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Abstract A special technique is developed to measure the
13C0,/2C0; isotope ratio in human breath at atmospheric
pressure with a 2 um tunable diode laser. The procedure used
to process the pressure-broadened spectra obtained and cal-
culating the isotope ratio is based on a multidimensional lin-
ear regression of the spectra using simulated '3CO,, 12CO;,
and HO spectra. This technique allows the measurement
of the §-value for isotopic ratios with a precision of 0.07%o
within a data acquisition time of 3 min and a long-term re-
producibility of 0.2%.

1 Introduction

The analysis of the !312C concentrations is widely used in
applications such as geology, volcanology, criminology, and
medicine. These applications stimulate the development of
novel experimental techniques capable of high precision and
accuracy measurements and short data acquisition times.
The best results can be obtained with isotope ratio mass an-
alyzers used in conjunction with chromatographic gas sep-
aration. These methods can provide isotopic precision of
0.01%o [1], but they are costly and require a large amount
of space, and hence alternative methods are of great interest.

There are many practical applications that have no need
for such precision. For example, the breath test precision ac-
tually required to detect the Helicobacter Pylori bacteria,
the cause of gastric ulcers, is only 0.5%0; and the test proce-
dure should take no more than a few minutes. Various optical
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methods meeting these requirements have been discussed in
the literature in recent years (see, e.g., [2]).

The most common spectroscopic techniques rely on
the absorption of infrared laser radiation in vibrational-
rotational transitions in CO,. The pertinent measurements
can be performed with frequency tunable lasers using the
methods of cavity ring-down spectroscopy (CRDS) [3], in-
tegrated cavity output spectroscopy (ICOS), and cavity en-
hanced absorption spectroscopy (CEAS) [4], wavelength
modulation absorption spectroscopy (WMS) [5], and ab-
sorption with a difference frequency generation source [6].

CO, absorption measurements are usually taken in one
of the following three spectral regions: near 4.3, 2.0, or
1.6 um. Comparison between the CO, absorption features
in the mid- and near-IR regions shows a significant reduc-
tion in the absorption coefficient. Specifically, the strongest
lines at 1.6 um are approximately 100 times weaker than
those at 2 um. Similarly, a 500-fold reduction is observed
when changing from 4.3 to 2 pm. Therefore, the fundamen-
tal 4.3 um band is preferred because of the high coefficient
of absorption. By using a quantum-cascade laser (QCL) in
highly stabilized experimental conditions (sample cell tem-
perature and pressure), Nelson et al. [7] obtained a CO; iso-
tope ratio measurement precision of 0.02%o, with a data ac-
quisition time of 400 seconds, which is the highest precision
figure achieved by spectroscopic techniques to date. How-
ever, this approach requires cryogenically cooled photode-
tectors, and costly of QCLs.

Lasers and detectors operating in the 1.6 um region have
advantages. They can function at room temperature and are
readily available. However, due to the low CO, absorption
coefficient in this spectral region makes it necessary to use
a sample cell of 1 kilometer in optical path length. Kasyu-
tich and coauthors [8] used a high-precision cavity for the
purpose and achieved a measurement precision of 1.8%.
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The 2 um spectral region offers a practical alternative.
The diode lasers and detectors operating in this region can
work at room temperature, and the CO, absorption coef-
ficient is sufficiently large, so that the CO, isotope ratio
can be measured using an effective optical path length of
a few meters. Such an optical path can be provided by well-
engineered multipass cell. Another factor is that the water
absorption lines in this region are weak.

Several publications have discussed the carbon isotope
ratio measurements in the 2 um region [9, 10]. Castrillo
et al. [9] reported a long-term reproducibility of 0.5%
for 13C0O,/!2CO; isotope ratio measurements with a DFB
diode laser, with a data acquisition time of 80 minutes.

The measurement scheme used in the publication dis-
cussed above is based on a comparison between the ab-
sorption data obtained for individual molecular vibrational-
rotational lines at reduced gas pressures of 10—100 Torr to
minimize spectral overlapping.

