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LASER ASSISTED RATIO ANALYSIS — AN ALTERNATIVE TO GC/IRMS FOR CO2
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Abstract. A new technique for laser based analysis of carbon isotope ratios, with the acronym LARA, based on
large isotope shifts in molecular spectra, the use of fixed frequency isotopic lasers, and sensitive detection via the
laser optogalvanic effect is reviewed and compared with GC/IRMS for carbon dioxide in specific applications.
The possibility for development of new classes of isotope ratio measurement systems with LARA is explored.

1. INTRODUCTION

A new technique for laser based analysis of carbon isotope ratios was first reported in 1994 [1]. The
method is based on large isotope shifts in molecular spectra, the use of fixed frequency isotopic lasers
and sensitive detection via the laser optogalvanic effect. Subsequent development [2] has
demonstrated that laser assisted isotope ratio analysis, given the acronym LARA, is a viable
alternative to traditional IRMS for carbon dioxide in specific applications and may make new classes
of isotope ratio measurement systems possible.

The optogalvanic effect has been used for atomic and molecular spectroscopy for many years [3]. It is
based on the electrical response of a gas discharge to optical perturbation. If a laser of intensity I, and
frequency v, is incident on a weak electrical discharge, the response S, of the discharge can be
approximated very closely by:

S=nLI(v)Aa(v)C (1)

where n is the areal density (molecules/cm2) of interacting species, L is the length of the interacting
region, A the area of the laser beam, a the interaction cross section and C an optogalvanic
proportionality constant.

Fig. 1 is a schematic representation of a basic measurement system used for 13C/12C in CO2. Two or
more samples, a standard and one or more unknowns, are maintained in low power radio frequency
gas discharges and irradiated by fixed frequency carbon dioxide isotopic lasers. Mirrors M1-M3,
combine the laser beams and direct the light through cells to beam stops BB. Pressure sensors PS, are
used to measure the pressure in the cells. Electrical discharges are controlled by excitation circuits
which also feedback the signals S. A computer with digital signal processing capability DSP, controls
the system via analog to digital and digital to analog conversion A/D. The samples are at low pressure
controlled by vacuum pumps and adjustable valves.

Many different vibration-rotation transitions can be made to lase in CO2 [4]. The transitions chosen
for 12CO? and 13CO2 must be well separated in wavelength and are automatically in resonance with the
same molecular transitions in the samples, providing the specificity required for the isotope ratio
analysis. Purification or concentration of the samples is generally not required. The laser intensity, I,
provides a gain factor so that signals for dilute isotopes can be amplified relative to the majority
species. The effective intensity can be further multiplyed by using multiple reflections increasing the
apparent length of the discharge, L. Another way to enhance sensitivity is through the coupling
parameter C, by choosing optimal discharge conditions. An optimum discharge has been found to
consist of less than 5% CO2 in nitrogen. A mixture of CO2 in nitrogen greatly enhances the
optogalvanic effect due to the almost resonant exchange between electron excited N2 and the upper
laser level of CO2. This is the same reason a CO2 laser operates with a majority N2 gas fill [5].
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Fig. ]. Schematic diagram of LARA system for !3C/12C isotope ratio determination in gas samples
containing COi.

A negligible fraction of laser power is absorbed in the discharge. In fact, under proper conditions
there is a small gain in intensity I, so that multiple samples and a standard can be measured
simultaneously in series. The measured signal is electrical. No optical measurement is required
eliminating all collection and dispersion optics or light transducers. Optical background, which might
otherwise obscure the desired signal, is absent. Using modulated laser beams and lock in detection
techniques, extremely high signal to noise ratios are achievable. Using incommensurate modulation
rates, multiple signals can be determined simultaneously [6].

A double ratio:
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directly yields the relative isotopic ratio 8, all parameters of Eq. 1 canceling except for:
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2. COMPARISON WITH GC/IRMS AND OTHER OPTICAL METHODS

The LARA technology differs both from GC/IRMS and other reported optical techniques [7, 8, 9] for
precision isotopic ratio measurements. Table I presents a relative comparison of the measurement
systems.

Unlike IRMS, all optical techniques are species rather than mass selective. Hence chemical separation
and/or enrichment of CO2 are usually not necessary. Optical techniques, which rely on deconvolution
of spectral line shapes [10], are subject to background optical resonances which may limit sensitivity
by obscuring or overlapping the specific isotopic resonances to be analyzed. LARA, however, is only
limited by possible differential fractionation effects with other gases in the sample and/or standard.

IRMS analysis begins with an ion source from which ion beams are extracted. The sample is
destructively analyzed via ion current collection. The LARA discharge is, in some ways, similar to the
ion source discharge; however, the ion density is low and measurements are nondestructively carried
out inside the discharge region. Sample gases could be saved and stored for subsequent reanalysis if
desired. The obtainable precision and measurement time are, of course, coupled in all systems;
however, less sample is required for spectroscopic based measurement due to continuous averaging of
an unchanged sample.

