZnSe lens (focal length f = 40 mm
and diameter of 1 inch). The light exiting the HCW is focused into an Acoustic Detection
Module (ADM) by a focusing system [14]. The ADM contains a standard 32 kHz-QTF, two
micro-resonator tubes for acoustic amplification, two ZnSe windows, and is connected to the
input gas line. The ADM volume is ~2 ¢cm’. The use of a HCW improves the QCL beam
profile by filtering out higher order modes and providing a single-mode Gaussian-like laser
beam output, allowing an optimal focalization of the laser beam through the two micro
resonator tubes and between the QTF prongs [18, 19]. The interaction between the radiation
and the SF¢ molecules generate sound waves, which excite the vibration of the QTF prongs.
The light exiting from the ADM is re-collimated using another ZnSe lens (f = 40 mm,
diameter of 1 inch) and passes through a reference cell, filled with a 0.1% mixture of SF¢ in
N,.

A pyroelectric detector measures the light absorption and provides a useful spectral
reference for the identification of the SF4 absorption lines. This part of the experimental setup
serves only for the QEPAS sensor calibration and validation, and was removed in the final
leak test station in order to achieve sensor system compactness.

The mechanical vibrations of the QTF create a voltage signal via the piezoelectric effect.
This signal is amplified by a factor 30 by means of a transimpedance amplifier (with a 10 MQ
feedback resistor) and then processed by a Control Electronics Unit (CEU). The CEU
determined the main QTF parameters: resistance R, quality factor Q, and resonant frequency
fo. The CEU is also used to transfer the signal coming from the transimpedance amplifier to
the lock-in amplifier. A wavelength modulation (WM) technique was implemented by
applying a sinusoidal modulation to the laser current at half of the QTF resonance frequency
(fo/2) and detecting the QTF response at f; by means of a lock-in amplifier (lock-in amp 1 in
Fig. 1). WM QEPAS spectral scans were performed by slowly varying the laser wavelength
using a piezoelectric amplifier (not shown in Fig. 1). The output signal from the lock-in
amplifier is digitalized by a National Instruments DAQ card (USB 6008), connected to a
personal computer. The temporal evolution of both the piezoelectric signal and the response
of the pyroelectric detector are obtained by means of LabVIEW based software. A trace gas
standard generator is used to produce SF¢ concentrations in the range 0—10 ppm, using pure or
humidified N, as the diluting gas, starting from a certified 10 ppm SF¢ in N, mixture. The
pressure and flow rate of the gas mixture are controlled using a pressure controller (MKS
Instruments Type 640) and two flow controllers (Brooks Instruments 5850S). The flow of the
gas mixture was set at a constant rate of 0.67 mbar-l/s (0.67 scc/sec = 40 scc/min).

To demonstrate the use of QEPAS for leak detection, SF¢ was selected as the trace gas
marker. SF has its strongest absorption band in the 10.5-10.6 um (943-952 cm™") spectral
region [20,21]. In a previous work [14], we reported a simulated absorption spectrum for a
gas mixture of standard air and 10 ppm of SFg at 75 Torr pressure in the range 947-950 cm ™',
using HITRAN database [22]. For the sensor operation, we selected the strongest line
centered at 947.93 cm™" with absorption strength of 1.4-10° cm/mol, which is well separated
from the only feature potentially interfering in this range: a H,O absorption band centered at
948.26 cm™'.. The laser power was set at 25 mW. The time constant of the lock-in amplifier 1
was set at 100 ms and a signal integration-time of 300 ms was selected using the LabVIEW-
based acquisition program. The optimum operating condition in terms of gas pressure P and
laser modulation voltage were identified. The conditions providing the highest signal-to-noise
ratio are: gas pressure P = 75 Torr and peak-to-peak laser amplitude modulation voltage of
4.2 V. At these operating conditions, we performed a series of QEPAS spectral scans by
varying the SFs concentration in the gas mixture. The QEPAS signal was measured at
different SF¢ concentration levels, ranging between 132 parts per billion (ppb) and 10 ppm.
Figure 2(a) shows a selection of QEPAS scans, and in Fig. 2(b) the measured peak signals as
a function of the SF¢ concentration in the gas mixture are reported. The error bars associated
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with the SF4 concentration in Fig. 2(b) result from the sensitivity of the ow controllers, while
the error bars on the QEPAS signal were determined by the related 1o noise.
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Fig. 2. a) QEPAS scans of the absorption line centered at 947.93 cm™ measured for SFq
concentrations of 741, 506, 260 and 132 ppb. The frequency of the voltage ramp used to scan
the laser wavelength across the absorption line is 10 mHz. b) QEPAS peak signals as a
function of the SF4 concentration. The straight line is a linear fit of the experimental points.
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Fig. 3. Allan deviation in ppb of the QEPAS signal as a function of the integration time.

