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ABSTRACT We report the development of a field-deployable,
pulsed quantum cascade laser spectrometer. The instrument is
designed to measure the '3C/!2C isotopic ratio in the CO,
released from volcanic vents. Specific 120, and 3CO, ab-
sorption lines were selected around 4.3 jum, where the P-branch
of 12C0, overlaps the R-branch of 13C0O, of the 00°1-00°0
vibrational transition. This particular selection makes the instru-
ment insensitive to temperature variations. A dual-channel cell
balances the two absorption signals. We provide details of the
instrument design and a preliminary demonstration of its per-
formance based on laboratory measurements of '°012C'°0 and
16012cl80.

PACS 42.55.Px; 42.62.Fi; 07.88.+y

1 Introduction

Measurements of stable isotopic ratios of carbon
(in addition to other species including hydrogen, nitrogen,
oxygen and sulfur) provide unique information about the
source and history of the compound under study through
an understanding of fractionation and mixing processes. Iso-
topic ratiometry has important applications in many fields,
including atmospheric sciences, biochemistry and geochem-
istry. For atmospheric chemistry and environmental moni-
toring the main purpose of carbon isotopic measurements
is to determine carbon sources and sinks (see [1] and ref-
erences therein). In biochemistry, concentrations of carbon
isotopes are relevant to studies of photosynthesis, and have
applications for non-invasive, early diagnostics by breath an-
alysis [2]. Geochemical applications are varied [3] and in-
clude evaluation of the sources of volcanic gases, critical to
eruption forecasting and volcanic hazard assessment. For ex-
ample, the ratio *He /*He is useful in distinguishing magmatic
helium from that derived radiogenically in the Earth’s crust
(and enriched in “He) [4]. It has been shown recently that this
ratio can be measured by near-infrared laser spectroscopy [5].
Nitrogen isotopic composition traces sedimentary input into
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volcanic gases [6], while concentrations of 180 and D in water
composition are important indicators of mixing of magmatic,
hydrothermal, marine and meteoric sources. Stable isotopes
of carbon and sulfur can reveal magma sources, assuming that
isotopic compositions of surface reservoirs are constrained.
For example, *CO, /'2CO, and **SO, /*2SO, measurements
of gas samples collected from the lava lake of Erta ‘Ale vol-
cano (Ethiopia) indicated the mantle origin of emitted carbon
and sulfur (8'"3C &~ —4%o and §**S =~ 0%¢), whereas emis-
sions from ‘arc’ volcanoes display more variable §'°C (—12
to +2.5%0) and §**S (0 to +10%¢) due to contamination by
sedimentary and crustal sources [7].

Isotopic ratios are commonly expressed as ‘delta values’.
For the '>C/13C ratio in CO, the §'3C value is defined as fol-
lows:

Rx—R
sBCc =278 L 1000. (1)

RppB

Note that this notation means that delta values are expressed
as ‘per mil” (parts per thousand, or %o). R denotes the concen-
tration ratio of 3 CO, and '>CO,. Ry refers to the sample to be
analyzed and Rppg to the Vienna Pee Dee Belemnite standard
(Rpps = 0.0112312 [8,9]). The value of Rppg is high (high
13C) relative to a number of environmental sources and there-
fore §'3C is typically negative. For example, the average value
in the atmosphere is ~ —8%o.

Isotope ratio mass spectrometry (IRMS) is the standard
measurement technique, and has been used successfully for
many years, with a precision in the 0.01%0—0.05%0 range.
However, IRMS cannot differentiate isotopes with almost
the same mass, it does not allow real-time measurements, it
often requires a complex sample preparation and precision
IRMS instrumentation is not readily field deployable for in
situ measurements. To overcome these issues, when a target
precision of ~ 0.1%ois required, techniques based on infrared
absorption spectroscopy offer an alternative approach. An ex-
cellent up-to-date review of these techniques can be found
in [10]. In particular, tunable laser absorption spectroscopy
based on semiconductor lasers promises compact instrumen-
tation and real-time measurements. These sensors can dis-
criminate closely related lines of different isotopes due to their
narrow instrumental bandwidths.

