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Abstract
This study investigates the prospects of using emissions from the discharge of a stripline
split-ring resonator microplasma source to measure the 13C/12C isotope ratio in CO2. The
plasma source was used in a measurement scheme called microplasma emission spectroscopy,
in which the visible emission spectrum of the CO2 discharge was investigated using a Charge-
Coupled Device (CCD) spectrometer. The study revealed that the major isotope dependencies
of the spectrum originated from the Ångström system (B1Σ+ → A1Π) of CO molecules
that had been converted from CO2 in the discharge. Although at least four of the bands
of the Ångström system showed clear isotopic dependences, the (0–3) band at 561 nm was
concluded to show the most prospects for spectrometric applications because of a combination
of wide isotopic shift and low background. A theoretical model of this band was constructed
and used in a partial least squares fitting algorithm, to quantify the abundance of 12C and 13C
in the sample. This signal processing method was shown to be robust and linear over the whole
dynamic range of 13C/12C ratios (1%–100%) but required a ten-fold improvement in precision
and accuracy at naturally occurring 13C levels (1.07%–1.12%) to be useful in most scientific
applications. However, several promising ways of achieving such an improvement have been
presented, and the results demonstrate the potential of creating a simple, cost-effective, and
highly miniaturized system for isotope ratio measurements, which could offer great advantages
to scientists in many different fields, from environmental science to planetary exploration.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Studies on the stable isotopes of carbon have a wide variety of
applications, from environmental science [1, 2] to astrobiology
[3, 4]. In most applications, small shifts in isotope abundance
relative to some kind of reservoir are mapped to study different
chemical, biological or geological processes. For example, it
is well known that most biological processes prefer the lighter
12C, making the 13C/12C ratio in biological carbon lower than
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in geological deposits or the atmosphere. However, these shifts
are very small—typically fractions of a percent—and hence
commonly not quantified in absolute numbers but in the unit
δ13C where the 13C/12C ratio of the sample is compared to
a geological standard (Vienna Pee Dee Belemnite or IAEA-
603). The unit of δ13C is per mil and natural samples typically
vary between −30% and 10% where biological samples are
on the lower, and geological samples are on the higher part of
the scale. In absolute terms, this corresponds to a shift in 13C
abundance from 1.073% to 1.117%.

Stable carbon isotope measurements are generally
performed using different mass spectroscopy techniques in a
laboratory. The complexity of the employed method varies
depending on parameters like the required accuracy and
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the size and type of sample, where, e.g., isotope ratio mass
spectroscopy (IRMS) with quadrupole mass spectrometers
are sufficient for less demanding studies [5], while tandem
accelerators and atomic mass spectroscopy [6] (AMS) has
to be used for the most demanding ones. Few alternatives
for moving the measurements from a laboratory to the field
exist, but in the last decade, systems relying on optical
absorption in gases have started to reach technical maturity.
The most successful ones are probably those based on off-axis
integrating cavity output spectroscopy [7] (OA-ICOS) and
cavity ring-down spectroscopy [8] (CRDS) that can achieve
high accuracy and precision with a portable system. However,
both these technologies rely on resonant optical cavities and
infrared lasers, which make them both fragile and susceptible
to environmental factors like humidity and temperature
variations and hence are complex, heavy, and expensive. The
major figures of merit of δ13C measurements are generally
accuracy and precision, where IRMS and AMS can reach a
combined figure better than ±0.1% [9, 10], while the optical
methods are somewhat less accurate at ±0.5% (according
to datasheets from suppliers), which still is enough for most
scientific applications.

Emission spectroscopy of stable carbon isotopes has a long
but sparse research history. Ferguson and Broida evaluated
using the Swan bands of 13C12C and 12C12C to perform spec-
trometry, with promising results for highly enriched 13C abun-
dances [11]. Quimby et al used atomic emission spectroscopy
of molecular CO bands in the UV spectrum to detect elevated
13C contents, and developed a recipe to isolate the 13C and
12C isotopologues of CO to improve features like selectivity,
detection limit, and linearity [12]. Brazier, in turn, suggested
using this recipe to perform spectrometric measurements of
13CO/12CO ratios with the (0–3) and (1–4) emission bands of
the fourth positive system of CO [13].

