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ABSTRACT: We demonstrate for the first time the measurement of CO2 isotope ratios (13C/12C and 18O/16O) in a hollow 

waveguide (HWG) fiber using a mid-infrared heterodyne phase-sensitive dispersion spectrometer (HPSDS). A 4.329 μm interband 

cascade laser (ICL) is used to target the absorption lines of three CO2 isotopes (13C16O2, 
18O12C16O, and 12C16O2) in a 1 m long and 1 

mm inner diameter HWG fiber. The detection limits are 0.29 ppm, 65.78 ppb and 14.65 ppm with an integration time of 218 s for 
13C16O2, 

18O12C16O, and 12C16O2, respectively, at a modulation frequency of 160 MHz and a pressure of 230 mbar. The measurement 

precisions of δ13C and δ18O are 0.89 ‰ and 0.88 ‰, respectively, corresponding to an integration time of 167 s. An experimental 

comparison between a HPSDS and a built wavelength modulation system with second-harmonic detection (WMS-2f) is conducted. 

The results show that compared to the WMS-2f, the developed HPSDS exhibits a greater linear dynamic range and excellent long-

term stability. This work aims to demonstrate a detection technique of CO2 isotope dispersion spectroscopy with a large dynamic 

range for relevant applications focusing on samples with high concentrations of CO2 (% volume fraction), such as respiratory 

analysis in medical diagnostics. 

Carbon and oxygen isotope analysis of carbon dioxide (CO2) 

is widely used in geochemistry, atmospheric chemistry and 

medical diagnostics 1-4. In geochemistry, quantification of 
13C/12C isotope ratios in volcanic CO2 gas is helpful for under-

standing changes in source regions, and volcanic activity mon-

itoring. Measurement accuracy of δ13C with 0.5‰ or better is 

important for a deeper understanding of volcanic system for-

mation 5. In atmospheric chemistry, 13C and 18O serve as trac-

ers that can accurately track and predict changes in CO2 con-

centrations to determine the distribution of carbon sources and 

sinks in nature 6. Precision in the range of 0.01 to 0.3‰ is of 

interest in atmospheric chemistry. In the medical field, as es-

tablished molecular biomarkers, changes in the contents of 
13CO2, 

18O12C16O and 12CO2 in exhaled breath can be used to 

monitor multiple disease patterns, such as the diagnosis of 

Helicobacter pylori infections and non-invasive monitoring of 

glucose metabolism 7-8. In the 13C-urea breath test (UBT), the 

delta over baseline (DOB) value relative to standards can be 

used to demonstrate the enrichment of 13C 9. 18O isotope analy-

sis in breath gas can also be used to assist in the diagnosis of 

Helicobacter pylori pathogenesis 10. A short-term precision of 

0.5-1 ‰ for δ13C and δ18O determination is usually required 

for practical clinical applications 11. 

Isotope ratio mass spectrometry (IRMS) 12, non-dispersive 

isotope selective infrared spectroscopy (NDIRS) 13 and laser 

absorption spectroscopy (LAS) 14 techniques are established as 

routine techniques for stable isotope analysis. IRMS demon-

strates excellent quality in terms of precision and accuracy, but 

it also has drawbacks such as sample pretreatment, large space 

occupation, high instrument cost, and the need for professional 

operation and maintenance. The NDIRS shows similar preci-

sion as the IRMS and provides a simpler instrument setup. 

However, commercial instruments typically do not support 

simultaneous multi-component analysis and a rather large 

sample volume (over 100 ml) is required. Compared to IRMS 

and NDIRS, LAS technology 15-19 has received increasing at-

tention owing to its advantages such as high selectivity, fast 

response, small instrument size, simple operation, real-time 

online analysis, and the ability to determine multiple analytes 

simultaneously. In recent years, various techniques based on 

LAS for measuring carbon isotope ratios have been investigat-

ed, including off-axis integral cavity spectroscopy (OA-ICOS) 
20, cavity ring-down spectroscopy (CRDS) 21, and wavelength 

modulation spectroscopy (WMS) 22. LAS-based detection 

instruments have been demonstrated for CO2 isotope ratio 

measurements in mouse breath or human breath (CO2 concen-

trations from 2% up to 5%). Tütüncü et al. 23 used balanced 

detection in a miniature dual-channel substrate-integrated hol-

low waveguide to monitor 13CO2 enrichment levels in mouse 

breath samples based on mid-infrared absorption spectrosco-

py. The reported sensor has a δ13C accuracy of 1.3‰ over an 

integration time of 480 seconds, and demonstrating the feasi-

bility of on-line analysis for exhaled breath isotopes in micro-

liter gas samples. Zhou et al. 24 reported a gas sensor with 

mid-infrared HWG for measuring CO2 isotopes in human ex-

haled gas through the calibration-free WMS. The precisions of 
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δ13C and δ18O obtained by the sensor were 0.26 ‰ and 0.57 

‰, respectively, within an integration time of 131 seconds. 

