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A NOVEL MULTI-PASS CELL SYSTEM FOR MEASUREMENTS OF METHANE
CARBON ISOTOPES USING A NEAR-INFRARED TUNABLE DIODE LASER
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A novel multi-pass cell laser absorption spectrometer to measure 5°C diluted with nitrogen using a
1.658 um near-infrared distributed-feedback laser was developed. The system temperature and pressure
were measured with an accuracy of =11 mK and £3.2 Pa, respectively. The spectrometer is small, reliable,
and compact. To minimize the temperature effect in absorbance ratio measurements, we used two appropri-
ate absorption line pairs with nearly the same temperature dependences. The absorption spectrometer dem-
onstrated high precision (a repetitive precision (reproducibility) of ~0.9%o (10) is obtained at 300 ppmv
methane concentrations). This concentration ratio is adequate for most CHysource characterization studies.
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Jlna usmeperus yucia u3omonog yenepood, pazoagieHHvix a30mom, paspaboman nazepuviti abcopoyu-
OHHYILL CNEKMPOMEMP ¢ MHO2ONPOXOOHOU KHOBeMOU, OCHOBAHHBIIL HA UCNOIb308AHUL IA3epa ¢ PACHPEOeleH-
HOU 0bpammuoll ces3vio, uznyuaiowezo 6 odaudxcuer UK obnacmu cnekmpa (A = 1.658 mxm). C mounocmowio
+11 MK u £3.2 Ila usmepenvt memnepamypa u oasierue 6 cucmeme. Cnekmpomemp umeem manviti 00vem,
Haoedcen u Komnakmen. st MUHUMUBAYUU GTUSAHUSL MEMNEPamypbl HA Pe3yibmambl usmMepeHuil npeoo-
JICEHO UCNONBL308AMb 08e NAPbl JUHUL NO2NOUWEHUsL ¢ HOOOOHOU MeMnepamypHoll 3asucumocmoio. Abcopo-
YUOHHBLI CREKMPOMEMpP NPOOEMOHCIMPUPOBATL BbICOKVIO MOYHOCTY (KOHYEHMPayuu uamepaemvbix U30monos
~0.9%0 6 memane, konyenmpayus komopozo 300 m.0. no obvemy). [annoe coommoutenue KOHYeHMpayuil
y0oseaemeopsaem uccied08anuro boavuiuncmea ucmournuxos CHy,.

Knroueswie cnosa: usmepenue uzomonos, MHO2ONPOXOOHAsL KIO8eMa, CMAOUTbHOCHb CUCEMbL, MOYHOe
usmepenue.

Introduction. Methane is a significant long-living greenhouse gas emitted from multiple natural and
anthropogenic sources. It plays a central role in the chemistry of the troposphere [1, 2]. Isotopic analysis of
atmospheric CH, provides insight into the processes producing and consuming it[3].

Measurements of °C and “H in methane by the mass spectrometry method require converting CH, into
CO, and H,O (and, consequently, into H,) because *CH, and *CH;D components differ slightly in mass
(below the resolution of the system) [4, 5]. So it is difficult to carry out real-time measurements of the BCH,
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isotope. In contrast, optical techniques based on infrared absorption spectroscopy offer a useful alternative
which can easily distinguish the mass of the isotopes and the configuration of the atoms in a molecule with-
out any chemical conversion and possible interference by other hydrocarbons. Off-axis integrated cavity
output spectroscopy (Off-axis ICOS), infrared cavity ring-down spectroscopy, cavity-enhanced spectroscopy
[6-9], and Fourier transform infrared (FTIR) spectroscopy [10] are often used to measure methane. Among
these laser-based techniques, tunable diode laser absorption spectroscopy (TDLAS) has obvious advantages
for in situ isotopic composition measurements within the infrared spectral region. The distributed feedback
compact laser (DFB) can be the best choice for measuring a variety of trace gases. DFB lasers have a nar-
rower line width and better stability and discriminate closely related lines of different isotopes at specific
wavelengths. Moreover, they permit realizing real-time measurements. For these reasons, we focused on the
development of a near-IR multi-pass cell system able to analyze methane for slurry gas from oil wells and
natural gas detection. Then we developed a method for the 8'°C measurement based on TDLAS, in which we
determined the *CH,/'*CH, ratio from the intensities of infrared absorption lines of the isotope pairs. It
should be noted that the latest TDLAS developments and applications have made possible fast and accurate
measurements of methane and 5'°CH, concentrations, for example, in anaerobic digesters [11] and deep sea
seepage [12], but still at methane concentrations exceeding 500 and 1000 ppm, respectively.