TABLE I. CO2 ISOTOPE RATIO ANALYSIS

Dispersion

Detection

Sample Preparation

Gain

Sample size

Speed

Precision

Calibration

Limitations

Irms
Mass Ion beam
Trajectory

Ion current

Extensive

No

Medium

Medium

High

Sequential

Isobars Fractionation

Ir Optical
Species Tunable
laser/Spectrometer

Light Absorption

Moderate

No

Large

Low

Medium

Sequential

Resolution

LARA
Species Fixed wave-
Length lasers

Electrical Conductivity

Minimal

Yes

Small

High

High

Continuous

Fractionation

It is interesting to consider ultimate limits to precision and sample size. Most optical measurements
are inherently limited to precision of the order 0.5 to a few S because of the spectral deconvolution
algorithm and/or light source used, even when long optical path lengths are employed to enhance
weak spectral features. LARA has no such limitation because of the use of fixed wavelength lasers
and the gain, via laser intensity, for the more dilute isotope inherent in the optogalvanic measurement.
GC/IRMS is limited in ultimate precision by its insensitivity to isobars and possible fractionation
effects in the sample preparation, transit and ionization. LARA, too, is limited ultimately by unknown
differential fractionation effects in the gas discharge.
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3. CALIBRATION AND STANDARDS

Absolute values for unknown isotopic ratios are extremely difficult to achieve [11]. For analytical
work a traceable standard is required [12] except for situations such as isotopic tracer studies [13]
where relative changes with respect to time of tracer introduction are of interest. Various calibration
techniques are used with GC/IRMS; most commonly measurement of standard samples are
interspersed with unknown samples. Dual ion sources are often used so that cross contamination of
unknown and standard is avoided. Standard gases from national or regional standards laboratories are
periodically sent to participating analytical instruments for quality assurance. As is the case with
unknown samples, standard gas samples are destructively analyzed, and the change to a new standard
can be complicated.

The situation with LARA determination of isotopic ratios is different. Most significantly, the
measured parameter is ô directly. The standard to unknown ratio is measured continuously and the
standard can be in a sealed cell interchangeable between instruments. Ideally, the standard gas is an
identical gas mixture to the unknown, e.g. 3% CO2 in nitrogen. Otherwise, a calibration must be
carried out with a sample of known isotopic ratio in a known gas mixture. As long as a series of
unknown samples are of similar origin such as pure CO2 or air or breath the calibration is
straightforward. However, to compare isotopic ratios of CO2 in different gas mixtures, fractionation
effects in the discharge must be carefully considered. Measurements have been carried out with
concentrations of CO2 varying over several orders of magnitude. There is a small concentration
dependence to the optogalvanic coupling parameter of equation 1, and further work on calibration for
samples of differing concentration and other gas concentrations is required. A standard for CO2

concentration and gas mixture to intercompare LARA with GC/IRMS would be desirable to cross
calibrate between instruments. No correction is required for isobaric species with LARA
measurements, so empirical correction factors now in use with GC/IRMS to correct for 12C16O17O in
determination of 13CO2 concentration might be checked using the species sensitivity of LARA isotope
ratios.

4. APPLICATIONS

4.1. Laser assisted ratio analysis of human breath

The first commercial application using this technology was developed for clinical use in analysis of
human breath after ingestion of 13C labeled compounds [6]. As breath is about 5% CO2, with nitrogen
as the majority gas, it is suitable for direct optogalvanic analysis using a gas mixture typical of normal
breath, or the patient's own baseline breath, as the "standard". The only sample preparation required is
removal of water vapor, the percentage of which can vary greatly from sample to sample hence
causing differential fractionation effects in the discharges [14].

Several instruments have been used in hospitals in the United States, Canada and Europe and several
thousand breath tests have been analyzed. Regulatory agencies in the United States (FDA) and Europe
(EMEA) have approved the LARA system for the urea breath test for detection of H.pylori infection.
Clinicians have been pleased with the high sensitivity and specificity of the system as well as its ease
of use [15-18].

In an experiment, designed to compare the LARA system with a GC/IRMS optimized for breath
analysis, 139 duplicate breath samples from two volunteers were taken after ingestion of labeled
NaH13CO3. One set of samples was analyzed in a clinical LARA and the duplicates in the GC-IRMS
(Finigan-Mat Breath-Mat). The excellent correlation obtained is shown in Fig. 2. It should be noted
that the measurement time on the GC-IRMS was roughly twice as long as the measurement time on
the LARA.
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Fig. 2. Correlation of LARA analysis with GC/IRMS analysis after ingestion ofNaH13COs. The slope
is 1.038, the intercept is -0.016 andR2 is 0.992.

