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In manufacturing processes of semiconductor industry accurate detection and monitoring of water vapor
concentration in trace amount is of great importance. The ability to perform reliable measurements in ultra-
pure gases, with a wide dynamic range and low uncertainty, can have a substantial impact on product quality
and process performances. Here, we report on the development of a second-generation comb-assisted cavity
ring-down spectrometer and present H,O mole fraction measurements in high-purity N, gas. Based on the use
of a pair of phase-locked lasers and referenced to an optical frequency comb synthesizer, the spectrometer
allowed to record high-quality absorption spectra in coincidence with the 3,, — 2,, H,0 transition at
1.3946 pm. Retrieval of water mole fractions, at levels as low as 380 part per billion, was accomplished
through a careful spectra analysis procedure based on the use of refined line shape models which include
speed-dependent effects. Measurements were performed with a statistical reproducibility of 5 parts per billion,
for an integration time of about 0.2 s. The noise equivalent and minimum detectable absorption coefficients
were found to be 3.1 x 10~ ecm~1/v/Hz and 6.5 x 10-12 cm™!, respectively. This latter allowed for a
minimum detectable water mole fraction (limit of detection) of 160 parts per trillion. Finally, the main sources
of systematic uncertainty have been discussed and quantified.

1. Introduction it sticks on any metallic surface becoming the most difficult impurity
to remove. For all reasons stated above, the precise, highly sensitive,

For humans, water represents the most important substance without
which life would not be possible. Nevertheless, in some cases, its
presence becomes a serious issue that is not easily to be overcome.
Residual water content (often referred to as moisture) in some scientific
contexts can jeopardize the success of well-designed experiments. Just
to cite an example, in gravitational wave detection experiments, the
phase noise due to residual water content in the vacuum tubes is
not a limiting factor provided that water pressure is kept below the

and real-time monitoring of water content has become an increasing
demand from both the scientific community and the industry [2].
For example, in the case of high-purity nitrogen gas, used to prevent
contamination of the semiconductor wafer surface, the admitted levels
of residual water are below 100 parts per-billion (ppb) [3]. Other
interesting cases are represented by the fabrication of light emitting
diodes, laser devices, and solar cells where the specifications in terms

level of 1078 Pa [1]. Not less important is the role that water plays
in some industry sectors, with a particular accent for semiconductor
manufacturing where high-vacuum conditions and/or high-purity gases
are absolutely required. In fact, water is considered one of the most
significant contaminants during fabrication processes because it can
adversely affect the efficiency as well as the noise performances of
semiconductor materials. Its detrimental effect on the optoelectronic
properties of the final devices is further amplified by the fact that
water is present in the atmosphere in large quantities, and, therefore, it
spreads readily everywhere. Moreover, due to its chemical properties,
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of residual water mole fraction are even more stringent [4]. In exac-
erbating these demands, it could be noted that problems related to
moisture are not simply avoided by purchasing the highest quality gas
source. Each element in a gas distribution system potentially can be a
source of contamination due to the polar nature of the molecule. This
circumstance enhances the need of control and measuring water vapor
concentrations even up to mole fractions near the ppb level. Many
types of methods and instruments have been developed for moisture de-
terminations over the years, including atmospheric-pressure ionization
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mass spectrometry [5], chilled-mirror hygrometers [6], electrolytic sen-
sors [7], oscillating quartz crystal mechanical microbalances [8], and
capacitance sensors [9]. Shortcomings of these approaches include high
costs, slow response times, poorly characterized surface interactions,
indirect calibration, or inability to measure moisture in hydrogen, oxy-
gen, and condensable or corrosive gases. More recently, miniaturized
solutions, based on solid-state sensing films that interact with water
vapor and convert the concentration into an electrical signal, have
been proposed [10]. However, also these sensors have some drawbacks,
such as drifts and contamination-induced inaccuracies. As proof of
the relevance of these issues, in 2016, on-chip photonic micro-ring
resonators, supporting high-Q whispering gallery modes, have been
developed as integrated photonic moisture sensors [11].