We report here the development of a field-deployable in-
strument designed for measurement of volcanic emissions,
and based on tunable infrared laser absorption spectroscopy.
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The spectroscopic source used is a distributed feedback
(DFB) quantum cascade laser (QCL) operating at Peltier-
cooled temperatures in a pulsed mode and emitting at 4.3 pm.
This mid-infrared source is well suited for a field-deployable
instrument because it does not require liquid-nitrogen cool-
ing, it is compact and robust, provides several mW of power
and can access a fundamental band of CO,.

First, we discuss the choice of the '2CO, and 3CO,
lines to be used, and review prior work on '3CO,/!>CO,
ratio measurements by semiconductor laser absorption spec-
troscopy. We then describe in detail the instrument design
and report a laboratory demonstration of the instrument
capabilities.

2 BCO, and 12CO; line selection

Prior to selection of the optimum CO, absorp-
tion lines, the general spectral region for measurement is
determined primarily by the available laser source, in this
case a QCL. Figure 1 presents the '>?CO, and '*CO, bands
in the near and mid infrared, obtained from the HITRAN
2000 database [11]. The most favorable band to measure
813C with high precision appears to be the v; band cen-
tered at 2349 cm~! (4.3 um). Also, the v, band centered at
667 cm™! (15.0 um) and the combination band v; + v3 cen-
tered at 3720 cm™! (2.7 wm) could be used, but their intensi-
ties are a factor of about one hundred weaker than the v; band.

Although far from optimum in terms of transition in-
tensity, the 13C/!2C isotope ratio has been measured using
a harmonic band in the near-infrared region. The availabil-
ity of near-infrared semiconductor lasers, their low cost and
reliability and the possibility of fiber amplification and coup-
ling make this spectral region very attractive. For example,
Gagliardi et al. and Rocco et al. measured '3CO,/'2CO, at
~ 2 um (5000 cm~") and partially compensated the intrinsic
low line strength (of more than three orders of magnitude
weaker than the v; band) by using a multipass cell [12, 13].
Measurements have also been performed with telecommu-
nications laser diodes at 1.6 um (6250 cm™!), where lines
are about five orders of magnitude weaker than in the v;
band [14, 15]. At these wavelengths, the weak absorption lines
can be compensated by use of highly sensitive cavity ring-
down spectroscopy [2].

Having found a suitable absorption band, the precise
12C0O, and 13CO, transitions have to be selected. Two main
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FIGURE 1 Ro-vibrational bands suitable for 12CO, / 13CO, ratio measure-
ments, based on HITRAN 2000

criteria dictate this choice. Firstly, the signals for each iso-
tope should be of similar intensities in order to limit the effect
of the intrinsic non-linearity due to Beer’s law and potential
non-linearities of the detectors. In practice, this means that the
overall absorption of the '>?CO, and the '3CO, lines must be
similar. Secondly, the lower energy levels of the '>?CO, and
13C0, transitions must be as close as possible to limit the sen-
sitivity of the measurement to temperature variations. This
dependence is approximately given by [16]
AT AE = ASKT?, )
where AT is the temperature variation, AE the difference
between the lower-state energies of the > CO, and '*CO; tran-
sitions, Ad the corresponding precision of the delta value, k
the Boltzmann constant and 7' the temperature. These crite-
ria cannot be fulfilled together in the 2300 cm™' region. In
addition, the lines have to be the strongest possible to achieve
good sensitivity, the spectral window must be free of atmo-
spheric interference and the two line frequencies close enough
to resolve with a single QCL scan.

From these considerations, two strategies are feasible. Ei-
ther two lines can be selected such that the strengths of the
12C0, and *CO, absorptions are similar. In this case, the
transition lower-state energies are quite different and the tem-
perature of the gas mixture during measurements has to be
very stable. Alternatively, two lines with almost the same
lower-state energy can be selected. In this case, the line inten-
sities are different and the respective absorptions have to be
balanced using a dual-channel absorption cell [1, 17].