4.2. Analysis of atmospheric CO2

Studies of atmospheric gases, atmospheric chemistry and global carbon balance require accurate and
precise measurements of isotopic ratios and isotopic ratio variations with time, particularly for carbon
and oxygen in carbon dioxide [19]. Researchers and policy makers seeking to understand the global
carbon cycle and place enforceable limits on greenhouse gas emissions need high quality data on
carbon fluxes, sources and sinks. While data for the concentration of CO2 in the atmosphere has been
well monitored additional constraints, such as the 13C and radiogenic 14C isotopic data are needed to
distinguish between natural (i.e., biogenic) and anthropogenic sources (i.e., fossil fuel combustion).
In addition, the question of whether carbon is stored or released from a given area, such as a forests, is
key to developing a complete and quantitative inventory of the carbon budget.

Currently, the United States NOAA maintains the largest network of sampling sites for CO2

concentration and stable isotopic analysis of CO2 as shown in Fig. 3. Whole air samples are collected
from these sites, shipped back to a central laboratory for high precision analysis of CO2 concentration
and isotopic composition. The NOAA flask network involves a large number of nations around the
world, includes 4 NOAA baseline observatories, 40 Cooperative Sites, 4 commercial vessels and
2 sites located on existing commercial towers [20]. The flask approach critically limits the number of
such samples that can be analyzed and increases the logistic complexity and cost of analysis due to
sample transport, alteration during transport, etc.

As preconcentration is not necessary, and air can be continuously flowed through an instrument, the
LARA technology may provide unprecedented opportunities to acquire data on the isotopic
composition of atmospheric CO2. Li preliminary work at Rutgers University, discharges have been
optimized with air flowing through cells so that signals from the unprocessed air exceed noise levels
by factors of 1000 with modest (minutes) averaging time. The system can run unattended for days at a
time. In Fig. 4, data from a single day illustrates measurements possible with dry air flowing in two
cells.

As can be seen, the mean delta, 0 (as unknown and standard are the same air), shows a mean square
variation less than 15, and apparent concentration variation of a few ppm. The apparent variations
with time may be due to temperature swings, which are only partially compensated for, flow
variations, wall sticking and other potential fractionation effects. Improvements in precision by an
order of magnitude are expected with improved engineering of gas flow, cell temperature and related
independent variables.
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fg. 3. Global distribution ofNOAA CO2 sampling sites.

13,Fig. 4. Long term measurement ofCOi concentration and S C in standard dry air.

5. RESEARCH DIRECTIONS

As indicated, the LARA technology is quite young and there is more to learn and many potentially
fruitful areas to explore. The ongoing development of reproducible standards and the limits to
standard comparison precision are related. Atmospheric measurements of CO2, and time variations
with flow through systems are another area already under study. In addition to carbon, other element
isotope ratios can also be determined using LARA provided that suitable lasers for the sensitivity and
specificity required can be obtained. Research on oxygen isotopes, nitrogen isotopes and D:H ratios is
planned.

Work on 1SO/16O analysis in carbon dioxide based on the molecule 12C1SO16O is already in progress. In
this case, the isotopic laser for the asymmetric molecule is somewhat more complicated, compared to
13C16O2, due to isotopic equilibration in the laser discharge which yields a 50% maximum
concentration of the desired molecule. The mixed molecule 12C18O16O has a high density of molecular
states and there is overlap of laser bands with the symmetric molecules. Nevertheless, choosing a
suitable transition in 12C18O 16O near 9.6 fxm, a strong optogalvanic effect signal unique to the 18O
containing molecule is obtained. Because of exchange effects with ground state 12C16O2 in the
discharge, the sensitivity to I8O is largest at concentrations less than 2% CO2 in nitrogen. Results
indicate that high precision (<0.58) measurements for 18O/16O ratios in CO2 with samples as small as
100 nmoles are possible with measurement times less than 1 minute. Under certain conditions,
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especially if water vapor is present, large fractionation effects involving 1SO in the electrical discharge
cell can be observed. This is not surprising in view of the extremely high fractionation effects which
have been observed in upper atmosphere ozone production [21].

The LARA isotopic analysis technology described may, in fact, provide a means for real time study of
fractionation effects, as the optogalvanic signals from various discharge species can be studied as a
function of time with resolution of tens of seconds, using flow through cells. Systems can be
developed to yield comparable precision with a sample orders of magnitude smaller than those studied
thus far. Similar systems could be developed for 17G:16O. Discussions at meetings such as this, and the
needs of diverse user communities and funding agencies will determine the priorities and rate of
progress of this exciting technology.
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