A linear fit of the experimental data points in Fig. 2(b) yields a slope of a = 0.020 mV/ppb
and an intercept of b = 0.750 mV. The b value represents the resulting QEPAS background
noise level. The R-squared value equals 0.999, which verifies the linearity of the QEPAS
signal versus SF¢ concentration. Furthermore, we performed an Allan variance analysis to
determine the achievable minimum detection limit (MDL) of the QEPAS sensor by acquiring
the QEPAS signal when pure N, flows in the ADM for a period of 3 hours [23]. The Allan
deviation plot is depicted in Fig. 3.

For an integration time of 1 s (i.e. a detection bandwidth of 0.16675 Hz), we achieved a
MDL value of 2.75 ppb.

3. Leak station test and validation

A leak test station was designed and realized, by implementing the previously described
QEPAS based SF¢ sensor system. This station is intended to detect and quantify leaks in
mechatronics systems and components, such as vacuum-valves and diesel injectors, which
must operate at high pressures. Figure 4 shows the schematic diagram of the QEPAS leak-test
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station, which includes two pressure meters, a pressure and a flow controller as well as a
certified leak inserted in a test chamber for system validation.

waveform
generator | _~| E E E gas lines
E quﬂ) — cables
lock-in amplifier flow
controller
 — = ’
%
CEU
- pressure pure N,
controller certified == -

leak

test chamber
- /
pressure meter

Fig. 4. Block diagram of the leak-test station. ADM = Acoustic detection module; HCW =
Hollow core waveguide; QCL = quantum cascade laser; CEU = Control electronics unit; PC =
Personal Computer. The dashed lines mimic the gas lines. Solid lines are electrical
connections.

A calibrated leak (ATEQ, model L1147AQ-N) was used to validate the test station. A
picture of this leak and the test chamber is shown in Fig. 5(a). In order to perform the
validation, pure N, was passed through the test chamber at a level of 0.67 mbar-l/s, while an
overpressure of 1% SF4:N, was applied to the certified leak. A part of this mixture flows
through the leak in the test chamber, due to the differential pressure (AP) between the test
chamber and the SF¢:N, mixture. Thus, the gas sample coming out from the test chamber
contains a SF¢ concentration, which depends on the leak size. A pressure controller allows the
gas mixture to pass through the ADM at a fixed pressure of 75 Torr. In this manner, it is
possible to determine the resulting SF4¢ concentration using the QEPAS sensor operating in
the locked mode, i.e. with the EC-QCL frequency set to the center of the selected SFg
absorption line. The AP was varied between 100 mbar and 1000 mbar for validation of the
QEPAS leak-test station. The resulting leak flow F; can be calculated from the following
expression:

F=—tel87h) (0
a-Cg, _(S_b)

where F¢ is the N, gas carrier flow (0.67 mbar-l/s), S is the QEPAS peak signal recorded for
each AP considered, and Cgg4 is the certified concentration of SF¢ in N, used as leak tracer
(Csrs = 0.01 in our experiments). The lock-in amplifier constant time was set at 100 ms and
the extracted leak flux as a function of the selected differential pressure is reported in Fig.
5(b). The results were compared with the calibration data provided for the certified leak and a
very good correlation was obtained. The discrepancies observed for differential pressures <
500 mbar are due to limitations in the differential pressure detector used for calibration when
it is approaching its minimum range of leak flow detection.
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Fig. 5. a) Photo of the certified leak inserted in the test chamber. The gas-in and gas-out
connectors are also visible. b) Leak flows measured as a function of differential pressure 4P
using the QEPAS sensors (M symbols), compared with the calibration data (® symbols)
provided for the certified leak.