Despite the enormous demand of capability of detecting very low
water concentrations, the available instruments reported above are
often limited by large uncertainties and low detection limits. In this
respect, spectroscopic methods can be considered a valuable alterna-
tive. These techniques not only offer high sensitivities and fast response
times but are also easily adapted for online monitoring applications.
Further, they can be applied to a wide range of bulk gases (usu-
ally N,, O,, H,, He and Ar). Fourier Transform Infrared spectroscopy
(FTIR) is a well-established technique in the field, enabling detection
of multiple species, including water vapor. However, the use of more
selective and powerful near-infrared laser-based techniques, such as
Tunable Diode Laser Spectroscopy (TDLAS) [12-15] and Cavity Ring-
Down Spectroscopy (CRDS) [16-24], has increased significantly within
the last decades, leading to the development (and commercialization
in some cases) of several dedicated moisture analyzers. The interest
in CRDS has enormously increased due to the possibility of using
continuous wave (cw) diode laser sources, which are small, can oper-
ate at ambient temperature, and can guarantee high repetition rates.
In particular, cw-CRDS instruments have proven to be robust [25],
suitable for in situ applications [16], having a high dynamic range
spanning the reported detection limit from few ppb to hundreds of
part-per-trillion (ppt) [18,25]. Moreover, scientists at the National
Metrology Institute of Japan successfully tested the performances of
cw-CRDS moisture analyzer in terms of achievable accuracy traceable
to the International System of Units (SI). In fact, by means of a di-
rect comparison with their primary trace-moisture national standard,
water concentrations in nitrogen gases were measured with an overall
standard uncertainty of approximately 4% down to approximately mole
fraction level of 10 ppb [17]. A similar work has been also performed
at the National Institute of Standard and Technologies (USA) in 2009.
In particular, by means of an experimental setup which incorporated
frequency-stabilized cavity ring-down spectroscopy and a primary stan-
dard humidity generator, scientists at NIST could provide very refined
determinations of the spectroscopic parameters of fifteen water vapor
rovibrational transitions, with an overall combined uncertainty for line
intensities below the 0.4% level [26].

More recently, cw-CRDS has also benefitted from the use of near-
infrared optical frequency combs synthesizer (OFCS). Because of their
fine, discrete and stable spectral structure, OFCSs represent the ideal
tool to be combined with cw-CRDS to achieve high precision and
accuracy, along with high sensitivity. In this context, many experi-
ments have been performed on water vapor, demonstrating that the
combined use of cw-CRDS and OFCS allows for high-quality spectral
acquisitions even at trace H,O amounts [27,28]. Moreover, as far as
trace water measurements are concerned, the development of OFCS
assisted cw-CRDS experiments enabled for absolute determinations of
the molecular number density (that can be easily converted in water
mole fraction if the pressure and the temperature of the gas under test
are known), while preserving the highest levels of sensitivity [19,20].

In this work, we report on the results of trace water measurements
performed by means of a comb-assisted continuous wave cavity ring-
down spectrometer (CA-CRDS). Working at the wavelength of 1.39 pm,
where high-reflectivity mirrors, high-quality optical components, as

Sensors and Actuators: A. Physical 362 (2023) 114632

well as high-responsivity detectors are available, we were able to
measure trace level water content in high-purity N, gases. Selecting
the most suitable water transition accessible in operation range of our
lasers, namely with the spectrometer operating at 7170.27781 cm™! in
coincidence with the 3,,-2, | H,O transition of the v, +v; combination
band, we demonstrated the measurement of water vapor amount frac-
tions down to about 380 ppb, with a statistical uncertainty of 5 ppb, for
an integration time of 0.2 s. Furthermore, we show that, in its present
configuration, the spectrometer can afford a detection limit as low as
160 part per trillion (ppt) by increasing the integration time up to 6 s.