Our research group has previously demonstrated the pos-
sibility to perform stable isotope measurements [14] with a
partly miniaturized system [15] based on a stripline split-
ring resonator (SSRR) microplasma source [16], which had
some major advantages with respect to electromagnetic com-
patibility and interference [16], noise equivalent absorption
sensitivity and minimum detectable absorption [14], and inte-
grability with other functionality [17]. It was used in a mea-
surement scheme called optogalvanic spectroscopy where
isotopes could be detected by illuminating the discharge
with laser light in resonance with one of the isotope-specific
rovibrational states of the investigated molecule (in this
case 12/13CO2) [18]. The isotope abundances could then be
quantified by studying the change in plasma impedance
that the excited molecules caused. Although optogalvanic
microplasma spectroscopy (OGS) was shown to be able to
quantify isotope ratios without a resonant optical cavity, and
hence offered a more simple and sample efficient measurement
than OA-ICOS and CRDS [14], it still relied on infrared lasers,
hence making it a complex system to use in the field.

This paper investigates the possibility of using the same
microplasma source in a much less complex measurement
scheme called microplasma emission spectroscopy (MPES).
Much is similar to OGS where the gaseous sample is ionized

in the SSRR, either statically or in a continuous flow. However,
instead of illuminating the discharge with a laser, the light that
the excited molecules emit is analyzed with a CCD spectrom-
eter. Given that such a spectrometer is smaller, simpler, and
more robust than available IR lasers, the MPES scheme facili-
tates the construction of a much more integrated measurement
system.

Before any meaningful system design can be performed, the
capability of MPES to quantify isotope ratios must be demon-
strated, making the isotope dependence of the optical emis-
sions from an SSRR microplasma, and the possibility to utilize
such dependences for isotope abundance measurements, the
main focus of this study. In a previous paper [19], we demon-
strated the usefulness of the present system to quantify CO2

concentrations, by first letting the plasma convert CO2 into
CO and then studying emissions from the latter molecule’s
Ångström system (B1Σ+ → A1Π). Here, the same measure-
ment scheme is evaluated for isotope measurements by first
studying highly enriched 13CO2 samples and then isotope
ratios that are more relevant for the intended applications.

2. Method

The measurement setup consisted of an SSRR microplasma
source with a 2.65 GHz resonance frequency and a 2 mm wide
gap. It was fabricated by laminating two milled PCBs (4003
C, Rogers Corp., USA) according to the process described
in reference [15] with the exception that the Ga window was
replaced with a transparent Pyrex one. The SSRR connected to
a CCS100 CCD spectrometer (Thorlabs, Newton, NJ, USA).
The two were attached and aligned by gluing an open surface
mounted male SMA connector to the Pyrex glass window cov-
ering the gap of the microplasma source [15] and connecting it
to the female SMA connector on the entrance slit of the spec-
trometer. The other glass window of the plasma source was
covered with opaque tape to avoid stray light entering the spec-
trometer. The spectrometer had a bandwidth of 322–742 nm,
a FWHM of 0.5 nm at 435 nm, a 20 μm by 2 mm slit, and
a 1200 lines mm−1, 500 nm blazed grating. The fluidic sys-
tem of the SSRR was connected, upstream, to an entrance
valve through which sample gas could be introduced, and,
downstream, to a pressure sensor (275 Mini-Converter, Brooks
Automation Inc., Chelmsford, MA, USA) and a vacuum pump
(AMM712/A4R3, Pfeiffer Vacuum AG, Asslar, Germany).

The investigated samples were mixes of CO2 with different
13C concentrations. They were mixed from two sources—one
highly enriched 13CO2 (P.n. 364592,St. Louis, MO, USA) with
a 13C concentration of 99.0%, and one ordinary CO2 gas with
a 13C abundance of 1.09% (δ13C =−23.7%). The mixing was
performed by introducing enriched 13CO2 in a 100 ml glass
vial, and then diluting it, sequentially, with CO2 with the low
13C level. Using this method, a total of 15 unique samples were
prepared for three different experiments. The first experiment
studied eight sample concentrations (1.a–h), one each of the
pure gases, and six mixes where the enriched gas was diluted in
the ordinary gas at a ratio of (1:1), measured, and then diluted
again. Hence, the highest concentration mix was diluted one
time, and the lowest concentration mix six times, respectively.
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The second experiment studied samples with lower 13C abun-
dances (2.a–f). Here, the mixing process began by diluting the
enriched gas at a ratio of (1:50). The result of this mixing was
then calibrated with respect to the results of the first exper-
iment and then diluted at ratios of (1:1) another four times.
In addition, a pure sample of the low 13C gas was included.
Moreover, to verify the repeatability of the results, experiment
2 was repeated twice, although the second time only samples
2(a), (c) and (d) were analyzed. Finally, a single pure sam-
ple (3) of the low 13C gas was used in the third experiment.
The relative uncertainty of the isotope abundances in these
samples depended primarily on the number of mixing steps,
n, necessary to prepare them. This uncertainty has previously
[20] been estimated to ±0.022