However, in most LAS techniques, the obtained signal ampli-

tude is strongly dependent on the optical power level. Any 

additional losses and power fluctuations can have a significant 

impact on the performance of the sensing system. For exam-

ple, in WMS, frequency shift of a free-running semiconductor 

laser under long-term operation without imposing additional 

frequency stabilization facilities is frequently found in the 

output spectra, which makes it challenging to achieve long-

term system stability 25. Furthermore, according to the Beer-

Lambert law, it exists a non-linear relationship between the 

sample concentration and its absorption at high absorbance 

conditions 26. 

In recent years, laser dispersion spectroscopy has received 

increasing attention in the field of gas sensing. Dispersion 

spectroscopy is used to study the properties of samples by 

measuring the differential phase of multiple light waves 

caused by abnormal refractive index changes in the vicinity of 

molecular resonances 27. The refractive index function of dis-

persion is proportional to the sample concentration at the limi-

tation of Kramers-Kronig law. As a result, compared to ab-

sorption-based measurement methods, dispersion spectroscopy 

has a greater linear dynamic range for measuring sample con-

centrations. Different detection schemes based on dispersion 

spectroscopy have been established, including frequency 

modulation spectroscopy (FMS) 28, frequency comb spectros-

copy (FCS) 29, chirped laser dispersion spectroscopy (CLaDS) 
30, and heterodyne phase-sensitive dispersion spectroscopy 

(HPSDS) 31. FMS uses a high-speed phase modulator and a 

phase shifter to probe molecular absorption and dispersion. 

High modulation frequencies allow to lower 1/f laser ampli-

tude noise. However, due to the fact that dispersion infor-

mation is extracted from the amplitude of the output signal, 

this process is still very sensitive to power fluctuations. FCS 

can achieve high-precision and broadband simultaneous meas-

urement of molecular absorption and dispersion. However, the 

cost and technical complexity of high-precision and stable 

frequency comb sources limit their further applications in the 

sensing field. As field-deployable gas detection technologies, 

both CLaDS and HPSDS are based on the high-frequency 

intensity modulation of the laser output to retrieve dispersion 

distributions 32-35. Since the measured quantity is phase-shift 

independent of light intensity, they are not affected by fluctua-

tions in laser power. Unlike CLaDS, which requires a high-

performance real-time spectrometer to perform frequency de-

modulation of the beat signal and a more complex data acqui-

sition system, HPSDS directly retrieves the phase of the down-

converted beat signal through a lock-in amplifier 36-37. In con-

trast to the CLaDS, HPSDS has a simpler optical setup and 

signal processing system. To the best of our knowledge, there 

are currently no literature reports on HWG-based HPSDS 

measurements of CO2 isotopes. 

The measurement of CO2 isotope ratios has mainly focused 

on the spectral regions around 1.6 μm, 2.0 μm, and 4.3 μm 38-

40. The CO2 molecular absorption line intensities in the 4.3 μm 

band are much higher than in the 1.6 μm and 2.0 μm bands 

and can be accessed by a compact mid-infrared interband cas-

cade laser (ICL) or quantum cascade laser (QCL). Therefore, 

combining the greater linear dynamic range of HPSDS with 

the strong absorption line intensity of 4.3 m, it is attractive to 

develop HPSDS-based gas sensors to measure CO2 isotopo-

logues in the mid-infrared (MIR) spectral region. MIR HPSDS 

measurements are usually performed by modulating the injec-

tion current of a semiconductor laser at high frequencies rang-

ing from 100 MHz to 2 GHz. Martin et al. 41 first demonstrat-

ed mid-infrared HPSDS by high-frequency modulation of a 

4.58 μm QCL at 160 MHz to detect 3 ppm CO at 100 mbar. 