2. Experimental setup

A diagram of the comb-assisted cavity ring-down spectrometer is
depicted in Fig. 1. This apparatus represents an upgraded version of
the setup already described in Ref. [19]. This second-generation setup
has been specifically developed with the aim of further lowering the
ultimate sensitivity, the main elements of novelty being a new set
of mirrors having a higher reflectivity, a Booster Optical Amplifier
(BOA) used to increase the available optical power, and a more efficient
system for switching off the laser light.

The core of the experimental setup consists of two phase-locked
external cavity diode lasers (ECDL). One of them, the probe laser
(PL), is forced to maintain a precise frequency offset from a reference
laser (RL), which, in turn, is referenced to an optical frequency comb
synthesizer (OFCS). The probe laser emits near-infrared radiation at
approximately 1.4 pm and is phase-locked to the RL. At this purpose,
a beat note signal between the two lasers is detected by means of a
12-GHz bandwidth photodiode and used to tightly lock the PL to the
RL with a variable frequency offset, f, ;. This latter is controlled using
a radio frequency synthesizer (RFS) in order to perform frequency scans
of the PL across a particular frequency. On the other hand, the reference
laser is locked to a high finesse cavity using the Pound-Drever—Hall
(PDH) technique, so as to narrow its emission linewidth down to 10 kHz
(at 1-ms of observation time). In turn, the PDH cavity is stabilized
against one of the optical teeth of the OFCS with an offset frequency
of fpp4r = 20 MHz. The OFCS is a self-referenced fiber-based device
locked to the 10-MHz time base signal provided by a GPS-disciplined
Rb-clock. The relative stability of the RL frequency with respect to the
OFCS is 2 x 1071% at 1 s [29].

The interrogation of the gas samples, by means of the PL, takes place
into a high-finesse ring-down (HFRD) cavity. This latter is composed
of two plano-concave mirrors with a radius of curvature of 1 me-
ter, having a nominal reflectivity exceeding 99.99%. The mirrors are
mounted on a Zerodur® spacer at a distance of 43 cm. One of the
mirrors is equipped with a piezoelectric transducer (PZT) to enable a
fine-tuning of the cavity length. A 100-Torr absolute pressure gauge
(MKS Baratron, mod. AAO612TRA) and a calibrated 100 Q pt-resistance
thermometer allow for the accurate reading of the gas pressure and
cavity temperature, respectively. Both the instruments have an accu-
racy of 0.05%. Two stainless steel vacuum feed-throughs, glued on
the Zerodur® spacer, are used in conjunction with a scroll pump to
establish high vacuum conditions or to maintain a constant gas flow
into the cavity.

Before being coupled into the cavity, the PL beam passes through
a free space acousto-optic modulator (AOM) driven at a frequency of
fiom = 80 MHz and is then amplified up to approximately 20 mW by
the BOA. Both the AOM and BOA act as optical switches to instan-
taneously turn off the probe laser and initiate the ring-down decays.
As described in Ref. [30], the combined use of the BOA and AOM
makes it possible to reach a higher extinction efficiency of the cavity-
coupled light and, thereby, ensures a higher signal-to-noise ratio for
the recorded ring-down events [31]. At the input of the cavity, the
frequency of the PL turns out to be fp; = N X frpp + fopo + fppar
+ forr + f400> Where N is the comb tooth order, frzp = 250 MHz and
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Fig. 1. Schematic diagram of the CA-CRDS. OFCS stands for optical frequency comb synthesizer; RL, reference laser; PL, probe laser; BS, beam splitter; M, mirror; HFRD, high-finesse
ring-down cavity; FPd, fast photodiode; AOM, acoustic-optic modulator; BOA, booster optical amplifier; APd, avalanche photodetector; PC, personal computer; RFS, radio-frequency
synthesizer; RFS-1, radio-frequency switches; PZT, piezoelectric transducer; DAQ, data acquisition board; PLE, phase-locking electronics, SA, spectrum analyzer. The dashed lines
represent electrical connections, while red or yellow lines the path of the laser radiation. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

fcro = 20 MHz are the OFCS repetition rate and carrier-envelope offset
frequency, respectively.