√
n, based on reference mea-

surements with a residual gas analyzer. The details of these
samples are presented in table 1.

The measurement procedure entailed: (1) introducing pre-
mixed sample gas to the system through the inlet valve, (2)
starting the pump and reducing the pressure to 270 Pa, (3)
igniting the discharge and letting the system stabilize for 120 s,
(4) measuring by sampling the emitted spectrum with the spec-
trometer, and (5) turning of the discharge and evacuating the
system with the vacuum pump. Between each experiment, the
system was purged with air. The frequency and duration of
the sampling varied for different experiments. In experiment 1,
where samples with highly enriched 13C levels were studied,
a single 1 Hz spectrum was collected for each 13C concentra-
tion. In experiment 2, with low 13C concentrations, the same
sampling frequency was used but the duration was 60 s. In
experiment 3, the stability of the measurement was investi-
gated by studying a single sample with a sampling frequency
of 0.37 Hz and a duration of ∼1600 s.

Hence, the data resulting from the experiments were
between 1 and 6000 emission spectra that had to be post-
processed to quantify the isotopic composition of the ion-
ized samples. A previous study [19] showed that most of
the emissions in the visible spectrum from a CO2 sample in
an SSRR microplasma came from dissociated CO molecules,
more precisely from CO Ångström peaks, and hence the
post-processing focused exclusively on this emission system.

To estimate the abundance of 13C and 12C in the ionized
CO molecules, a theoretical model of the major bands of the
Ångström system of 12C16O, f (λ), were created by fitting the
Voigt profiles of a total of 120 emission lines in the Q, P, and R
branches [21] to the measured spectrum, y (λ), using the partial
least squares fitting algorithm of Matlab’s curve fitting toolbox
(MathWorks, Natick, MA, USA). A Voigt profile, v (λ), corre-
sponds to the convolution of a Cauchy–Lorentz and Gaussian
distribution and is generally regarded as the best representa-
tion of the emission profiles from a discharge at the particular
pressures and temperatures of this study [22]. For a particular
emission line, J, centered around xJ = λ− λJ − ∂λ, where λJ

is the center wavelength of the line, and ∂λ is the alignment
error of the spectrometer, the Voigt profile is given by:

v(x, σ, γ) =
∫ ∞

−∞
G(x′, σ)L(x′ − x, γ)dx′, (1)

where

G (x, σ) =
1

σ
√

2π
e−

x2

2σ2 (2)

is the Gaussian, and

L (x, γ) =
γ

π
(
x2 − γ2

) (3)

is the Cauchy–Lorentz distributions, respectively. Hence,
the distribution of the Voigt profile is dependent on both
the Gaussian and Lorentzian FWHM broadening factors
σ and γ. The Voight profile was implemented in Matlab by
using the scripts voight.m and complexErrorFunction.m by
Nikolay Cherkasov that are available through Mathworks’
Matlab Central File Exchange (https://se.mathworks.com/
matlabcentral/fileexchange/).

The intensity of each of the considered emission lines, IQ,
IP or IR depending on the branch, were assumed to follow
Boltzmann distributions so that:

IQ =
2J + 1

2
e−

hc(BJ[J+1]−DJ2[J+1]2)
kBT (4a)

IP =
J + 2

2
e−

hc(BJ[J+1]−DJ2[J+1]2)
kBT (4b)