Ma et al. 42 applied HPSDS to combustion measurements 

based on a directly modulated ICL. Modulating the injection 

current of a semiconductor laser inevitably introduces syn-

chronous intensity modulation (IM) and frequency modulation 

(FM) 43. The existence of FM results in an asymmetrical signal 

line shape of HPSDS. Moreover, due to the out-of-phase of 

FM sidebands, a larger phase shift will be experienced in the 

center of the line, leading to an increase in the HPSDS peak 

and a decrease in the linear dynamic range 41. 

Benefitting from the low sample volume (hundreds of L) 

and low-loss optical transmission, the hollow waveguide fiber 

allows for a compact instrument design, fast response time, 

and appreciable sensitivity over short path lengths 44. In this 

work, we report a combination of HPSDS technology and a 

low-volume HWG fiber to detect CO2 isotopes. A 4.329 μm 

ICL is used as light source to target three absorption lines of 

CO2 isotopes (13C16O2, 
18O12C16O, and 12C16O2). The perfor-

mance at different pressures, modulation frequencies and 

modulation depths is investigated to optimize the system set-

up. The Allan variance is used to evaluate the long-term stabil-

ity and the minimum detection limit of the sensor. Measure-

ment precision of δ13C and δ18O is also determined. We also 

performed an experimental comparison of HPSDS and WMS-

2f. The proposed sensing system is expected to be used for 

respiratory analysis.  

The principle for HPSDS has been well documented in the 

previous research 43 and is only briefly described here. Molec-

ular dispersion spectroscopy relies on detection of the phase 

signal associated with the variation of the refractive index in 

the vicinity of a molecular transition. This process is accom-

panied by gas absorption and can be correlated through the 

Kramers-Kronig relationship for the refractive index n(ω) and 

absorption coefficient α(ω):45 
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where c is the speed of light in vacuum, ω is the optical angu-

lar frequency. Therefore, the dispersion distribution of the 

molecule can be retrieved from its absorption spectral line 

shape parameter.  

Mid-infrared HPSDS is based on the emission of a three-

tone laser beam consisting of a carrier (E1) and two sidebands 

(E2, E3) by modulating the injection current of an ICL or a 

QCL at high frequencies (several hundred MHz or GHz), and 

subsequently accessing the dispersion information through 

their phase shift due to refractive index changes near the target 

molecular transition. It is noted that this modulation changes 

both the output optical frequency as well as the intensity intro-

ducing a mixed characteristic of intensity modulation (IM) and 

frequency modulation (FM). Also, this characteristic is affect-

ed by the tuning factor of the used semiconductor laser 46 i.e. 

IM index m, FM index β, FM-IM phase shift θ. In the vicinity 

of the target absorption line, each tone travels at different 

phase velocities senses, resulting in an optical phase shift 
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within these tones. When the three-tone beam impinges the 

(square law) detector, beat note signals are generated between 

the center carrier wave and the two sidebands, and its phase 

can be expressed as: 
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The coefficient A = exp[-α(ω+Ω)L-α(ω)L] and B = exp[-

α(ω-Ω)L-α(ω)L]. Where φ0, φ1 and φ-1 are the phases of the 

carrier wave E0 and the two sidebands E1 and E-1, respectively, 

L is the absorption path length, Ω is the modulation frequency. 

The gas concentration can be thus determined from the phase 

of the beat note signal. 

The 13C/12C and 18O/16O ratios in CO2 are usually expressed 

as a deviation from the Vienna PDB (VPDB) standard, denot-

ed as per mil (‰), the so-called δ-value: 
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where Rsam and Rcal are the measured ratios of 13CO2/
12CO2 and 

18O12C16O/12CO2 for the sample gas and the calibration gas. 
13RVPDB-CO2 and 18RVPDB-CO2 are the internationally recognized 

VPDB standards of 0.0110019 and 0.00411009, respectively 
47. 