Our previous work [11] differs insofar that we were
able to investigate spectra consisting of congested pressure-
broadened lines. We demonstrated that such an approach can
also provide sufficiently high precision in spectral isotopic
measurements comparable with low pressure measurements.
In both cases, the precision and accuracy are limited by the
comparison of the measured absorption spectral components
intensities with the simulated ones; thus the same way de-
pending on the reliability of spectral database and the possi-
bilities of measuring technique.

The aim of present work is to demonstrate the technique
of measuring the 13C0O,/12CO, isotope ratio at atmospheric
pressure to meet the needs of medical practice. Note also
that the parameters most important for the above objective
are the relative measurement precision and reproducibility
rather than the accuracy of the absolute isotope ratio value;
this being essentially individual even for a group of healthy

Fig. 1 Schematic of the
experimental setup

people. Bacterial diagnostics requires making reliable com-
parison between carbon isotope concentrations in a succes-
sion of samples of air exhaled by a selected person before
and after (10 minutes to hour) taking the special isotope en-
riched substance. That is why we did not try to highly im-
prove the accuracy of the absolute isotope ratio values, these
being determined in some cases with the help of most simple
secondary standards.

According to these objectives in Sect. 2, we describe
the experimental technique and its main parameters con-
trol. Section 3 is devoted to the spectral interval choice, the
necessary accuracy of frequency scale calibration, spectra
processing technique, and simulations of spectral line pro-
file. The results are presented in Sect. 4. The analysis of the
precision with the help of Allan variance performed and the
long term stability studied. The advantages and shortages of
atmospheric pressure measurements compare to low pres-
sure ones are discussed, and the examples of measurements
are presented.

2 Experiment

The experimental setup is shown schematically in Fig. 1.
The spectrometer uses a three-channel optical scheme. The
probe laser beam passes through the sample channel PhD1
that includes a Herriott multipass cell containing the sample
gas. The cell is 900 mm in length and with an inner diam-
eter of 22 mm. The total optical path length in the cell is
24 m. A temperature and a pressure sensor, capable of mea-
surement accuracies of 0.1°C and 0.2 mbar, respectively, are
located inside the sample cell. The beams for the two other
channels (PhD2 and PhD3) are formed by a beam-splitting
wedge. The baseline channel PhD2 is needed to normalize
the beam intensity in the sample channel. Channel PhD3
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includes a reference gas cell and is used to calibrate the
laser frequency. The cell is filled with CO, at a pressure
of 70 Torr. As shown elsewhere in the text, the accuracy
of the laser frequency must be 107> cm™!. This accuracy
was achieved by comparing absorption spectra obtained in
the reference gas cell with those tabulated for the line cen-
ters and their pressure shifts in [12]. The frequencies for the
entire laser tuning curve were determined by interpolation
between the reference line center positions. The interpola-
tion procedure is discussed in Sect. 3.

The light source used in his work is a VCSEL laser diode
(Vertilas) with an output power of 0.5 mW near 2.007 pm.
The laser is tuned by applying a periodic sawtooth injection
current of up to 7 mA in amplitude and 200 Hz in repetition
rate.

Control of laser frequency is an important parameter and
requires stabilization of the diode laser thermoelectric cooler
temperature because its typical sensitivity is 0.1 cm™! /K.
An effective stability of 3 x 107° K can be achieved [13].
In addition, we apply feedback to adjust the frequency grid
to the center of absorption line of the reference gas so that
a long-term (1 hour) temperature stability of 10~ K is ob-
tained for the diode laser Peltier element.

The use of the VCSEL laser offers a number of ad-
vantages. For example, its linear current-frequency tuning
curve is typically wider than that of a DFB diode laser.
This characteristic results in improved accuracy of the above
mentioned interpolation procedure. Furthermore, the VC-
SEL laser beam quality facilitates obtaining similar char-
acteristics for the split beams. The photodetectors (PhD1
through 3) used in our experimental setup are InGaAs pho-
todiodes (Type G8372-01, Hamamatsu) followed by custom
made trans-impedance amplifiers. The signals from the de-
tectors are fed to a multifunction I/O board (Type NI-PCI-
6120, 800 kHz, 16 bits, National Instruments) and computer
processed using LabView 9.0 software. The absolute iso-
tope ratio values were measured using commercially avail-
able CO, gas as a secondary standard. Its isotope ratio was
determined with a Model MS200 quadrupole mass analyzer.