Several techniques with different line-selection strategies
have already been developed to measure the 3CO, /!>CO,
ratio using the v3 band. An analyzer based on difference-

TABLE 1 Summary of tunable mid-infrared laser-
based spectroscopy approaches for 2CO, /13CO, iso-
topic ratio measurements. The frequencies and intensity
ratios of the two transitions chosen in each case are
given. AT is the corresponding temperature stability re-

Line selection Line
Technology  for 12C and 13C intensity AT AS
(em™h) ratio 12/13 (K) (%0)
. 2299.642357
Erdelyi et al. [18] DFG 299.795519 0.67 0.005 0.8
Lead salt 2314.304896
Mc Mannus et al. [1 4 21 2
¢Mannusetal- [ py i path 2314.408412 6 02130
2291.541690
Becker et al. [20] Lead salt 2201 680391 0.64 0.004 4
Bowling et al. [19] Lead salt gggg:ﬁi’ggg 0.43 0.006 025
This work QCL 2311.105566 181
15 wor Dualpath 2311398738 % 8

quired to achieve a 0.1%o precision in 8'3C. The last
column indicates the precision achieved
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frequency generation was reported by Erdélyi et al. with
a 0.8%o precision [18]. Lead salt diode laser spectrome-
ters have also been used, delivering precisions of 0.2%o [1],
0.25%0[19] and 4%0[20, 21]. An instrument based on a pulsed
QCL is also in development at Physical Science Inc. [22].
The line selections for these different studies are compared in
Table 1.

We selected a line pair around 2311 cm™!. The main fea-
ture is that the two transitions have nearly the same lower-
state energies. The calculated required temperature stability to
achieve a 0.1%o precision on the delta value is 180 K, which
means that CO, isotopic ratio measurement will be insensi-
tive to temperature fluctuations. On the other hand, the two
line strengths are very different (the ratio is 96) and can be
compensated for using different path lengths for each line.

3 Description of dual gas absorption cells

The selected '>CO, line has a high intensity of
~ 107" cm~! /molec. cm™2. As the CO, concentration is ex-
pected to be greater than 1% in volcanic gas emissions, a short
path length is needed to avoid saturation. We have constructed
an optical configuration consisting of two separate cells, by
modifying a 36-m multipass astigmatic Herriott cell from
Aerodyne Research Inc. [23]. The cell entrance window has
been replaced by a short-path cell (Fig. 2), whose exit window
acts as a beam splitter coupling a part of the laser radiation into
the Herriott cell. The two windows are parallel to ensure that
the path length does not depend on the beam position.

The incoming beam from the QCL follows two separate
optical paths:

— Channel 1, short path ('>CO,): the beam enters the short-
path cell via the entrance window (CaF, wedge), tran-
sits through the short-path cell (0.024 m) and exits via
awedged ZnSe window.

— Channel 2, long path (13CO,): the beam enters the short-
path cell as for channel 1. The beam is then reflected by
the ZnSe window and travels in the astigmatic Herriott
cell. The beam makes 12 passes inside the multipass cell
(2.444 m) and then exits through the ZnSe window.

Channels 1 and 2 transmit 44% and 12% of the incoming QCL
power, respectively. The two cells are interconnected so that
the gas to be measured is at the same pressure in each chan-
nel. Figure 3 shows simulated spectra for these conditions and

Outgoing beam
Channel 2

CaF2 wedge

ZnSe wedge 5
window

Short path cell

window \
Outgoing beam /1 Z/j

incoming beam

Channel 1 W/‘ / (from QCL)
%
I
L/J Multipass cell
Multipass cell body
back mirror

FIGURE 2 Schematics of the modified Herriott cell. Note the two different
path lengths
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FIGURE 3 Simulated spectra for the two cells (channels 1 and 2) for a total
pressure of 50 Torr, a CO, concentration of 1% and the natural isotopic
abundance. The lines of interest are indicated by an arrow

a concentration of 1% CO, in air at 50 Torr for the natural
abundance of 13CO,.