EXPERIMENTAL SECTION 

The experimental setup is shown in Figure 1. The HWG-

based dispersion spectrum detection system for CO2 isotopes 

is mainly composed of a laser, a 1 m long HWG fiber, a pho-

todetector, and a modulation and demodulation system. The 

used laser is a 4.329 μm ICL from Nanoplus with a maximum 

output power of 12.5 mW. Its internal pump source and ther-

moelectric cooler (TEC) are integrated in a TO66 package 

with a collimating lens. The laser temperature and injection 

current are precisely controlled using a laser controller 

(LDC3724C, ILX Lightwave) with a current output accuracy 

of 0.05 % and a temperature control accuracy of ±0.1 °C. The 

central current and temperature of the ICL are set to 50.70 mA 

and 5.0 °C, respectively. A sawtooth signal with a repetitive 

frequency of 40 Hz and an amplitude of 550 mVpp generated 

by SG1 (DG822, RIGOL) is connected to the modulation in-

put of the laser controller to scan absorption lines of 12CO2, 
13CO2 and 18O12C16O. Due to the limited modulation band-

width of the laser controller, a high-frequency signal (hun-

dreds of MHz) cannot be directly fed into the laser through the 

laser controller. To perform HPSDS detection, we use an RF 

bias-tee circuit (ZFBT-6GW+, Minicircuits) to feed a 160 

MHz high-frequency signal into the ICL to generate a three-

tone beam. The DC port of the bias-tee circuit is used to ac-

cess the bias current, and the AC port is used to access high-

frequency signals of 160 MHz. The emitted three-tone beam is 

injected into the HWG (HWEA 10001600, Polymicro Tech-

nologies) fiber via a diaphragm. Here the diaphragm is used to 

filter part of the interfering optical signal. The three-tone laser 

beam carrying dispersion information transmitted from the 

HWG fiber is received by a photodetector (LABM-I-6, VIGO 

System) to generate a beat note signal at 160 MHz. Due to the 

relatively high frequency of the beat signals, commercial lock-

in amplifiers cannot be used directly for detection. A sinusoi-

dal signal at a frequency of 159.9 MHz generated from anoth-

er channel of SG2 (DG4162, RIGOL) via PS2 is mixed with 

the detected beat signal in Mixer 2 to downshift the beat fre-

quency of 160 MHz to 100 kHz. The reference signal of the 

lock-in amplifier is obtained from Mixer1 in the same way. 

The first harmonic phase information demodulated by the 

lock-in amplifier (SR830, Stanford Research Systems) is rec-

orded with a data acquisition card and transmitted to a laptop 

for data processing.  

The HWG fiber in this experiment has a length of 1 m, an 

inner diameter of 1 mm, and a volume of about 0.78 cm3. Both 

ends of the fiber are fixed in an aluminum connector consist-

ing of a gas connector, a CaF2 wedge window piece, and an 

aluminum cap. The HWG was covered with silver foil, heater 

band, and insulation foam successively. A PID temperature 

controller and a platinum resistor embedded in the heating 

band maintain the temperature of the HWG fiber at 298.15 K 

with a controlled accuracy of 0.1 K. CO2 samples at different 

standard concentrations used in the present experiment are 

obtained by diluting high-purity CO2 with high-purity N2. The 

dilution ratios are controlled using two mass flow controllers 

(CS200C, Sevenstar) at the inlet. The diluted CO2 gas sample 

is pumped into the HWG via a 1.2 L/min diaphragm pump 

(1.2L DIVAC). A flow rate of 3.9 ml/s and an upstream pres-

sure of 230 mbar within the HWG chamber are maintained by 

a pressure controller (IQP-600C, Bronkhorst), MFC3, and 

diaphragm pump. The excess mixture is released into the at-

mosphere via a tee-spilt and a balancing valve to equalize the 

pressure throughout the gas delivery system. 

 
Figure 1. Schematic of the HWG-based experimental HPSDS 

setup for CO2 isotopes measurements. SG1, SG2: signal genera-

tor; PS1, PS2: power splitter; TC: temperature controller; MFC: 

mass flow controller. 

CO2 isotopes have strong line intensities near 4.329 μm, 

which permits sensitive CO2 isotope measurements in this 

spectral region. In this region, the absorption line intensities of 

the three isotopes 13C16O2, 
12C16O2, and 18O12C16O are all of the 

same order of magnitude (>10-21 cm-1/ (molec∙cm-2)), and the 

spectral-distances of the three absorption lines are within one 

wavelength scan of the available ICL. To avoid the interfer-

ence of H2O and its isotopic lines, Figure 2 shows a spectral 

simulation of 1% CO2 and 1.2% H2O for the spectral region 

from 2309.6 cm-1 to 2310.8 cm-1 at 298.15 K and 230 mbar 

with an absorption length of 1 m, based on the HITRAN2020 

database 48. 12C16O2 at 2310.002 cm−1, 18O12C16O at 2310.205 
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cm−1 and 13C16O2 at 2310.347 cm−1 are relatively well separated 

from each other 17, and there is no interference from the neigh-

boring H2O and its isotopic absorption lines. 
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Figure 2. Simulated absorption lines of 13C16O2, 18O12C16O and 
12C16O2 in the wavenumber range of 2309.89cm−1-2310.52cm−1. 