3 Details of measurement procedure.
3.1 Analytical spectral region

The diode laser, operating at a fixed temperature of 24°C
was tuned in the range from 4977.4 to 4978.9 cm™! based
on our analysis of absorption lines intensities. In this spec-
tral region, there are three relatively strong absorption lines
of the 12CO; vibrational bands v +2vy + v3 and v; + 3vy +
vz — vy (RO 12°1 < 00°0, v = 4978.607720 cm™!, R17
1311 < 01'0, v = 4978.204746 cm™!, and R16 13!1 «
01'0, v = 4977.724534 cm~!) and one line of the 3CO,

1.0 Analytical
region

0.54

Absorption, a.u.
o
3

0.25

b 0.004 T T T 1
4976 4977 4978 4979 4980
Wavenumber, cm”

Fig. 2 Spectra recorded in (a) sample channel and (b) reference chan-
nel

vibrational band v; + 2v + v3 (P16 12°1 <« 0000, v =
4978.022037 cm™!). H,O absorption lines are also ob-
served in this spectral region at 4978.384300 cm™! (000
110 line) and 4978.499960 cm™! (000-011 line). All spec-
tral frequencies are listed for vacuum [12]. In our previ-
ous work [11], we analyzed a much broader spectral range
(4974.5-4980.7 cm™ ), but the present experiment showed
that the choice of a wider spectral region decreased the pre-
cision of the '3C0,/!12CO, isotope ratio measurements, be-
cause the dynamic range of the absorption line intensities in
this case was too large. In [11], the ratio of absorption in-
tensities was up to 70, as compared to 15 in this work thus
improves the signal/noise ratio by 2 times.

A typical example of sample and reference spectrum
records is presented in Fig. 2.

3.2 Spectral processing

The procedure used to analyze spectra as recorded in the
sample channel is based on multidimensional linear regres-
sion from simulated spectra of the 13C02, 12C02, and H,O
molecules:

Inf,(v) =Inl(v) + Y kioy(v) - L+ PP (v), (1)

1

where I,(v) is the signal measured in the sample channel,
I, (v) is the signal measured in the baseline channel, ¢; (v) is
the simulated absorption coefficient of the ith molecule, L is
the optical path length in the sample cell, k; is the linear re-
gression coefficient, and P (v) is a cubic polynomial al-
lowing for the residual differences between the diode laser
baselines in the optical channels for PhD1 and PhD2. The
result of the linear regression operation is a set of the coeffi-
cients k; that are proportional to the concentrations of the re-
spective molecules [11], and the ratio k(!3CO,)/k(!?CO,)
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Table 1 Comparison between various interpolation techniques

Type of interpolation 8-value precision
Linear 0.07%o

Cubic spline 0.5%o

Hermite polynomial 0.1%o

yields the desired isotope concentration ratio. The results are
presented in terms of the §-values commonly used to char-
acterize isotope ratios:

138 — < ([13C02]/[12C02])m
([*COL1/[?CO2D)sta

— 1) - 1000%uo, 2)

where [13CO;] / [12C0,],, is the isotope ratio measured and
[13C0,]/['*CO3]sq = 0.011237 is the standard (PDB) iso-
tope ratio.

3.3 Frequency scale

Our numerical analysis and experiment show that one of
the most important factors that may limit the precision in
determining the '3CO,/'2CO; concentration ratio through
linear regression to simulated absorption spectra is the cal-
ibration accuracy of the diode laser frequency tuning scale.
We estimate that an error of a 107> cm™! in the spectral
frequency leads to an error of 0.1% in the '3CO,/'>CO,
ratio measurement results. Hence, to achieve a § measure-
ment precision necessary for medical tests (0.5%o), the fre-
quencies of the experimental absorption spectra should be
locked to those of the simulated spectra with an accuracy
107> cm~!. This requirement concerns the absorption line
centers and is less stringent for the spectral line wings. Such
an accuracy cannot be realized by means of commercially
available wavelength meters. Therefore, the line center po-
sitions are determined in a low-pressure (70 Torr) reference
gas cell, with corrections made for their pressure-induced
shifts [12] resulting in an accuracy of 107% cm~!. Subse-
quently, the entire diode laser frequency tuning characteris-
tic is acquired by interpolation. Several interpolation tech-
niques were tested; for example, linear, cubic spline, and
Hermite polynomial. The best results were obtained with a
linear interpolation method (see Table 1). This can probably
be attributed to the limited number of reference line centers
within the laser frequency tuning range. During the course
of measurements, the laser frequency was repeatedly cali-
brated every 160 milliseconds.

