Appl Phys B (2013) 110:187-194
DOI 10.1007/s00340-012-5047-0

Applied Physics B

Lasers and Optics

Measurements of CO; in a multipass cell and in a hollow-core

photonic bandgap fiber at 2 ym

J.A. Nwaboh . J. Hald - J.K. Lyngsg - J.C. Petersen -
0. Werhahn

Received: 1 February 2012 / Revised version: 29 March 2012 / Published online: 26 May 2012

© Springer-Verlag 2012

Abstract Recently, hollow-core photonic bandgap fibers
(HC-PBFs) for use in the 2 um wavelength region have
become available. We have employed tunable diode laser
absorption spectroscopy (TDLAS) to quantify CO; in ni-
trogen, injected into a HC-PBF. Our spectrometer contains
both an HC-PBF-based absorption cell and an astigmatic
Herriott multipass gas cell. The Herriott cell was used for
comparison with the HC-PBF cell. The HC-PBF cell’s sen-
sitivity and limit of detection were calculated to be 3.5 x
10~% cm™!.Hz'/? and 59 ppm-m, respectively. To sub-
stantiate the spectrometer performance, a measurement was
done in the Herriott cell probing a reference gas mixture
with nominal 400 umol/mol CO, in Nj. The spectromet-
ric results were in good agreement with the reference value.
The relative standard uncertainty of the spectrometric result
was found to be at the +2 % level.
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1 Introduction

In the past decades, advances in laser technology and spec-
troscopic methods have led to improvements in the mea-
surement sensitivity and the accuracy of the spectroscopic
determination of trace gas concentrations. The monitoring
of the CO;, molecule is important in many fields of science,
which is manifested by the numerous papers addressing this
issue [1-13]. The CO, molecule can be monitored at many
wavelengths. With the availability of 2 pm lasers, monitor-
ing CO; in this wavelength region becomes attractive due
to its strong absorption bands, while still relying on near in-
frared optics.

In order to achieve high sensitivity and improved signal-
to-noise ratios, multipass gas cells such as the Herriott
cell [14] have been used to perform spectrometric measure-
ments [15, 16]. Detection limits in the nmol/mol have been
reached [17]. However, because of the typically large size
and volume of multipass cells, they are rarely used for in
situ measurements. For this purpose, compact (or even hand
held) spectrometers are desirable.

HC-PBFs have been reported to be promising for the de-
velopment of compact spectrometers, suitable for, e.g., en-
vironmental measurements and exhaled breath gas analy-
sis [18-20]. HC-PBFs have the advantage that the absorp-
tion length can be chosen to be very long (several meters)
while a compact design can be maintained where the fiber is
coiled up. However, they have a frequency dependent trans-
mission, which has to be taken into account when extract-
ing quantitative data [18]. One major drawback when using
HC-PBFs in gas sensors is the long gas filling time of the
fiber [21, 22]. The filling time can be shortened in princi-
ple by drilling radial holes in the fiber or simply by using
multiple short sections of fiber [18], but this is likely to in-
fluence the fiber transmission properties. The fact that the
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Fig. 1 Cross section of the hollow core photonic band gap fiber
(HC-PBF) used provided by NKT Photonics. The central hollow core
is used as the absorption gas cell, which is filled and pumped from both
ends

fiber lengths can be tailored to any desirable length means
that HC-PBF gas cells offer matched path lengths to any ap-
plication without relying on multiples of any fixed physical
length footprint.

Measurements of gas concentrations using HC-PBFs
have been reported by several groups [21-23], but HC-PBFs
for the 2 um region, where CO; has strong absorption bands,
have only recently been developed. In this work we report, to
our knowledge, the first measurements of CO, amount frac-
tions using a HC-PBF designed for a transmission window
around 2 pm. Figure 1 shows a cross section of the HC-PBF
structure used. Contrary to reports dealing with pure gases,
we measured a gas mixture derived by first injecting CO;
into the fiber and subsequently adding nitrogen as the ma-
trix gas. This was to monitor the filling time of the HC-PBF
due to the addition of N, compared to previous studies [12]
where only a single molecular species was filled into the
fiber.