RESULTS AND DISCUSSION 

Parameter Optimization. The key parameters used for the 

HPSDS-based CO2 isotope detection system, i.e. pressure, 

modulation frequency and modulation depth are optimized. 

Considering the bandwidth of the used signal generator (the 

maximum is limited to 160 MHz) and the good separation of 

the absorption spectra of the three CO2 isotopes (13C16O2, 
18O12C16O and 12C16O2) at lower pressures, it is necessary to 

select the appropriate pressure and modulation frequency to 

obtain the best detection performance. A CO2 sample of 3.33% 

prepared through the gas dilution system is filled into the 

HWG fiber through a pressure controller and a diaphragm 

pump. Four different modulation frequencies of 40 MHz, 80 

MHz, 120 MHz and 160 MHz are selected and at each fre-

quency 14 HPSDS signals are acquired at pressures ranging 

from 30 mbar to 500 mbar. Figure 3(a) shows the representa-

tive HPSDS signal spectrum of the three CO2 isotopes at fixed 

pressure of 230 mbar and these four modulation frequencies. 

The peak-to-peak amplitude of the dispersion signal is gener-

ally used to provide direct measurement of concentration 43. It 

is noted that the amplitude of the HPSDS signal in this paper 

refers to the peak-to-peak amplitude of the HPSDS signal. 

Among the three isotopes, the isotope 13C16O2 is selected as a 

representative to optimize the system parameters. Figure 3(b) 

shows the relationship between the amplitude of the HPSDS 

signal for 13C16O2 and pressure at different modulation fre-

quencies.  
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Figure 3. (a) HPSDS spectral signals of the three CO2 isotopes at 

four modulation frequencies and the pressure of 230 mbar. (b) 

The relationship between the peak-to-peak amplitude of the 

HPSDS signals vs. pressure for 40 MHz, 80 MHz, 120 MHz and 

160 MHz.  

As seen in Figure 3(b), the HPSDS signal amplitude in-

creases correspondingly with increasing pressure at low pres-

sure due to the molecular absorption enhancement. At 160 

MHz, 230 mbar, the HPSDS signal amplitude is maximized. 

Since the modulation frequency of the current setting is lower 

than the full width at half-maximum (FWHM) of the absorp-

tion line 31, the HPSDS signal amplitude decreases gradually 

when the pressure increases further. Therefore, we select 

160MHz, 230mbar as the optimal setting for the current sens-

ing system.  

In the HPSDS technique, the amplitude of the modulation 

signal can have a significant effect on the HPSDS signal. Fig-

ure 4 records the variation of the 13C16O2 HPSDS signal ampli-

tude for different modulated voltages. The modulated voltages 

is determined by the peak-to-peak voltage of the SG2, which 

can be up to 1 Vpp after the output of the power divider. It can 

be seen that the amplitude of the HPSDS signal for 13C16O2 is 

maximized at 1 Vpp, and its growth trend does not saturate at 

the current system setting. We thus select 1 Vpp as the optimal 

amplitude of the modulated signal for the current sensing sys-

tem. 
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Figure 4. Variation of the HPSDS signal amplitudes for differ-

ent modulation voltages. 

System performance of the developed HPSDS. In the sub-

sequent experimental part, the experimental conditions of the 

developed HPSDS are as the follows: pressure at 230 mbar, 
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modulation frequency of 160 MHz and modulation amplitude 

of 1 Vpp. The performance of the developed HWG-based CO2 

isotope HPSDS detection system is evaluated in terms of line-

arity, long-term stability and sensitivity. To test the linearity, 

seven samples of CO2 gas with different standard concentra-

tions (0.97%, 1.45%, 2.40%, 3.33%, 4.25%, 5.14% and 

6.02%) are prepared using a gas dilution system to fill the 

HWG fiber. The relationship between the measured HPSDS 

signal amplitudes and concentrations for the three isotopes is 

shown in Figure 5, based on the natural abundance of 13C16O2, 
18O12C16O and 12C16O2. The result at each concentration is the 

average of 500 sampling points. The R2 is 0.99974, 0.99864 

and 0.99491, respectively, which indicates the excellent linear 

response of the system. The fitted curve is used as a calibra-

tion function to determine the CO2 isotope concentration. 
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Figure 5. Amplitude of HPSDS versus CO2 isotope concentration. 