3.4 Simulations of sample spectra
The spectral absorption coefficients «;(v) for the '2CO;,

13C0,, and H,0 lines of interest were calculated for the
comparison in the Lorentz or the Voigt approximation using
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Fig. 3 CO;, spectrum in human exhaled breath sample and the
results of multidimensional linear regression. (a)—recorded spec-
trum; (b), (¢), (d)—simulated spectra ((b)—'2CO,, (¢)—'3CO,,
(d)—H,0); (e), (g)—regression residual for the Voigt approximation;
(f)—regression residual for the Lorentz approximation. (e), (f)—signal
record time 160 ms, (g)—100 s. The absorption intensity and residual
scales are in arbitrary but the same units for all graphs

the HITRAN-2008 database [12]. The data from the pres-
sure and temperature sensors installed in the multipass cell
were included in the spectrum simulations. The quality of
our approximation was estimated from the difference be-
tween the measured and simulated spectra, following the ap-
proximation procedure with the laser frequency tuning char-
acteristic reconstruction method (i.e., linear interpolation).

In addition to the lines whose centers fall within the an-
alytical spectral region (1.5 cm™!), there are ten lines in the
vicinity of the region (6 cm™) that were also included in
our simulations in order to allow for contributions from the
spectral wings to the analytical line profile.
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Figure 3 presents an example of application of the re-
gression procedure to a CO; spectrum from human breath.
Presented are the results for both the Lorentz and the Voigt
approximation of the simulated spectra. One can see that
the Voigt approximation (curves e, d) yields a much smaller
residual difference between the spectrum recorded and the
sum Y k;a; (v)L for the '2CO,, 13CO,, and H,O mole-
cules than that in the case of the Lorentz approximation
(curve f). In case of the Voigt approximation, the residual
difference for the total absorption coefficient is <1073 of
the measured spectrum intensity. There are two graphs of
the residual for Voigt profile. Graph (e) refers to averaging
for 160 ms (a single laser frequency tuning cycle, 64 pulses)
and graph (g) refers to 100 s averaging. It is apparent that
curves (e) and (g) are not spectrally correlated. This implies
that the regular residual between the calculated Voigt profile
and the measured spectrum not observed at the level of the
measurements precision. At the same time, a residual fine
structure with a spacing of 0.008 cm™! is apparent. We at-
tribute this fine structure to interference fringes introduced
by the optical system.

Further improvements were made to our spectral simula-
tion. All known broadening mechanisms in linear optics (ex-
cept for molecular processes which may be significant when
the line broadening is comparable with transition frequency)
were considered specifically Dicke narrowing. Since this
narrowing affects only the Gaussian component of the Voigt
profile, we varied (not according to the temperature sensor
data) the width of the Gaussian profile component down to
50% of its real Doppler value. However, the residual differ-
ence between the measured and simulated spectra decreased
most likely due to the finite accuracies of the HITRAN spec-
tral database [12] and our frequency scale calibration.

The above mentioned residual difference value of
10~3 em™! corresponds to the precision of the §-value mea-
surements. To determine the real precision, it is necessary to
apply statistical processing, which will be considered in the
next section.

4 Results and discussion
4.1 Measurements precision

The §-value precision was estimated using the Allan vari-
ance [14]. Figure 4 depicts the Allan deviation plot and
demonstrates a 0.07%o 8-value precision obtained from hu-
man breath measurements with an averaging time of 3 mi-
nutes. This precision was defined for a time at which the
Allan plot fluctuations are a factor 2 above the minimum of
the curve shown in Fig. 4. This precision level is comparable
to that obtained using an isotope mass analyzer.