We present here, as a new approach, a direct §8'*C measurement method based on TDLAS in which we
determine the ?CH4/"*CH, ratio from the intensities of infrared absorption lines of the corresponding isotope
pairs with a 1.658-um DFB laser using a novel multi-pass cell.

Experimental setup and methods. The setup shown here is based on the Beer—Lambert law and con-
tinuous tuning of the diode laser wavelength via modulation of the laser current. The light emitted by the
laser is collimated and guided along the measurement path. After passing through the absorption cell, the
light is focused on a photoelectric detector. The resulting photocurrent is directly digitalized including all
offsets and disturbances. The isotope absorption coefficient ratio is defined as follows [13]:
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where Ip(v) and /(v) are the incident and transmitted intensities, respectively, a(v) is the absorption coeffi-
. . . . . . 12chg 4 13cH, 4
cient, which is proportional to the concentration of absorbing molecules, and v and v are the reso-

nant transition frequencies of *CH4 and CHy, respectively. The 8-value of the isotope absorption ratio
(IAR) in %o is then given by
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The selection of suitable absorption lines for methane isotopic ratio measurements is also one of the
most important aspects in the setup design since the choice of absorption lines has a direct impact on the
setup characteristics (namely, sensitivity, precision, and selectivity). To fall within the current-scan range of
the laser, the lines must be interference-free and located close to each other (< 0.5 to 1 cm™'). Additional re-
quirements are that the lines are of nearly equal strengths and with low temperature dependences. Bearing
this in mind, we selected the isotope lines of 6039.0246 and 6039.1537 cm_l, whose intensities are
3.892x10> and 1.583%10 ** cm™'/(molecule/cm?), respectively. The application of these line pairs does not
require any compensation for the isotope abundance by different optical lengths and enables us to record
them quickly using a single light source. The key advantage of the single cell measurement is that the influ-
ence of the optical path difference on the delta value is almost completely eliminated.

It is important to control the precision of the experimental conditions, such as temperature and pressure,
otherwise the results must be corrected. However, most authors pay little attention to the issue of control of
the isotope measurement conditions with TDLAS. This report discusses in detail the temperature and pres-
sure control of the isotope measurement system. We selected a novel compact dense-pattern multi-pass cell
(DP-MPC), shown in Fig. 1. The DP-MPC consisted of two silver-coated concave spherical mirrors sepa-
rated by a distance of 12.5 cm. The laser beam passed 239 times between the spherical mirrors having a re-
flectivity of 99.99% and the same curvature (caused by an effective absorption length of 29.8 m) [14].The
selected lines in our isotope measurement had nearly equal low state energies, and for the measurement
process there was no need to compensate and equalize the signal levels caused by the different natural abun-
dance ratio of *CH,/"?CH,. On the other hand, the weak 2CH, lines, generally appearing from rovibronic
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transitions with much higher ground-state energies than the CH, lines, resulted in the higher temperature
dependence of the 8'°C measurements. This temperature dependence AS/AT is proportional to the difference
of the ground state energies (F) of the corresponding transitions [15]

AS/AT ~ (AE/KT?)x1000%, (3)

where £ is the Boltzmann constant and 7 is the absolute temperature.
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Fig. 1. Scheme of the experimental setup. The embedded color picture is the photo of the multi-pass cell
with the laser beam passing through it. The absorption cell is placed in an insulation box. After the absorp-
tion cell and preheated pipe were coiled with a heated belt, the insulation cotton packaged them.