IR =
J − 1

2
e−

hc(BJ[J+1]−DJ2[J+1]2)
kBT , (4c)

where h is Planck’s constant, c is the speed of light, B =
1.948 × 102 m−1, and D = 6.33 × 10−4 m−1 are the rotational
and vibrational constants of the CO molecule, T is the char-
acteristic temperature of the system, and kB is Boltzmann’s
constant [23]. Hence, the total theoretical spectrum was given
by the sum of the Voight profiles of all the considered
emission lines from equation (1) with their intensity from
equations 4(a)–(c):

f (λ, ∂λ,α, σ, γ, T) = α

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣

40∑
JQ=1

IQ

(
JQ, T

)
v
(
xJQ , σ, γ

)
+ · · ·

40∑
JP=1

IP (JP, T) v
(
xJP , σ, γ

)
+ · · ·

40∑
JR=1

IR (JR, T) v
(
xJR , σ, γ

)

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(5)

where α was the relative intensity of the whole emission band.
Hence, when fitting this theoretical spectrum function f to the
measured spectrum y, the wavelength could be regarded as the
independent variable and α, ∂λ, σ, γ, and T as fitting parame-
ters. From these fits, the relative 12C and 13C signals, S12 and
S13, could be estimated from the intensity of the emission band:

S12 = α (6)

and the residual of the fit:

S13 =

∫
[y (λ) − f (λ,α, σ, γ, T)] ∂λ (7)

respectively. The latter was integrated over the part of the
spectrum where the most intense 13C12O emission lines were
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Table 1. 13C and 12C abundances in the CO2 samples used in this study, also present the total number of mixing steps, calibration measures,
and estimated uncertainties.

Sample 13C abundance (%) 12C abundance (%) # dilutions Calibration Uncertainty (%)

1.a 1.09 98.9 0 Yesa ±0.01
1.b 99.0 1.00 0 Yesb ±0.50
1.c 50.0 50.0 1 No ±1.10
1.d 25.6 74.4 2 No ±0.80
1.e 13.3 86.7 3 No ±0.51
1.f 7.21 92.8 4 No ±0.31
1.g 4.15 95.9 5 No ±0.20
1.h 2.62 97.4 6 No ±0.14
2.a 1.29 98.7 1 Yesc ±0.028
2.b 1.19 98.8 2 No ±0.037
2.c 1.14 98.9 3 No ±0.043
2.d 1.12 98.9 4 No ±0.049
2.e 1.11 98.9 5 No ±0.054
2.f 1.09 98.9 0 Yesb ±0.01
3 1.09 98.9 0 Yesb ±0.01

aCalibrated at the Tandem Laboratory at Uppsala University.
bCalibrated by the manufacturer.
cCalibrated with respect to experiment 1, i.e., the absolute abundances in sample 2.a, and the relative abundances in samples 2.b–e were corrected with
respect to this calibration.

observed. The same wavelengths were excluded from the fit
to avoid interference at high 13C levels. Moreover, the back-
ground in y was removed in two steps before fitting, where:
(1) a fifth-order polynomial was fitted to a ±20 nm wavelength
window around the center of the band to remove background
from far-off peaks, and (2) a sixth-order Gaussian with fixed
center wavelengths at the most prominent local background
peaks was fitted to the same interval of the remaining back-
ground to remove non-polynomic interference. In both cases,
wavelengths close to the emission band were excluded from
the fits.

3. Results

Figure 1 shows two typical spectra of 13CO2 and 12CO2, with
the (0–1), (0–2), (0–3), and (0–4) bands of the Ångström sys-
tem of CO visible. In the envisaged application, i.e., isotope
ratio measurements, two particular properties of the spectrum
were particularly desirable: (1) maximum separation between
the 13CO and 12CO bands, and (2) minimal interference from
other species like N2 and O2. Even though the (0–4) band
showed the widest separation, it also overlapped with sig-
nificant N2 lines [19], and hence all subsequent efforts were
directed towards the (0–3) band.

The (0–3) bands of 12C16O and 13C16O were found to
have peak intensities at 560.9 nm and 558.2 nm, respectively.
Hence, the theoretical model was constructed in the interval
between 542 nm and 571 nm to contain all relevant features.
Moreover, the Gaussian background function was given cen-
ter wavelengths at 546.7 nm, 550.9 nm, 552.0 nm, 552.7 nm,
567.2 nm, and 569.0 nm based on analysis of a spectrum
with added air. Finally, wavelengths between 554.0 nm and
562.8 nm were excluded when fitting the background func-
tions, and the 13C signal, S13, was calculated by integrating the
residual over an interval between λ = 552.2 nm and 559.3 nm.