We validated the performance of the HC-PBF with simul-
taneous measurements performed in an astigmatic Herriott
multipass gas cell under the same experimental conditions.
A further measurement, performed on a reference gas mix-
ture, using only the Herriott cell was used to confirm the
spectrometer’s performance. The suitability of determining
the amount-of-substance fraction was also demonstrated in
that way.

2 Theory, conceptual background

An absorption spectrum can be quantitatively related to
the amount-of-substance fraction of a gas species using the
Beer—Lambert law. The Beer—Lambert law states the rela-
tionship between the incident radiation @ and the trans-
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mitted radiant power @ through a homogenous absorbing
medium of thickness z as

@ (V,2) =Po(D) - exp{—a(D) - z} (1)

where the quantity o (V) is the absorption coefficient at fre-
quency v. The absorption coefficient is proportional to the
density of the absorbing medium » and is expressed as

a(V)=0(V) -n=Srriso- gV —7To) - n 2

The absorption cross section o (V) depends on the nor-
malized line profile function g(v — vg) centered at vy and
the line strength S7 of the molecular transition at gas
temperature 7. The latter is reported for a certain abun-
dance of the probed isotope and in cases needs to be cor-
rected for the actual present isotopic abundance by means
of riso. When probing a 12¢16Q, excitation we have Tiso =
X12C160,/X12C160,HIT> Where x12¢160, and x12c160,HIT are
the abundance of '2C'%0, in the sample and the conven-
tional value set by HITRAN [24], respectively.

Relying on the ideal gas law, the molecular density n of
the absorbing species can be expressed in terms of the par-
tial pressure ppartial Of the absorbing molecule and the gas
temperature. The partial pressure can be related to the total
pressure pioal Using the amount-of-substance fraction of the
absorbing species, Xspecies = Ppartial/ Protal. Introducing the
spectral absorbance A(V) = —In(® (v, L)/ Py(V)), as well
as the total path length L, and making use of the normaliza-
tion of g(v — vp), Egs. (1) and (2) can be combined to an

integral form
kg -T *
_—— / A()dv
L - protal * ST * Tiso J—o0
kg-T
L- Ptotal * ST * Tiso + Aline ©)
where Ajjpe is the line area.
For spectroscopic measurements using HC-PBFs the fill-
ing time is an important parameter. The filling time has been
investigated for pure gases in the high and low pressure
regime in a previous study [22], where the time for filling
an empty HC-PBF to 99.4 % of the final gas content is given
for a pure gas in the low pressure regime by
. 3L [mm
T 2d \ 8T
Here, d is the inner diameter of the HC-PBF, m is the molec-
ular mass and 7 is the temperature. The boundary between
the low pressure and high pressure regimes is defined in [22]
as the regime with a Knudsen number Kn = A/d equal to
one, where X is the mean free path between intermolecular
collisions and d is the HC-PBF core diameter. For CO; in a
15 pm fiber, the Knudsen number equals one at a pressure of
about 6 hPa. In the high pressure regime, the filling is some-
what faster [22], so Eq. (4) can be used as an upper limit.
If a mixture of different gases is used, the filling time will

Xspecies =

“
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Fig. 2 Schematic diagram of
the setup used for CO»

quantification. BS/ and BS2 are BS1

partially reflecting mirrors on
flip mounts, which constitute an -

1 m single mode fiber
used for mode cleaning

BS2 / Lens for coupling into fiber

interferometer. BS3 is used as
beamsplitter. L1, L, and L3 are
the lengths of the interferometer,
the Herriott cell and the
HC-PBF. Optical power is
detected at ref., signal;, and
signaly

be influenced by differences in the diffusion constants of the
individual gas components. Due to the molecular selectivity,
spectroscopic sensing inside the fiber core enables monitor-
ing of fiber length averaged amount-of-substance fractions
for individual species, which may be used to analyze the
diffusion of various species into a hollow-core fiber. To this
end, the following experimental work has been started.

3 Experimental

Figure 2 shows a schematic of the setup used for the CO,
measurements. A commercial continuous wave (cw), ther-
moelectrically cooled, distributed-feedback (DFB) tunable
diode laser (TDL) emitting radiation at 2 um (nanoplus
2004 nm) was used to probe the R(12) line of CO, at
4987.31 cm™! (2005.09 nm).