In order to keep the long-term temperature of the DP-MPC steady without the temperature gradient of
the measured sample gases in the absorption cell, the DP-MPC was enlaced with a heat film, and insulation
cotton was wrapped around it. The sample temperatures were monitored and recorded using three calibrated
platinum resistors (with an accuracy of 0.03°C and a precision of 0.01°C) attached to the outer wall of the
absorption cell. The calibrated platinum resistors (Pt100) and the heat film were controlled by digital con-
trollers (ESCN Omron Corporation). In order to avoid the temperature difference of the measured gases in
the multi-pass cell, a 10-m long preheated copper tube was rolled into a spring, which was wrapped around
the outside of the DP-MPC and heated by the heat film. The preheated copper tube was connected with the
gas inlet of the absorption cell. The temperature of the preheated tube and the gas cell was compared with
the laboratory temperature, which is monitored and controlled by the same calibrated platinum resistors and
digital controllers, respectively. The whole measurement system was enclosed in a thermal insulation box
with dimensions 40x40x30 cm.

In the weak absorption of isotope measurement, pressure broadening has to be considered, especially
when two isotope absorption lines are close enough. The pressure broadening and shift of some lines in the
BCH, isotopomer were calculated and measured at room temperature by some researchers [15]. In this study,
the CH4 and N, gas was supplied by pressurized cylinders and metered using mass flow controllers (MFC)
(D08-1G, Beijing Seven stars Electronics Co., Ltd.). All pressures of the multi-pass cell were measured and
controlled using a temperature compensated capacitance type manometer manufactured by MKS (Type
247D, MKS Instruments, Inc., USA).

Before measuring the gas sample, the flowing nitrogen temperature and pressure at the arbitrary set flow
velocity and the pressure in the DP-MPC were measured (Fig. 2). Through more than 4 h of the temperature
and pressure measurements, it was found that the multi-pass cell could well maintain its temperature and
pressure stability. The standard errors for temperature and pressure were 4.3 mK and 1.11 Pa. The fluctua-
tion range of the temperature and pressure were 21.8 mK and 6.4 Pa.

The setup employed a fiber-coupled distributed feedback (DFB) diode laser (NLK1USEAAA, NEL)
that produced a 10 mW signal near 1.658 pum at a temperature of 40°C and with a current of 70 mA. The
laser was tunable from 6037 to 6040 cm ', which is suitable for detecting CH, and "*CH,4 by probing iso-
tope absorption lines located near 6039 cm ™. The laser current and temperature were controlled with a com-
mercial diode laser controller (ILX-Lightwave LDC-3724). Wavelength tunings were performed by
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Fig. 2. The temperature and pressure of the measurement system
was kept at 302.14 K and 6.66 kPa for hours.

changing the laser temperature and current, respectively, within 0.01 mA and 0.01 K. Wavelength modula-
tion and second harmonic detection were applied to enhance the detection sensitivity for the absorption band
near the 6039 cm™' . The modulation amplitude of the laser wavelength was adjusted so that the detected
second harmonic signal was maximum. As in many tunable laser experiments using multi-pass cells, the
precision and accuracy of the CHy/'"*CH, determination were limited by optical interference fringes in the
absorption cell, as discussed by Sayres et al. [16]. In order to mitigate the noise appearing from optical inter-
ferences in the cavity, the laser was not aligned with the cavity axis but was displaced from this axis and,
thus, was coupled to the cavity in an off-axis fashion.

The laser wavelength scan was realized by feeding an external triangular voltage ramp from a function
generator (SPF05, Nanjing Sample Instrument Technologies Co., Ltd.) to the laser diode current, which
swapped the laser wavelength near the absorption line at a rate of 5 Hz. The wavelength modulation was
achieved by adding a 10 kHz sine wave to the DFB laser diode current. The sine wave was supplied by the
sinusoidal signal output of a lock-in amplifier (Stanford Research Systems, Model SR830 DSP). The voltage
ramp and the sine wave were combined with a home-made adder and then fed to the laser driver. The laser
beam was collimated with a fiber-coupled collimator and subsequently injected into the compact DP-MPC.
Then the output beam was focused onto a home-made photodetector. The demodulation of the detector out-
puts was conducted using lock-in amplifiers at the second harmonic frequency of 2f (f= 10 kHz is the modu-
lation frequency of the sine wave). The parameters of the lock-in amplifier were set to be optimal. The de-
modulated signal was subsequently digitalized by a DAQ card (AC6115) and displayed on a laptop with
LabVIEW software, and the results were stored on the PC.