The light emerging from the HFRD cavity is monitored by an InGaAs
avalanche photodetector (APd). At a fixed frequency of the PL, a
tracking servo-loop circuit moves the PZT until a resonance occurs.
Once the signal reaches a predetermined threshold level, a TTL signal
is sent to the AOM and to the BOA to abruptly switch off the laser
light. This triggers a ring down event, which is recorded using a 16-
bit resolution digitizer board with a sample rate of 10 MS/s. Before
changing the PL frequency, multiple ring-down events can be recorded,
each of them being acquired with 1400 points while the light is kept
turned off for about 700 ps. The acquisition board and the RFS are
referred to the Rb clock and controlled by a computer by means of a
Labview code.

3. Results and discussion

To assess the reproducibility of the CA-CRDS we acquired several
consecutive ring-down events at a fixed PL frequency under vacuum
conditions and we performed an Allan-Werle deviation analysis of these
data. In panel (a) of Fig. 2, 50 500 consecutive decay times, recorded in
about thirty-five minutes, are displayed. On panel (b) their distribution
is plotted, along with a Gaussian fit. The mean value for the ring down
times and the standard deviation obtained are 7, = 127.5 ps and o
= 0.05 ps, respectively, leading to a relative standard uncertainty of
0.04%. Similar results have been achieved at different PL frequencies,
showing a considerably high reproducibility on a day-by-day basis. The
ring-down time of the empty cavity yields a cavity finesse value of
279000, which corresponds to a cavity mode width of 4v, = 1.2 kHz
and an effective optical path of about 76 km. From the Allan-Werle
deviation behavior (see panel (¢) of Fig. 2), o4, as function of the
integration time, ¢, the sensitivity of the CA-CRDS can be inferred in
terms of the minimum detectable absorption coefficient a,,;, = J—*‘Z or

i)

in terms of noise equivalent absorption coefficient NEA = —% 2
cr fRaTE’

Sfrare = 23 Hz being the repetition rate of the ring down acquisitions.
The Allan-Werle deviation decrease as r~'/2, as expected for a white
noise distribution, down to a minimum value of o, = 3.1 x 1073
ps, for an optimum integration time of about 6 s, corresponding to

a number of the ring-down events equals to N = 138. The «,,;, and
—1

NEA, retrieved turn out to be 6.5 x 10712 cm~! and 3.1 x 1011 —CmH ,
VHzZ

respectively.

Fig. 3, panel (a), shows a typical absorption spectrum of the H,O
3,,—2,, transition, belonging to v, + v; vibrational band, acquired
under a continuous flow of high purity N, gas, keeping a constant
pressure value in the cavity of 2133 Pa. The PL laser frequency scan
around the line center was about 4.8 GHz, consisting a spectrum of
60 uniformly spaced spectral points. Each point is the average of five
consecutive ring-down events, the time necessary to record the full
spectrum being 15 s. The absorption coefficient, a(v), was retrieved
from the ring down time, z (in s), as function of the PL freqjlency v

(in em™1) following the well-known equation a(v) = 1 (1 — 1), being

T
7, the ring down time under vacuum conditions. To evaluate the water
mole fraction we used the expression:
arorkgT
ST)p

where kjp is the Boltzmann constant, 7 is the thermodynamic tempera-
ture, p is the gas pressure, and S(7T) is the line intensity. The integrated
absorption coefficient, given by a;or = [ a(v)dv, was determined by
means of a nonlinear least-squares fit of the absorption spectrum using
the following equation:

Xy = @

a(v) =

Here, the linear baseline takes into account a residual frequency-
dependence of mirrors’ reflectivity, while g(v—v)) represents a normal-
ized line shape profile having its center at v,.