Our precision level is higher than that reported in the ma-
jority of previous work reported [2] which were measured

14
2 precision required - 0.5%o
o
©
<
©
0.1+ o RER
precision limit - 0.07%o
0.014 3 sec 180 sec !

time, seconds

Fig. 4 Allan deviation plot for the 8 '3C isotope ratio

at low sample gas pressures in order to achieve spectral res-
olution. Hence, the §-values were obtained from a limited
number of narrow line centers. Furthermore, two gas cells
were used to measure the difference in §, one of the cells
being used as a secondary isotope standard.

In addition to its capability of being used at atmospheric
pressure, i.e., with no need for vacuum equipment, our ap-
proach suggested offers the following advantages:

(a) The regression scheme involves a large array of spec-
tral fragments, including not only the central parts of the
lines of interest, but also overlapped parts of the spec-
trum and line wings, which improves the statistics.

(b) There is no need for the gas temperature and pressure
in the sample and the reference cells to be identical, as
the latter is only used for laser frequency calibration. It
is well known that fluctuations of the Boltzmann factor
due to temperature variations have a strong influence on
the §-value measurement results. Castrillo and cowork-
ers [9] and Gagliardi et al. [10] reported an 11%c K!
measurement accuracy obtained in the 2 um spectral re-
gion (8%0 K~! accuracy in this work due to the opti-
mization of the analytical spectral region). The temper-
ature and gas density variations are recorded by the sen-
sors and are taken into account in our spectral simula-
tions. In our approach, it is necessary to measure the
temperature in the sample cell, rather than stabilize it.
Figure 5 presents an example of a sample gas tempera-
ture record plotted with a time resolution of 5 x 1073 s.
The temperature fluctuations are below the minimum of
the absolute accuracy of the sensors (see Sect. 2) allows
them to record. Typical slow temperature fluctuations
are on the order of 0.03 K and occur on a time scale
of 10 to 100 s (which can be taken into account since
the characteristic regression cycle time is around 0.2 s).
Noise-like fluctuations are on the order of 0.001 K, and
their influence should not exceed 0.01%¢. The possible

@ Springer



78

S.N. Andreev et al.

22,121
o 22.0824
o
=
92114 220820
22.0816
22.10
22.0812
25 30 35 40 45 50
20 ;T
22,08
22.07

T T T T T
0 200 400 600 800 1000
time, seconds

Fig. 5 Temperature fluctuations in the sample cell

effect of slow temperature fluctuations on the isotope ra-
tio measurement precision is no more than 0.3%o in our
experimental conditions. The typical parameters plotted
in Fig. 5 for a 6-min interval remain the same for much
longer times, say, on the order of tens of hours.

(c) Data obtained from smoothed spectra should be less
sensitive to the effect of experimental uncertainties.

(d) The Dicke narrowing (DN) effect appears when the ab-
sorbing molecule mean free path became comparable to
the absorption wavelength. For CO,—Nj collisions and
a 2 um wavelength such condition correspond to a pres-
sure of 30 Torr. DN influences the Doppler component
and converts it from Gaussian to dispersive profile [15],
and thus disturbs the Voigt profile. The influence is more
pronounced when the input of the Doppler component
to the Voigt convolution is relevant. For the lines un-
der consideration, the Doppler to Lorentz widths ratio
Avp/Avy, at 300 K is 0.15 to 0.07 at atmospheric pres-
sure and 2.5 to 1 at 50 Torr. In this case, our situation
results at elevated pressure is less sensitive to line pro-
file models such as Galatry or Rautian—Sobelman mod-
els as compare to the Voigt profile model (see the re-
sults in Sect. 3.4). For these more sophisticated mod-
els, new fitting parameters for DN are needed [16, 17].
For collision broadening and shift data adapted to stan-
dard atmospheric pressure and composition can be taken
from HITRAN [12] to include the dependence on the
rotational state for the standard air (nitrogen, oxygen,
argon, water, etc.) for both (1213C) carbon dioxide iso-
topomers. The HITRAN database contains the informa-
tion for CO, self broadening parameters which allows
correction of the broadening factors for exhaled breath
compared to standard air. Even small changes in the
oxygen density in the breath can be compensated by ni-
trogen at fixed pressure and the broadening factors for
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Fig. 6 Long-term (16-hr) reproducibility for § 3CO,