In order to access the system measurement precise, the same kinds of gas were used as the sample and
reference gases.

Results and discussion. Experiment data collection, background subtraction, window selection, linear
regression, and data processing were integrated in the same program, which implemented the real time, con-
tinuous, and coordinated operation. The real time operation result of the program was the delta value of the
isotopic abundance.

If one selects absorption transitions for the major and minor species with different line strengths, the ab-
sorption depths can be made more comparable. However, this introduces the problem of increased tempera-
ture sensitivity. Lines of different strengths generally have different ground state energies. A small thermal
drift in the setup is translated into a drift of the measured d-value [17], which leads to inaccurate measure-
ment. Owing to this, only after the temperature and pressure of the preheat pipe and the DP-MPC, which
were filled with the flowing sample gas, were steady for 30 min, were the isotope measurements started.
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The pressure in the cell was kept at 1 kPa. The sample gas mass flow rate was controlled at 40 sccm by
the MFCs during measurements. The gas cell temperature was set as 298 K, which was higher by 2 K than
the laboratory temperature. Figure 3 shows an example set of simultaneously recorded 2f spectra used for
measurements of the 8"°CH, with a calibration gas containing 1000 parts in 10° by volume (ppmv) of
CH,4.The time constant of the lock-in amplifier was set to 30 ms in combination with a 24 dB/octave slope
and a sensitivity of 100 uV. The high signal-to-noise spectral average is shown in Fig. 3. From Fig. 3 we can
get the signal to noise ratio SNR = 1032 for the first "2CH, absorption peak, and SNR = 204 for the CH, one.
The detection sensitivity of the methane isotope was ~4.9 ppmv. Moreover, the 300 ppm methane was inves-
tigated. The delta value of 5" °CH4 was —7.5%o. In order to verify the accuracy and stability of the system, we
collected data every 2 min, and the results are shown in Fig. 4. From these measurements we conclude that
the precision of the method for the 8> CH, analysis is 9.26764x10™ (0.93%o in 8"°C, 10).
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Fig. 3. Simultaneously recorded 2f spectra of methane at 1000 ppmv.
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Fig. 4. The 8"°C%o data every 2 min at a concentration of 300 ppmv.

We found that the methane isotope absorption line intensity at 1.658 pm was 1.583x10% c¢m™'/ (mole-
cule/cm?). It was two orders of magnitude lower than for the 3 pm line. If the line intensity
of ~107" cm'/(molecule/cm?) were selected and tens of milliwatts of output power lasers were used, the sys-
tem would permit resolving uncertainties in sources such as natural wetlands, coal mining, rice paddies, etc.

Conclusion. We developed a method for determining the relative abundance of 8"*CH, with a single
novel DP-MPC system. This system does not need to balance the difference in path lengths for detection.
The system can keep high stability and precise temperature and pressure during a long period. The +0.93%o
(1o) precision was obtained in the test experiment for 300 ppm sample. To our knowledge, this is the highest
precision for *CH4/'*CH, analyses based on TDLAS with an analogous length absorption cell. In order to
carry out the isotope measurement in the real atmosphere, the flow sample was measured. The whole meas-
urement system was enclosed in a thermal insulation box of 40x40%30 cm size. Such a sensitive, low cost,
long lifetime, compact and robust, handheld CHy4 sensor is very suitable for application in harsh environ-
ments and can be used for in situ measurements of methane anaerobic digesters and deep sea seepage. Incor-
poration of the presented method with such lasers beyond 3 um will open a new era of high-sensitivity ab-
sorption spectroscopy and high-precision isotope analyses because most molecules have one to two orders of
magnitude stronger absorption lines in this region than within the near-infrared region.
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