In order to determine the most suitable line shape model, we
conducted a comparative analysis of five different profiles. The optimal

(Py + Pv) + arorg(v —vy). 2)
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Fig. 3. Panel (a): experimental H,O absorption spectrum recorded at a total pressure of about 2 kPa of high purity nitrogen gas. Panels (b), (c), (d), e, and (f): residuals resulting
from the nonlinear least-squares fit of Eq. (2) by means of a VP, MVP, SDVP, SDNGP, and SDAVP, respectively.

model was selected by comparing the root mean square (rms) of
the residuals and applying the so-called Akaike information criterion
(AIC) [32], following the same approach adopted in Ref. [33]. The
AIC is a statistical estimator that provides information about the risk
of overfitting the data by adding parameters in a model. The quantity
durc is defined according to the following equation:

qarc = N,lIn{;}* + In@27) + 1]+ 2(Py;, + 1), 3

where Py, is the number of the parameters used in the fitting proce-
dure, N, the number of the spectral points, and {c,} the numerical
value of the residuals’ rms. This quantity makes it possible to evaluate
if an increased number of parameters brings to a real improvement of
the fit’s quality or leads to a penalty related to an useless complexity
of the model. If two different models lead to similar rms values, the
q4;c parameter can be used to infer which model is the optimal one. In
particular, a lower g4, value for a model means less risk of overfitting,
namely a better model.

Several alternatives to the well-known Voigt profile (VP), with
increasing complexity, have been proposed for the analysis of water
absorption spectra [26,34,35]. A detailed review is out of the aim of
this paper and we refer the reader to Ref. [36] for a more detailed de-
scription. Here, g(v —v,) was modeled using the VP, the modified Voigt
Profile (MVP), the speed-dependent Voigt profile (SDVP), the speed-
dependent Nelkin—-Ghatak profile (SDNGP), and the speed-dependent
asymmetric Voigt profile (SDAVP). We draw the attention of the readers
on the fact that a MVP is a VP in which the Doppler width is left
as a free parameter during the spectra analysis. In the case of speed-
dependent profiles, the speed dependence of collisional broadening and
shifting is considered in a quadratic form [37]. With the exception of
the MVP, for all the investigated line shape models the Doppler width
(I'p) of the line was fixed to the value calculated from the measured
temperature. The collisional width (I';) was left as free parameter for
all the profiles, while a parameter describing the speed-dependence of
the collisional broadening (a,,) was included for the SDVP, the SDNGP,
and the SDAVP. Following the outcomes of Ref. [26], the collisional
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Table 1

Py qp1c, OF, and the rms values for the all the investigated line shape functions.
g(v—vp) rms (cm™!) OF Py darc
VP 1.69 x 107° 141 5 —2241.5
MVP 3.33 x 10710 715 6 —2434.5
SDVP 2.84 x 10710 838 6 —2453.6
SDNGP 2.80 x 10710 850 7 —-2453.3
SDAVP 2.75 x 10710 866 8 —2453.4

shifting coefficient, 5, was constrained to the value reported in the
HITRAN database for the air-induced shifting [38]. When both the
Dicke narrowing and the speed-dependence were taken into account,
namely when the SDNGP was used, a collisional narrowing parameter
(B) was also considered. Instead, in the case of the SDAVP, a parameter
describing the speed-dependence of the collisional shifting (a,) was
included. Finally, for all the models, the baseline coefficients, P, and
P, the unperturbed line center frequency v, and a; o were considered
as variable quantities.

The fit residuals, as obtained from a Levenberg-Marquardt »? min-
imization routine, are reported in Fig. 3, while in Table 1 we sum-
marized the Py, the g4,c, the quality of fit parameter, QF, and the
rms values corresponding to all the investigated line shape models. It
is useful to remind that the Q F parameter is defined as the ratio of the
peak absorption to the standard deviation of the fit residuals.

As expected, the Voigt model is incapable of fitting the measured
spectrum at the present noise level and yields an overly broad profile, as
evinced by the clear asymmetric “w” structure in the residuals of panel
b. This result is consistent with the omission of any line narrowing
mechanism. As confirmation of fact that this mechanism has to be
properly taken into account, we can highlight that when I';, was left
as free, namely when the MVP was adopted, the quality of the fit
was poorly improved, being the “w” structure still visible (see panel
c). Indeed, when the speed-dependence and the Dicke narrowing are
considered, the magnitude of the residuals reduced. On the other hand,
the calculated g, ;. values revealed that all the speed dependent models
were almost equivalent. However, the SDAVP seems to be the most
appropriate choice that guarantees the lowest rms value. It is worth
noting that this result is in full agreement with the conclusions of the
work performed by Hashigushi et al. [33].