To characterize the long-term stability of the CO2 isotope 

detection system, a 3.20% CO2 gas sample was measured con-

tinuously over 130 minutes. The developed detection system 

has a high noise level, therefore, to obtain a higher signal-to-

noise ratio and an appropriate temporal resolution, spectral 

data were averaged in a finite number of times resulting in the 

collection of a dispersion spectrum every 2.84s. Figure 6 dis-

plays the time series of the three CO2 isotopes’ concentrations 

and histogram plots of the concentration distribution for the 

measured CO2 isotopes. The corresponding average concentra-

tion values for 13C16O2, 
18O12C16O and 12C16O2 are 370.55 ± 

2.35 ppm, 128.37 ± 0.98 ppm, and 31239.53 ± 191.96 ppm, 

with relative uncertainties of 0.6, 0.7, and 0.6%, respectively. 

This indicates the better stability of the system. Furthermore, it 

can be observed that the histograms of the concentration dis-

tribution for the three isotopes are not well fitted by the Gauss-

ian function. Since the dispersion information measured by 

HPSDS is encoded in the phase of the received light, the opti-

cal negative feedback of the HWG and the edge noise of the 

optical coupling may also introduce random phase variations 

and be added to the dispersion phase, resulting in an increase 

in the noise level 49. Allan variance is performed on the long-

term concentration fluctuation data in Figure 6 to assess the 

detection limits of the three CO2 isotopes. At the integration 

time of 218 s, 13C16O2, 
18O12C16O and 12C16O2 are 0.29 ppm, 

65.78 ppb and 14.65 ppm, respectively. 
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Figure 6. Long-term measurement results for the HWG-based 

experimental HPSDS setup and the corresponding Allan variance 

plots. 

δ13C and δ18O were calculated by Eq. (3) and Eq. (4) for the 

data in Fig. 6 using the calibration gas. The averaged values of 

δ13C and δ18O are −21.15 ‰ and −28.63‰ respectively, and 

the 1σ precisions are 9.26 ‰ and 9.69 ‰, respectively. The 

Allan variance was used to determine the precision of δ13C and 

δ18O, and the results are shown in Figure 7. The precision of 

δ13C and δ18O can reach 0.89 ‰ and 0.88 ‰, respectively, 

which corresponds to an integration time of 167 s.  
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Figure 7. Allan variance of calculated δ13C and δ18O. 

In the Supporting Information, we provide an experimental 

comparison of HPSDS and WMS-2f to assess their linear dy-

namic range and long-term stability. A much wider linear dy-

namic range and good long term stability of present sensor is 

well compared to conventional absorption detection based 

sensors.  

Table 1 summarized the carbon and oxygen isotope ratios 

measurement results of various modern laser absorption spec-

trometers reported in the literature and the corresponding key 

experimental parameters. Current laser absorption spectrome-

ters have demonstrated excellent precision, typically between 

0.01‰ and 0.1‰, through multi-channel or cavity-enhanced 

gas cells 17-19, 54. However, these well-validated methods do not 
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allow for rapid updating of samples in the gas chamber and 

require large sample volume, which cannot meet the needs of 

micro-analysis in geochemistry, ecology and medical diagnos-

tics, where large amount of samples are usually rarely availa-

ble. HWG typical has very small volume, which can be easily 

filled with trace sample analyses. In this work, we apply 

HPSDS to the HWG gas sensor to obtain a precision of 0.88% 

for δ13C and δ18O, which is in the same order of magnitude as 

other HWG-based gas sensor. The determined precision is 

sufficient to meet application scenarios in geochemical and 

medical diagnostic.  
Table 1. Summary of carbon and oxygen isotope ratios measured 

by modern laser absorption spectrometer and the corresponding 

system parameters. 

Ref. 
 

(m)  
Method Cell 

Leff 

(m) 

Vol. 