these molecules are almost equal. The influence of wa-
ter line wings was also accounted (see Sect. 3.4). Pre-
cise spectrum simulations require accuracy of the exper-
imental frequency scale. This limits precision and accu-
racy, and hence the progress in precision demonstrated
in this work seems is the result of a trade-off of this fac-
tor and factors (a) to (d) above.

4.2 Accuracy and reproducibility

As far as exhaled breath tests are concerned, the long-term
reproducibility of carbon isotope ratio measurements is an
important parameter, because the test procedure involves
comparison between two exhaled air samples taken and
measured at different times. To estimate the accuracy and
long-term stability of the analyzer breath samples acquired
for 16 hours. The results of these §-value measurements are
presented in Fig. 6. It can be seen that during this time inter-
val the total variance of the §-values reached 0.6%o, with a
standard deviation of 0.2%o. Figure 6 shows that the analyzer
does not deviate from a CO; isotopic ratio of <0.015% in a
data acquisition time of 1 hr.

The §-values shown in Fig. 6 represent absolute devia-
tions from the PDB standard [2]. To obtain these data, we
calibrated our diode laser based analyzer using commer-
cially available CO; gas as a secondary standard. The iso-
tope ratio in this gas was determined with a Model MS200
quadrupole mass analyzer. The §-value deviation was mea-
sured at +(18 £ 3)%o relative to the PDB value. A corre-
sponding correction was applied to our absolute optical mea-
surements.

A comparison of the techniques used and results in this
work with those for our earlier work (precision 0.4%o) [11],
as well as for pressure-broadened lines, shows that the pre-
cision improvement primarily due to the optimization of the
analytical spectral interval and the use of temperature and
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Fig. 7 Example of exhaled breath measurements. (a) § 13CO, as a
function of the total CO, concentration in the exhaled breath sample
from 5 persons; (b) the same for plants [18]

pressure sensors in the sample cell. Further improvement
can be achieved by means of optimization of a multipass
Herriott cell geometry designed for suppressing the influ-
ence of residual interference fringes. Figure 7a illustrates an
example of isotope §-value measurements in exhaled breath
samples taken from a group of 5 people. The measurements
were taken at different instants of time during the course of a
day. In that case, no measures were taken to control the depth
of inhalation, breath holding, and the other sampling details.
Also measured at the same instant of time was the total car-
bon dioxide concentration (u, %) in the exhaled breath sam-
ples. Although the §- and p-values for each subject are in-
dividual, their correlation can be seen in Fig. 7. The devia-
tion of the isotope ratio § from the standard value decreases
with increasing carbon dioxide concentration in the exhaled
breath. The objective of these experiments was to show the
existence of correlation between the absolute carbon diox-
ide concentration and isotope ratio. The existence of corre-
lation between these values was reported in [18] concerned
with geochemical analyses of air near plants. The relation-
ship between § and w for plants is illustrated by the graph in
Fig. 7b. In this case, the correlation is the opposite for that
for humans, considering that plants consume carbon diox-
ide, whereas humans produce it.

5 Conclusions

The results presented in this work focuses on the precision
of optical measurements of carbon isotope ratio in exhaled
breath at atmospheric pressure. A diode laser operating in
the 2 um spectral region is used to perform stable and precise

measurements of relative changes in the carbon isotope ratio
8 as required by medical bacterial diagnostics. The §-value
precision determined by means of the Allan deviation plot
with an averaging time of 3 minutes was 0.07%o. Such pre-
cision is comparable with that provided by modern isotope
mass analyzers. The standard deviation of the §-value mea-
sured for 16 hours was no more that 0.2%o, without thermal
and mechanical isolation and stabilization of the experimen-
tal setup. A correlation was observed between the §-value
and the total CO, concentration in the exhaled breath.
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