In order to quantify the sensitivity of the CA-CRDS spectrometer, in
terms of minimum detectable water mole fraction, X Wi the following
expression can be used [39]:

armskBT

Xy =——m B
min pSgspavp0)
In this expression, «,,, represents the rms of the fit residuals and
gspavp(0) is the value of the SDAVP at the line center frequency.
In the experimental conditions of Fig. 3, an Xy, ~ value of 7 ppb
can be derived. The limit of detection (LOD), Wthh depends on the
integration time of each spectral point of the acquired spectra, can
be furtherly improved. In particular, averaging over 138 ring down
events, namely for an integration time of 6 s (corresponding to the
minimum of the Allan-Werle plot of Fig. 2), the minimum absorption
coefficient decreases by more than one order of magnitude down to
6.36 x 10712 cm™L. As a result, a LOD of 160 ppt can be estimated. It
is worth noting that this result represents an improvement of about one
order of magnitude as compared to what we achieved by means of our
first generation spectrometer [19]. The upgrades to the spectrometer,
namely, the use of better mirrors, the BOA, and the more efficient light
switching-off system, contributed almost equally to the reduction of the
minimum detectable absorption coefficient.

Fig. 4 displays an example of continuous monitoring of the water
mole fraction in a gas stream of pure nitrogen from a gas cylinder
having a nominal residual moisture content of less than 500 ppb. The
measurements were performed with the gas flowing through the HFRD

4
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cavity at about 2 1/min, while the pressure was kept to a constant value
of 2666 Pa by means of a pressure-forward controller (Bronkhorst, mod.
602C-AAA-00A1). In addition, we must highlight that for the retrieving
of the data of Fig. 4, each absorption spectrum was acquired with a
horizontal resolution of 120 spectral points, while the frequency span
was the same as that of Fig. 3.

Although both the HFRD Zerodur® cavity and the stainless steel
fittings with the gas cylinder were maintained under vacuum condi-
tions, with the turbomolecular pump turned on for several days before
starting the measurements campaign, and the spectra acquisition was
performed under continuous gas flow conditions, a clear evidence of
a strong memory effect was observed. Indeed, water can be adsorbed
and desorbed while the moist nitrogen is flowing through the tubing
and the cavity spacer, thus resulting in a change of the measured
gas concentrations. Molecules with a large and permanent dipole mo-
ment, such as water, have a strong tendency to stick to surfaces.
The adsorption/desorption processes depend both on the experimental
conditions (the gas flow, in particular), and on physical properties
of the internal surface (material, temperature, porosity). The internal
wall surfaces of the tubes and cavity can be considered as a place
with free binding sites for H,O as well as a reservoir of absorbing
molecules. Thereby, in principle, adsorption/desorption processes need
to be properly taken into account if an accurate determination of the
water content has to be performed. While the N, is flowing in the gas
line, a dynamic equilibrium condition needs to be achieved between
the so-called surface coverage and molecules concentration. Therefore,
flowing the gas through the cavity, a satisfactory determination of
the water concentration could be performed only when a steady-state
condition is reached.

The equilibrium between adsorption/desorption processes could be
theoretically investigated and modeled [40,41]. This would involve the
solution of a rather complicated partial differential equation in which
the time and spatial derivatives of the H,O concentration, the surface
coverage, the velocity of the gas flow, and the particular geometry
of experimental setup would be properly considered to derive a sort
of mass conservation law. This is a quite ambitious task for our CA-
CRDS spectrometer, especially in reason of the presence of materials
with different porosity. On the other hand, a solution to this problem
would be out of the aim of this work. Nevertheless, we expect that the
time evolution of the measured water concentration may show a multi-
exponential behavior in which the different decay rates are determined
by the adsorption/desorption processes from the different materials as
well as by the geometry of the setup [41].