The laser temperature tunability of 0.26 nm/°C was used
to tune the emission wavelength. In order to perform spec-
trometric measurements, the wavelength of the DFB diode
laser was swept with a current ramp at a frequency of 5 Hz.
After collimation, the TDL beam with an elliptical profile
passed through a 3 m single mode fiber (Thorlabs SM2000)
with angled connectors used for mode cleaning in order to
get the best possible coupling of light into the HC-PBF. The
optical power from the DFB laser was about 2 mW, and
the transmission through the mode cleaning fiber was 15 %.
From the SM2000 specifications, we derive a theoretical M 2
value of about 1.05 for the beam after the mode cleaning
fiber [25]. A number of lenses (not shown) were used to op-
timize the coupling into the Herriott cell and the HC-PBF.
An interferometer based on partially reflecting mirrors on
flip mounts was used to establish the frequency axis before
and after spectroscopic measurements. A beamsplitter di-
vided the beam into a reference, going to a reference de-
tector (ref), and a sample beam. The sample beam could be
directed to either the Herriott multipass cell or the HC-PBF-
based cell. The output from either cell was sampled on a
photo detector (New Focus 2034). The astigmatic Herriott
cell (Aerodyne AMAC-36) was aligned to a measured path
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length of L, = (41.88 4 0.02) m, realized on a footprint of
a 20 cm mirror-separated base path. A simple laser distance
meter was used to measure the cell’s optical path length.

The HC-PBF (HC-2000-01) was manufactured by NKT
Photonics [26], its geometrical length was L3 = (5.27 £
0.01) m and the core diameter is specified to d = 15 pm.
The HC-PBF was enclosed in a sealed box, which was di-
rectly connected to the same vacuum line as the Herriott
cell as shown in Fig. 2. We typically obtained coupling ef-
ficiencies of the laser light into the HC-PBF cell of about
15 %, which is smaller than the 65 %—85 % coupling effi-
ciencies for HC-PBFs in the 1.55 pm range using identical
setups [12, 22]. The fiber design should allow similar cou-
pling efficiencies as in the 1.55 ym range. However, it was
not possible for us to improve the coupling into the HC-PBF
despite attempts to optimize the spatial mode matching and
recleaving the HC-PBF. A similar coupling efficiency was
found for a 21 m piece of the same type of HC-PBE. Cou-
pling efficiencies were measured by means of the quotient
of transmitted and incident light power for different fiber
lengths, such that the attenuation of the fiber, specified to be
20 dB/km by the manufacturer, was included, as well as the
fixed prealignment of the fiber with respect to the in and out
coupling lenses inside the sealed box.

The signals from the two photo diodes (the reference and
the sample signals) were digitized by a Tektronix DPO 3034
oscilloscope at a sampling rate of 5 MS/s.

For spectroscopic measurements the 41.88 m Herriott
cell and the HC-PBF were first evacuated and then filled
with the gases. The system was kept untouched for some
time to enable the gases to diffuse into the HC-PBF from
the fiber ends.

Figure 3 shows typical transmission data for the HC-PBF
cell and the Herriott cell when the R(12) line and four neigh-
boring lines were probed in pure CO; kept at a pressure of
25 hPa.

Figure 4 (left) shows the interference fringes from the
simple interferometer measured with the reference detector.
These fringes are used to generate the frequency axis. The
distance between the two mirrors (BS1 and BS2) in the in-
terferometer is measured with a laser distance meter to be
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(318.1 &£ 1.5) mm, which gives a frequency difference of
471 MHz between zero crossings in Fig. 4 (left). The fringe
amplitude decreases during the scan because the scan ramp
applied to the laser drive current affects both laser power
and laser frequency. This coupling between laser frequency
and output power is not visible in the spectra in Fig. 3 due
to the normalization of the signal detector output with the
reference detector output.