Figure 1. Emission spectrum of 12CO2 and 13CO2. The major bands
of the CO Ångström system are highlighted and a close-up of the
(0–3) band is shown in the inset.

An example of such fits to an enriched 13CO2 sample can be
seen in figure 2.

4. Discussion

Figure 3 shows the dependence of the isotopic signals S12

and S13 on the abundance of 13C in CO2 samples consist-
ing of mixes of the two isotopologues (experiment 1). As
can be seen, both signals were highly linear over the whole
dynamic range. The Pearson correlation coefficient between
13C abundance and S12 and S13 were −0.9975 and 0.9995 indi-
cating an almost perfect correlation between the theoretical
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Figure 2. Example of fitting of the theoretical model, equation (5), to a spectrum of a sample with 13.3% 13CO2 with (a) showing the raw
spectrum (green) and the fitted background function (yellow). In (b) the background corrected spectrum (purple) and the modeled spectrum
(yellow) from which the 12C signal was estimated as the peak intensity is shown, and in (c) the residual from this fit with the wavelengths
used to estimate the 13C signal are highlighted in dark blue. Red crosses denote data points that were excluded from the fits.

and measured signals. This demonstrates that MPES is a use-
ful technique for isotope ratio measurement of CO2 at highly
enriched 13C levels. 13C enrichment is commonly used in bio-
chemistry and medicine to trace where a 13C-labelled com-
pound, like a targeted cancer drug, is taken up by the body.
In a context where the sample is a small biopsy and, hence,
the total sample amount is inherently limited, another of the
SSRR’s unique features can become valuable, namely its capa-
bility of handling extremely small total sample amounts down
towards the picogram range [18, 24]. In this context, it should
also be pointed out that the results in figure 3 stems from a
twostep process, where first CO2 is converted to CO in the
discharge, and then the Ångström bands of the CO molecules
are excited. Both these processes are likely subject to dif-
ferent degrees of isotopic fractionation. For example, vibra-
tion–vibration pumping of both CO2 and CO is known to be
isotope dependent and may shift the absolute 13C/12C ratio
in the discharge [25]. Moreover, these and other fractionation
processes are likely dependent on parameters like the density
and temperature of the plasma. However, as long as these pro-
cesses are linear within a controllable regime, they will be
manageable by a combination of calibration, and system level
pressure and power control.

Still, most applications require accurate and precise analy-
sis of 13C abundances in the naturally occurring range. Figure 4
shows isotope ratios for 13C concentrations corresponding to a
δ13C roughly between−10% and 175% (experiment 2). As can
be seen, the previously observed linear correlation remained
on this scale, which is advantageous since emission spec-
troscopy often becomes non-linear at low concentrations. For
CO2 mixed in N2 or air, this nonlinear region has previously
been found to begin at concentrations of a few percent or less
[19, 20], but the present results suggest that non-linearity is not
an issue for δ13C measurements.

However, figure 4 also shows that both the accuracy and
precision of the method have to be greatly improved before it
can be applied to δ13C measurements on a conventional scale.
Even though a smaller, simpler and less expensive system like

Figure 3. Linearity of the emission signal of the two CO
isotopologues of the ν = 0–3 Ångström band. Dashed lines shows
the 95% confidence interval of the linear fits. Each pair of points
was based on a single spectrum with a sampling time of 1 s.

the one presented here could be competitive without outper-
forming other techniques with respect to accuracy and preci-
sion, it still has to comply with the requirements of its users.
Hence, it needs an accuracy and precision of ±1%, meaning
that both factors have to be improved by about one order of
magnitude. A common way to achieve such an improvement
is by averaging, but averaging is only beneficial as long as the
investigated signal is stable. The inset of figure 5 shows an
example of the current system’s stability, with a continuous
time series from a sample with a constant isotope ratio span-
ning almost 30 min (experiment 3). Figure 5 also shows the
Allan deviation of the series, which is a measure of its stability

5
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Figure 4. Linearity of the measured isotopic ratios at low 13CO2
concentrations, with δ13C and 13C abundance on the upper and lower
x-axes, respectively. Each point was based on a total of 60 s of data.

and, hence, the feasibility of averaging. In general, averag-
ing can improve, e.g., the precision, p, by the square root of
the number of averaged samples, N, i.e., p ∼ N−0.5. Hence,
improving the precision by one order of magnitude requires
the measurement to consist of two orders of magnitude more
samples. The minimum of the Allan deviation corresponds to
the point where the N−0.5 dependency stops and further averag-
ing is fruitless—in other words the time scale over which the
signal can be regarded as stable. For the system studied here,
this scale was about 440 samples or 120 s given the 3.7 Hz
sampling rate. These results are well in line with similar obser-
vations when the system was used for OGS [14], suggesting
that the stability is limited by the microplasma source rather
than the MPES measurement scheme.