For the experimental data of panel (a) of Fig. 4, the following
expression has been used to model the time evolution of Xy, :

X = Xy, +Alexp<——)+Azexp(——)+A36Xp(—i3), ()

where Xy, represents the water mole fraction when the steady-state
condition is reached, A; and 7;, are the amplitude and the decay time
constant of each exponential term, respectively. We note the excellent
agreement between the experimental and theoretical values, as clearly
evidenced by the fit residuals reported in panel (b) of Fig. 4, whose
rms value amounts to 7 ppb. If a double exponential law is used, the
residuals’ rms-value increases up to 26 ppb, due to the clear structure
that is shown in panel (c) of Fig. 4. The decay time constants, as
retrieved from the fit to Eq. (5), are 7; =684 + 13 s, 7, = 4319+ 117 s,
and 73 = 147 + 3 s.

As far as the fit of Fig. 4 is concerned, it is worth noting that the
change in the reduced y? that results from the addition of a fourth
exponential term in Eq. (5) is not statistically significant, as clearly
indicated by an F-test performed with a confidence level of 5%. More-
over, the application of the Akaike information criterion confirms that a
four-exponential model increases the risk of overfitting. However, if we
consider the possibility that a fourth exponential decay could be hidden
by the limited acquisition time, a fitting function that takes into account
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constant value of 2666 Pa. The dispersion of the points, for each determination, is not visible, being much smaller than the size of the points. Panel (b): residuals resulting from
the fit of the data of panel (a) to the sum of three exponential decay functions as given by Eq. (5). Panel (c): the same as panel (b) with two exponential decays. Panel (d): last

twenty experimental points of the data depicted in panel (a).

a further adsorption/desorption process leads to the determination of
an asymptotic mole fraction value that fully agrees with the retrieved
Xy, value of 382 ppb, within its statistical uncertainty.

It must be noted that the inner surface of the Zerodur® spacer
(~300 cm?) is roughly a factor of 2 larger than that of the 1-m long
electro-polished stainless tube (with a 6.35-mm outer diameter) used
to connect the gas cylinder to the HFRD cavity. Moreover, the porosity
of the stainless steel is surely much smaller than that of the Zerodur®
spacer, due to the different quality of the polishing treatments. There-
fore, the longest decay time is most likely attributable to the Zerodur®
spacer. According to our experimental findings, we can conclude that,
before a steady-state condition is reached, a considerable long time
span (more than four hours) is needed, a circumstance that represents
the main limiting factor of the present spectrometer. On the other hand,
we can state that the Xy, value of 382 + 5 ppb, as retrieved from the
multi-exponential fit, can provide a satisfactory estimate of the residual
water content in the gas cylinder. It must be noted that the value of the
asymptotic water mole fraction is rather different from the one resulting
from the tail of the experimental curve of Fig. 4. In particular, if we look
at the last 600 s of continuous measurements, namely at the last twenty
Xy, determinations (see the inset of Fig. 4), the average value of the
water mole fraction results to be 454 + 5 ppb. This discrepancy is not
surprising if we consider that the transient behavior described above
covers a time span that exceeds our measurement time.

In an effort to estimate the combined relative uncertainty associated
with the Xy, measurements, the possible sources of uncertainty have
been identified and classified as Type A and Type B. These contribu-
tions, corresponding to one standard deviation (k = 1), are summarized
in relative terms in Table 2. The Type A uncertainty, which amounts
to the 1.3%, can be assumed to be the statistical uncertainty on Xy,_
as retrieved from the multi-exponential fit. The principal sources of
Type B uncertainty are those related to (i) the line strength, (ii) the
frequency scale, (iii) the amplitude of the laser scan, (iv) the choice of
the line shape model adopted in Eq. (2), (v) the partition function, (vi)
the number of spectral point, (vii) the integration time of each spectral
point, (viii) the temperature, and (ix) the pressure of the gas. With
respect to the line strength of the 3,,—2,, H,O transition, we must
consider that the value used in Eq. (1), namely S = 2.0158 x 10~2!
cm/molecule, was the one provided by Lisak et al. in Ref. [26] having

Table 2
Uncertainty budget related to the spectroscopic determination of the water mole
fraction. Each contribution represents the 1-¢ uncertainty in relative term.