Figure 4 (right) shows a comparison of the experimental
position of 4 CO, absorption lines within the tuning range
of the laser (see Fig. 3) with those of the HITRAN [24]
database. A linear function is fitted to the data in Fig. 4
(right), and the slope of 0.989 £ 0.003 shows consistency
between the interferometer data and the HITRAN [24] peak
positions. The overall standard uncertainty of the frequency
scale is about 1 %.

4 Results and discussions

A gas mixture of CO; in nitrogen was used for studying
the performance of the HC-PBF setup. The gas mixture was
prepared by the injection of 5 hPa of CO; into the evac-
uated vacuum system (the Herriott cell plus the HC-PBF)

—— HC-PBF
Herriott cell

R(12) line of CO,
@ 4987.31 cm”

0.8

0.6

Transmission

0.4

0.2 \\ | /

-5600 0 50I00
Frequency (MHz)

0.0
-10000

Fig. 3 Transmission data from the astigmatic Herriott cell (red) and
the HC-PBF cell (black) as a function of frequency. Both cells are filled
with pure CO; at a pressure of 25 hPa. Note that their path lengths
differ by approximately a factor of 8

and the subsequent addition of nitrogen and reduction of
total pressure to achieve a CO, amount fraction of about
1300 pmol/mol at a total pressure of about 150 hPa. We
monitored the time necessary to attain equilibrium, i.e., a
measured amount fraction of 1300 umol/mol, with the HC-
PBF spectrometer by repeated data collection. To this end, a
period of more than 3 days was necessary as detailed in the
following. For each data set, we first compared the HC-PBF
line area results with those derived from the Herriott cell sig-
nals. Figure 5 shows transmission data as a function of laser
detuning measured at day one after the gases were fed into
the system. The scan time of an individual spectrum was set
to 18 ms which transferred to spectral window of 30 GHz
as shown in Fig. 6. Only single scans were considered for
analysis, i.e., no averaging, in the present study.

The measured transmission data in Fig. 5 were fitted to
the expressions in Egs. (1) and (2), where a Voigt profile
was used as the normalized line profile function g(v — V).
The fit provided the value for the line area. The noise in
the residuals from the fit to the HC-PBF data shows that the
frequency dependent transmission of the HC-PBF is compa-
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Fig. 5 Transmission data of the Herriott cell and the HC-PBF as a
function of laser detuning recorded one day after filling the system
with CO, and N. The blue and purple graphs are the residuals of the
least squares fits to the transmission data. Total pressure was 154 hPa
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Fig. 6 Transmission of the HC-PBF cell and the Herriott cell as a function of laser detuning measured at day two and a total pressure of 105 hPa

(left), and at day three and a total pressure of 78 hPa (right)

Table 1 Derived line areas

from Herriott cell data and Day # T;)c:t:ure Line area/MHz E:ilz area Variation factor to 1st day
HC-PBF with respect to total ?hPa Herriott cell HC-PBF between Pressure HC-PBF
gas pressure, ratios between cells Line area
individual data and respective
variations 154 838+ 11 279+7 3 - -
105 516 +7 119+7 4.3 1.5 2.3
78 406 £ 6 607 6.8 2.0 4.7

rable to similar measurements on HC-PBFs in the telecom
range at 1550 nm [18]. The flat structure of the residuals
apparently differs from the oscillatory structures reported
in [18], but this is essentially due to the much larger scan
range used in the present work. The standard deviation o of
the residuals for the HC-PBF data and the Herriott cell data
were found to be 0.8 % and 0.6 %, respectively.

As mentioned above, we observed that the signal re-
mained unstable even a day after the gas filling. Figure 6
shows data measured at day two and day three. We reduced
the total pressure from the initial 154 hPa to 105 hPa right
after the measurements on day one, and we reduced the pres-
sure further down to 78 hPa after the measurements on day
two. The pressure was reduced to check for changes in the
signal-to-noise ratio after each day. The residuals of the fit to
the HC-PBF data in Fig. 6 are slightly noisier than those in
Fig. 5. This is within the typical variations in the frequency
dependent HC-PBF transmission due to small changes in the
HC-PBF coupling [18].