(mL) 

C 

(ppm) 

Precision (‰)  

δ13C δ18O 

[17] 4.32 TDLAS MPC 36 - 400 <0.01 <0.05 

[50] 2.00 TDLAS MPC 29.9 900 346.6 0.24 - 

[11] 4.32 TDLAS Single  0.54 205 50000 0.12 - 

[52] 4.31 TDLAS MPC 6.3 15 600 0.3 - 

[54] 
4.3 OA-

ICOS 

Cavity >200 - ~1500 0.07 0.07 

[53] 4.35 TDLAS MPC 41 - 0.2 0.61 - 

[51] 4.33 TDLAS Single 0.15 <5 50000 0.12 0.18 

[19] 4.35 TDLAS MPC 3 250 7000 <0.01 - 

[6] 
2.05 OA-

ICOS 

Cavity - - 50000 - 0.11 

[18] 4.3 TDLAS MPC 24 - 500 0.01 - 

[49] 4.34 TDLAS HWG 0.8 0.63 ~400 ~1 - 

[25] 2.73 TDLAS HWG 5 3.9 47000 0.72 0.72 

[23] 4.35 TDLAS iHWG 0.075 0.31 30000 1.3 - 

Our  4.32 HPSDS HWG 1 0.78 32000 0.89 0.88 

 

Measurement of human breathing gas. Figure 8 shows the 

mean values and error bars of δ13C and δ18O determined from 

five human exhaled breath samples under the same experi-

mental conditions. Three gas sampling bags were prepared 

including calibrated CO2 sample, high purity N2, and breathing 

gases. Before measuring breathing gases, a calibrated CO2 

sample was passed into the HWG to calibrate the spectrome-

ter. During each measurement, the breathing gas samples were 

purged with dry N2 for a period of time before being re-

injected. The data set shown by each error bar records the time 

series of sample determinations after averaging. The error bars 

of δ13C and δ18O for each measurement are typically better 

than 1.2 ‰. The mean values of the five measurements for 

δ13C and δ18O are -29.17 ± 0.75 ‰ and -16.41 ± 0.53 ‰, re-

spectively. 
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Figure 8. Repeated measurements of δ13C and δ18O in human 

breathing gas. 

CONCLUSIONS 

We demonstrate, for the first time, the measurement of CO2 

isotope ratios using mid-infrared HPSDS using an HWG fiber. 

A 4.329 μm ICL is used as the light source, targeting three 

CO2 isotopes (13C16O2, 
18O12C16O and 12C16O2). The system 

performance at different pressures, modulation frequencies, 

and modulation depths is studied and discussed to optimize the 

system parameter settings. At a pressure of 230 mbar, a modu-

lation frequency of 160 MHz and modulation amplitude of 1 

Vpp, the HPSDS system exhibits excellent linear response in 

the concentration range of 0.97 % to 6.02 % and achieves 

long-term stability of CO2 isotope detection by measuring CO2 

at 3.20 % for more than 130 minutes. Measured mean values 

of 13C16O2, 
18O12C16O and 12C16O2 are 370.55 ppm, 128.37 

ppm, and 31239.53 ppm, with relative uncertainties of 0.6, 0.7, 

and 0.6 %, respectively. For 1m HWG fiber, Allan variance 

analysis shows that the detection limits of 13C16O2, 
18O12C16O 

and 12C16O2 are 0.29 ppm, 65.78 ppb and 14.65 ppm, respec-

tively, in an integration time of 218s. The measurement preci-

sions of δ13C and δ18O are 0.89 ‰ and 0.88 ‰ at an integra-

tion time of 167s, respectively. We investigated the repeatabil-

ity for the determination of δ13C and δ18O in human breathing 

gas, and obtained δ13C and δ18O values of (-29.17 ± 0.75) ‰ 

and (-16.41 ± 0.53) ‰, respectively. Additionally, compared 

to WMS-2f, the developed HPSDS exhibits a greater linear 

dynamic range and stability, and the precision of both δ13C and 

δ18O is improved at least 2 times. This demonstrates the posi-

tive impact of HPSDS on the performance of the spectroscopic 

system and clearly indicates the potential of the proposed 

sensing system for respiration analysis in medical diagnostics 

through appropriate sensor configurations, combined with a 

well-developed HWG and HPSDS technology with a large 

dynamic range. 
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