The response time of the test station is determined by the flow rate and the length of the
gas line connecting the test chamber to the ADM. Considering an ADM volume (~2 cm?), a
20 cm-long connecting tube with a 1.6 mm internal radius, and a flow rate of 0.67 mbar-1/s,
the response time of the sensor should be lower than 6 sec. However, we observed a response
time of ~10 sec. This increase is due to resistance to flow introduced by tube connections and
the pressure controller positioned between the test chamber and the ADM. A faster response
time can be obtained by increasing the gas flow rate. Values > 1.7 mbar-l/s (100 ssc/min)
should be avoided, otherwise noise components due to gas flow turbulences will occur [12].

4. Leak test station operation

Once validated, the leak test station was tested with real vacuum-valve samples. Photos of the
investigated valves and of their operating principles are shown in Figs. 6(a)-6(c).

a) b)
Chamber 2
Yacuum
chambers
Sealing
Piston
c) —— =
~ Chamber 1
= =
Simulated
defects

Fig. 6. a) Photo of the internal part of the investigated valves. The internal holes connected to
the two valve chambers are marked by the red arrows. The sealing piston used to close the two
holes is visible in the right side. b) Photo of valve 3. The entrances to the two valve chambers
used to inject the test gases are marked by black arrows. ¢) Schematic of the valve operation
principle. The sealing piston pushes over the two internal holes to isolate them. Defects of the
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valves were simulated by inserting a small wire (small red line in the picture) between the two
holes, as marked by the black arrow.

The vacuum valves contain two separated chambers with internal (see Fig. 6(a)) and
external (see Fig. 6(b)) connecting holes. A sealing piston, pushed by a pressure of 5 bars,
closes the two internal holes and isolates the two chambers. Pure N, flows into valve chamber
1 (see Fig. 6(b)), while an overpressure of 1% SF¢:N; is created in chamber 2 via the related
external holes. In absence of any defect, the sealing piston is able to isolate the two chambers,
avoiding contamination of the pure N, flow from SF, leak tracer gas. We investigated valves
with and without simulated defects. These defects were realized by inserting small metallic
wires between the two internal holes, as schematically depicted in Fig. 6(c). In this way, the
wires allow SF¢ contamination into chamber 1. Wires of different diameters, ranging from 20
pm to 170 um were inserted between the internal holes. Figure 7 depicts a picture and a
schematic of the test station with a valve under test. The gas delivery system used to connect
the two chambers with pure N, and the SF¢:N, leak gas tracer is also shown. During the valve
test, a flux of 0.67 mbar-1/s of N, flows through chamber 1, while chamber 2 is filled with the
1% SF4:N, mixture at an overpressure of 400 mbar.

|

Sistemi Integrati pe

Fig. 7. Photo and schematic of the valve-seal test station and of the gas delivery system used to
connect the two valve chambers. The red dashed circles mark the position of the gas delivery
system in the test station.

The QEPAS sensor is operated in the scan mode. The concentration of the resulting SF
trace contamination is extracted using the calibration curve reported in Fig. 2(b). The spectral
scans obtained for the valve without defect and four valves with defects of different size are
shown in Fig. 8.
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Fig. 8. QEPAS scans of the absorption line centered at 947.93 cm™' measured for five different
valve samples. The frequency of the voltage ramp used to scan the laser wavelength across the
SF¢ absorption line is 25 mHz. The related types of defects are reported in the legend.