Type A (%) Type B (%)

Contribution (k = 1)

Statistical 1.3

Line strength 0.3
Frequency scale Negligible
Laser scan width 0.08

Line shape model 0.1
Horizontal resolution of the frequency scale 0.2
Integration time of each spectral points Negligible
Partition function 0.04
Temperature 0.07
Pressure 0.05

Overall combined uncertainty (%) 1.4

an overall uncertainty of 0.3%. As far as the linearity of the frequency
scale is concerned, according to Ref. [29], we can infer as negligible this
contribution. Another component of uncertainty that could influence
the accuracy of the frequency scale is related to the frequency differ-
ence between the probe (excitation) laser and the cavity resonance,
as clearly explained by Reed et al. [42]. In our experimental condi-
tions, the maximum deviation between the two frequencies amounts to
about 1 kHz, for each transient cavity build-up event. Due to the five
repeated acquisitions of the cavity decay time for each spectral point,
such a deviation should be divided by 5'/2, thus leading to a Type-
B contribution of ~447 Hz, which makes this contribution completely
negligible. In order to evaluate the uncertainty due to the laser scan
width, we performed several determinations of X}, as function of the
width of the frequency interval underneath the experimental spectra.
If the frequency span is reduced, so as to approach the full-width at
half-maximum (FWHM) of the absorption line, a systematic error in
the determination of ayyy is introduced, which, in turn, influences
Xy,. In the case of the spectrum of Fig. 2, in which the frequency
scan is more than six times wider than the FWHM, we estimated
this contribution to be at the level of 0.08%. Regarding the possible
impact of the choice of line shape function on the integrated absorption
coefficient determinations, we solely compared the results obtained by
using of the SDVP, SDNGP, and SDAVP, being the inadequacy of the
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VP in reproducing the experimental spectra clearly evident from the
residuals of panel (b) of Fig. 3. The determination of the mole fraction
appeared to be quite robust regardless of the choice of the particular
line shape model. The upper limit for this source of uncertainty was
estimated to be 0.1%. Several measurement campaigns have shown that
the integration time of each spectral point had a negligible influence
on the retrieved Xy, value, while the horizontal resolution of the
frequency scale needs to be taken into account with a 0.2% entry in
Table 2. A further source of Type B uncertainty could be ascribed to
the partition function. Since Q(T') comes into play during the rescaling
of S to the actual temperature of the gas, its uncertainty must be
properly taken into account. Following the outcomes of [43,44], we
found that this additional contribution amounts to 0.04%. Finally, the
effects of temperature and pressure uncertainties are found to be 0.07
and 0.05%, respectively. By adding in quadrature all the contributions,
the combined relative standard uncertainty was estimated to be 1.4%
for a water concentration range from a few ppm down to about 300

ppb.
4. Conclusions

In summary, we demonstrated continuous sub-ppm measurements
of water mole fractions in a ultra-high purity nitrogen gas with a
relative uncertainty of 1.4%, by means of a second-generation comb-
assisted cavity ring-down spectrometer. The complete uncertainty bud-
get is performed after quantifying all the possible sources of systematic
uncertainties. The ultimate sensitivity of the set-up was carefully de-
termined by using an Allan-Werle deviation analysis, thus leading to a
H,O limit of detection of 160 part per trillion, for an integration time
of 6 s. This latter corresponds to a H,O partial pressure of 3.4 x 1077
Pa. Improvements that will be implemented in the near future include
the replacement of the Zerodur® cavity spacer with a new one made of
316L-type stainless steel with an electropolished inner surface, properly
treated with a hydrophobic coating. This is expected to significantly
reduce water adsorption and desorption phenomena, minimizing the
transient to a steady-state condition and thus reducing the total ac-
quisition time. In addition, the spectrometer will be constructed in a
more compact way using integrated, fiber coupled, optical devices, thus
reducing the optical path length in air as much as possible.
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