Comparing the spectral features in the HC-PBF data, i.e.,
in Figs. 5 and 6, there is an obvious decrease of the signal-
to-noise ratio. However, this is not completely attributable to
the reduction of the total pressure from day one to day three.
This is evidenced by the ratio of pressures compared to those
of the line areas for the three data sets in Table. 1. Whereas
the pressure was just decreased by a factor of less than 2, the

line area decrease from day one to day three results in a fac-
tor of nearly 5. This indicates that the CO,, which was filled
into the system before the nitrogen, was further trapped in-
side the fiber when N, was added. The filling time for a pure
gas calculates with Eq. (4) to be about 2 hours. However,
the added N apparently increased the diffusion time for the
CO» coming out of the fiber to be replaced by nitrogen to a
final inside equilibrium mixing ratio.

This is also confirmed by the fitted line areas obtained
from the simultaneously measured Herriott cell data com-
pared to the HC-PBF results, which are summarized in Ta-
ble 1. A fitted line area of (838 £ 11) MHz for the Herriott
cell data at day one has to be compared to the line area mea-
sured in the HC-PBF cell computed to be (279 & 7) MHz
for the data presented in Fig. 5. The ratio between these two
line areas is 3.0. The line area for the Herriott cell data at day
two is (516 &= 7) MHz and that of the HC-PBF cell data is
(119 &= 7) MHz. At day three, the line areas for the Herriott
cell and HC-PBF data were derived to be (406 &= 6) MHz
and (60 £ 7) MHz, respectively. As shown in Table 1, the
ratio from the two signals was developing from 3.0 at day
one, and 4.3 at day two (Fig. 6 left), to 6.8 at day 3 (Fig. 6
right). The expected ratio, however, resulting from the path
lengths of the two cells reads 7.9 instead. The discrepancy
is attributed to a much longer time constant for the gas ex-
change inside the HC-PBF compared to the pure filling with
gas starting at vacuum which was described by Eq. (4). The

@ Springer



192

J.A. Nwaboh et al.

mixing of the two gas species inside the HC-PBF apparently
takes place on a much longer time scale.

It should be noted here that, of course, we are not able
to derive any quantitative analysis from the observations
presented here. However, choosing this procedure we were
pointing on principle options to study diffusion processes
by means of such fiber setups. Pressure gradients inside and
outside the HC-PBF were not that large, such that the long
lasting struggle of CO, molecules exchanging their posi-
tions with nitrogen molecules to reach equilibrium gas mix-
ing conditions also inside the fiber could not have been ex-
pected a priori. Typical situations encountered in gas moni-
toring would comprise premixed gases, where total gas ex-
change time constants of the HC-PBF are more in focus than
diffusion rates of individual gas constituents. Nevertheless,
individual diffusion rates may have to be taken into account
in gas sensing applications using long HC-PBFs.

For the HC-PBF setup, we calculated a sensitivity figure
according to [27],

Sa

1/ Tscan

by means of the standard deviation s, of the baseline absorp-
tion coefficient (see Eq. (1)) and the scan time 7yoy Of 18 ms
for the data in Fig. 6 (right) to be 3.5 x 10~* cm~!.Hz~1/2,
The detection limit scales inversely with the fiber length
with a constant estimated to be 59 ppm-m for CO; at at-
mospheric pressure.

Comparing the line areas of the Herriott cell data mea-
sured at day one to that at day three yields a ratio of ~2.
This agrees with the pressure variation specified in Table 1,
and shows that the spectral feature and, with that, the mea-
surement result of the Herriott cell data remains much more
stable across the different days and unchanged because of
the faster mixing in the larger volume of the Herriott cell
compared to the HC-PBF. This is very much in contrast to
the large variation of line areas by a factor of 4.7 derived
from HC-PBF data.