The leak flows for each valve were calculated using Eq. (1) starting from the
corresponding QEPAS peak signal S. The obtained leak flow values for the five valves are
listed in Table 1.

Table 1. QEPAS peak signals and related leak flows calculated using Eq. (1) for a valve
without defects (valvel) and four valves incorporating different defects. The
corresponding SFs contaminations (in ppm) in the N, flow are also reported and were
extracted using the calibration curve reported in Fig. 2(b).

(nov-‘:ilevfilcts) 1.10 3.3:107° 0.02

(20::1;:%”) 201.11 0.67 10.02
valve3

(20 pm double-wire) 734.69 2.45 36.70

(90‘;flirijire) 1299.66 4.36 64.94

(170v$1v1ev5vire) 1684.86 5.66 84.21

For valve 1 (without defects), as expected, only noise level leaks were measured, while
the valve with the biggest defect (valve5) generates a leak flow of 5.66-10~° mbar-l/s. This
value is close to the minimum detectable leak for a differential pressure detector. The leak
detected for the smallest defect was 6.7-10™ mbar-l/s, measured for valve2. However, the
corresponding SF¢ trace-gas concentration (10.02 ppm) is three orders of magnitude higher
than the QEPAS sensor MDL value. Starting from a QEPAS sensor noise-equivalent
concentration of 2.75 ppb at 1 sec integration time and considering a N, gas carrier flow of
0.67 mbar-1/s, it is possible to estimate the minimum detectable leak at these conditions, using
Eq. (1). This results in a leak of ~4.5-107" mbar-l/s, which can be decreased to ~4.5-107°
mbar-1l/s if pure SF¢ is used as leak test gas. A further decrease of the minimum detectable
leak could be obtained by reducing the pure N, flux. However, values below ~0.17 mbar-l/s
(10 scc/min) are not practical, since the time needed for the SFg leak trace to reach the
QEPAS sensor would exceed several tens of seconds. Note that, leak-test station operations
do not necessarily require QEPAS spectral scans. Leaks detection can be also performed by
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maintaining the laser wavelength on the selected SF¢ absorption line and measuring the
temporal QEPAS signal evolution.

Figure 9 depicts a comparison of the QEPAS leak detector performance obtained in this
investigation with other reported gas leak-detection methods sensitivities in the literature [24—
27]. Our optical leak station is competitive with state-of-the-art techniques, reaching
sensitivity level obtainable only with radioisotope and mass spectroscopy systems, and with
the advantages of lower cost, compact size and weight, faster response time and not requiring
radioactive materials.

(mbar-1/s) 102 103 104 10° 106 107 10% 10° 10 1o
Bubble test in water
Pressure decay
Acoustic
Vacuum decay
Corona test
Bubble test soapy water
Thermal conductivity
Halogen sniffer
Hydrogen sniffer
Helium sniffer
Halogen detector
Dye penetrant
SF; QEPAS sensor
Radio-isotope

Mass spectrometer

Fig. 9. Sensitivity ranges in mbar-1/s of the main leak detection methods.

5. Conclusions

A leak test station employing a QEPAS sensor was demonstrated, calibrated and its
performance was validated. The SFs QEPAS sensor shows a minimum detection sensitivity of
2.75 ppb for a 1 s integration time, which corresponds to a minimum detectable leak for the
test station of 4.5-107" mbar-I/s, if a N, gas carrier flow of 0.67 mbar-l/s is used. The leak flow
detectivity could reach ~1-107° mbarl/s, if a N, flow of < 0.17 mbar-l/s and pure SFg are
employed. This reported SFs QEPAS leak detection technique is competitive with most leak-
detection systems reported in the literature, with distinct advantages, such as a much faster
response time, compactness, lower weight and cost as well as safety. Finally, since the leak
due to vacuum chamber defects are proportional to the tracer gas overpressure, the sensitivity
of the reported test station to defects of automotive items can be further improved by
increasing the pressure of the SF¢:N, mixture, within the mechanical limits of the items being
tested .
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