The measurements in figure 4 were based on about 60 s
of samples meaning that averaging only could offer a pre-
cision/accuracy improvement of a factor of ∼

√
2 and that

the stability would have to be increased by a factor of 50 to
reach the desired ±1% uncertainty. This is most likely not
possible.

Hence, other measures are necessary to make MPES of nat-
ural δ13C levels feasible. The most promising alternative is
employing a CCD spectrometer with a better wavelength res-
olution and signal-to-noise ratio in general, and specifications
more adapted to studying the (0–3) band at 561 nm in particu-
lar. The spectrometer used in this study was a general-purpose
device with relatively low resolutions, mostly intended to map
the isotope dependence of CO/CO2 emissions over the whole
visible spectrum, and not to reach maximum performance in
a certain part of it. On the other hand, the presented measure-

Figure 5. Overlapping Allan deviation of the time series shown in
the inset. The sample rate of the latter was 3.7 Hz. The red line in
the inset corresponds to a 120 s smoothing average filter.

ment scheme was not limited to a particular spectrometer, and
the theoretical model of the (0–3) band would most likely ben-
efit from data with a higher wavelength resolution. With a well-
behaved signal acquisition method, as the results in figures 4
and 5 demonstrate, it is reasonable to assume that increasing
the amount of data in the spatial domain (number of wave-
lengths) would have the same beneficial effect as increasing
it in the temporal domain (number of samples). Hence, dou-
bling the wavelength resolution could improve the precision
and accuracy by up to a factor of

√
2. Moreover, given the

information density of the fitting algorithm, where 120 theoret-
ical peaks were fitted to only about the same number of spec-
tral wavelengths, it is reasonable to assume that an increased
wavelength density could improve the fitting in more ways
than merely reducing the noise, and that the before mentioned
improvement factor could be even greater than

√
2. Nonethe-

less, a spectrometer with ten times better wavelength resolu-
tion (0.05 nm) and a five times higher signal-to-noise ratio
(3000:1) could be expected to give sufficient precision and
accuracy to reach a δ13C uncertainty of ±1%. Such a spec-
trometer would probably have to be purpose-built but is fully
feasible from a technical point of view.

Another option would be to improve the background sub-
traction algorithm, to better reduce interference from nearby
peaks. Here, more modern methods like deep learning could
be a fruitful option to the ordinary partial least squares fitting
algorithms used here. It should also be mentioned that both of
these methods likely would benefit from a higher spectral res-
olution too. A third option would be to extend the analysis to
the other Ångström bands.

6
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5. Conclusion

The results of the present study showed that the emissions from
a 270 Pa SSRR microplasma exhibited clear carbon isotope
signatures in at least four of the emission bands of the CO
Ångström system. Of these, the (0–3) band at 561 nm was con-
cluded to show the best prospects for spectrometric applica-
tions based on a wide isotopic shift and a limited background.
A fitting algorithm based on a theoretical model of the (0–3)
band was shown to produce almost perfectly linear isotopic
signals over the whole dynamic range (1%–100% 13C/12C).
This linearity extended into the naturally occurring 13C range
(1.08%–1.13% 13C/12C), but here, the accuracy and precision
of the results were about one order of magnitude worse than
what is generally required in scientific applications. However,
several possibilities of improving the method to reach this per-
formance exist, and hence, MPES of stable carbon isotope
ratios must be regarded as a possible, or even promising, alter-
native to the more complex and costly IRMS or optical reso-
nance measurements that are currently being employed. Here,
the miniaturized embodiment, robustness and integrability of
the SSRR concept can be advantageous, since it could facili-
tate the construction of a portable isotope measurement suited
for a wide variety of field experiments.
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