Figure 7 summarizes the ratios of the line areas of the
Herriott cell data to those of the HC-PBF cell as a func-
tion of time. The ratio of the line areas approached the cell
length ratio of 7.9 on the third day, indicating that it takes
about 4 days to attain equilibrium. Apparently, slower gas
and molecular dynamics may be involved when using the
HC-PBF as an absorption gas cell than implicated by ex-
perimental results on pure substances reported in [22]. Even
though in situ gas measurement applications would be in
favor of measuring already premixed gas mixtures, gas ex-
change, and persisting gas mixture samples inside HC-PBFs
may compromise the usability of the HC-PBF cell concept.
Mixtures including species with large dipole moments like,
e.g., ammonia, which tend to stick to the surface of the HC-
PBF, can be expected to involve slow gas dynamics in HC-
PBFs. Species-dependent diffusion is expected to have no

Sy =
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Fig. 7 Ratio of the measured line areas, Herriott cell to that of the
HC-PBEF cell. From the path lengths a ratio of 7.9 was expected (dashed
line)

or small effect on the time required for reaching equilibrium
for pre-mixed gasses.

The line area of the Herriott cell data corresponds to an
amount fraction of 1350 pumol/mol CO; calculated by means
of Eq. (3). This is in the range of the expected value com-
puted from the mixing of the initial partial pressures of CO2
and Ny, although the uncertainty associated with the concen-
tration derived from initial partial pressures is significantly
larger than the uncertainty on the Herriot cell data.

In order to evaluate the performance of the spectrometric
setup used for the simultaneous HC-PBF and Herriott cell
measurements presented above, we performed a benchmark
test on a Messer reference gas mixture certified to consist of
399.4 uymol/mol CO; in N, with a relative standard uncer-
tainty of 0.5 %. This test involved a separate measurement
in the Herriott cell on the reference gas mixture following
the “Traceable Infrared Laser-Spectrometric Amount frac-
tion Measurement” (TILSAM) protocol [28].

The results obtained are shown in Fig. 8, where the deter-
mined line area of the R(12) line is plotted as a function of
the total pressure. The linear dependence predicted in Eq. (3)
is evident, and a general least squares method [29] was
applied to derive the spectroscopically determined amount
fraction. The measured values of line area and pressure to-
gether with measured values for cell length and tempera-
ture were used as input to the analysis. For this analysis,
the line strength figure of the probed R(12) line was taken
from [12, 30]. Equation (3) was used as the constraint for
the analysis, and the least squares analysis gave a measured
amount fraction of 399.6 pmol/mol CO; with a relative stan-
dard uncertainty of +2 %. Based on the good agreement in
this performance test, the Herriott multipass gas cell data
provide a reliable reference for the HC-PBF’s measurements
discussed above.
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Fig.8 The figure shows a plot of the determined line area of the R(12)
line of CO, at 4987.31 cm™! as a function of the total pressure for a
(399.4 £ 2.0) umol/mol reference gas. The error bars represent the
estimated standard uncertainties on the individual data. The solid line
represents the result from a general least squares analysis, from which
the slope parameter yields the CO, amount fraction which was deter-
mined to be (399.6 =+ 8.0) umol/mol

5 Conclusions

The CO; molecule has strong absorption bands in the 2 pm
wavelength region, thus making this wavelength region suit-
able for monitoring traces of CO,. Working in the NIR has
the advantage of lower costs due to established production
lines of DFB diode lasers combined with the high techno-
logical level of optics and detectors. Relying on these is-
sues might be beneficial to the development of compact CO;
spectrometers for industrial applications. It is important that
compact sensors for in situ measurements are developed and
that measurement methods used by them are quantitative.

It has been shown that a HC-PBF transmitting at 2 um
can be used as a gas cell in a laser spectrometer setup al-
lowing for a compact CO; monitoring system. The fiber
transmission’s frequency dependence, which sets a baseline
in the spectroscopic signal, is comparable to the frequency
dependence of fibers used in the telecom wavelength range
at around 1550 nm. The applied filling process illustrates
that very long equilibrium time may be observed when us-
ing HC-PBFs in gas sensing. Shorter time scales are ex-
pected when carefully prepared premixed gas samples are
used. Furthermore, drilling radial holes in the fiber, which is
the focus of future work, would increase accessible gas ex-
change rates and lead to a much shorter time scale to reach
equilibrium conditions for the measurement process.

The proof-of-principle experiment demonstrated by our
setup shall be viewed as a first step toward future applica-
bility studies with HC-PBF-based sensors. The spectrom-
eter performance benchmarked by means of Herriott cell-
based CO, quantification showed excellent agreement with
the specified amount fraction of a reference gas mixture.
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