4 CO;-sensor design

4.1 Optical platform

The two absorption cells, the QCL source, detec-
tors and other components are mounted on a 46 x 30 cm?
optical breadboard. A plan view and a three-dimensional (3D)
view of the optical platform are shown in Figs. 4 and 5, re-

Caser
pulser

Alignment
laser

Removable mirror

QCL housing

HgCdZnTe|
Detector 2

Multipass cell

\ HgCdZnTe

OAPM

Short path cell

FIGURE 4 Scaled optical layout of the sensor. M indicates plane mirrors,
and OAPM off-axis parabolic mirrors

FIGURE 5 3D view of the optical head of the sensor on the 46 x 30 cm?
optical breadboard
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spectively. The QCL is enclosed in an evacuated housing [24].
The exiting infrared beam is collimated with a ~ 6-mm diam-
eter, £/0.5 aspheric ZnSe lens. High-current ns pulses are pro-
vided by a laser driver (Directed Energy model PCO-7120)
to the QCL via a low-impedance strip line. After the exit
window of the QCL housing, a removable mirror can be in-
serted for beam alignment. This mirror redirects the beam
coming from a visible diode laser and allows the superimpo-
sition of the visible and mid-infrared beams. Except during
the alignment process, the QCL beam encounters a set of
three mirrors, which are used to couple the QCL beam to
the dual-cell system. As shown in Fig. 2, two beams exit the
absorption cell system and are focused on two detectors by
75 mm focal length off-axis parabolic mirrors. Two thermo-
electrically cooled photovoltaic HgCdZnTe detectors (VIGO
Systems model PDI-2TE-5) are used. The effective area of
each detector is 1 mm? and their response time is ~ 20 ns.
The detectors are connected to transimpedance preamplifiers
with a 50-MHz bandwidth, and their outputs are sent to the
data-acquisition system. The optical module of the sensor is
sealed off and a constant low overpressure of dry nitrogen is
applied to prevent contamination of the sensor by ambient at-
mospheric CO;.

4.2 Data acquisition

The peak voltage of the detected optical pulses
is measured using 350-MHz sampling bandwidth track and
hold (T&H) circuits [25]. Data acquisition is performed by
a National Instrument PCMCIA card (DAQ card Al-16E-4)
connected to a laptop computer. Software control was imple-
mented using LabView.

External timing was used to optimize the acquisition rate
(see Fig. 6). Four acquisition channels were used: two for the
QCL peak signal (laser on), and two for the detector back-

Width of the pulse
Laser exitation
50 kHz
SCAN clock
1 T 1
I Holding time 1 ! !
1
Delay1 ' . ' —_—
i |
1 ! 1
T&H1 , 1 ,
100 kHz , 1 .
1
: Holding time2 | :
Delay2 | ! .
-> l— ,
1 1
T&H2 ' ' '
100 kHz ! ! |
I ! ! | !
Delay3 ! ! ! 1 . !
- 1 ! 1 | 1
| 1 ! 1 | 1
Acquisition clock | 1 ! 1 \ 1
200 kHz . ' I | . |
Cho Ch1 Ch2 Ch3
detect. 1 detect.2  detect. 1  detect. 2
laser on laser on laser off  laser off

FIGURE 6 Timing diagram of the acquisition sequence. The crosses indi-
cate individual acquisitions

ground voltage (laser off). The reference clock operates at
50 kHz and synchronizes the laser excitation signal. This ex-
citation signal consists of a 20-ns-width pulse sent to the
gate input of the laser driver, which delivers a 25-ns cur-
rent pulse train to the QCL. At the same time, this signal
clocks the scan sequence of the acquisition card. The gate
signals provided to the two T&Hs run at twice the reference
frequency so that two sequences can be recorded: one with
the laser on, the other with the laser off (background). For
each gate, the delay and length of the holding time have to
be adjusted: the delay is set such that the T&H gate signal
rising edge corresponds to the position of the detected pulse
peak voltage, and the ‘holding time’ must be sufficiently long
in order to keep the captured voltage to be acquired by the
DAQ card. These parameters must be optimized for the two
channels of the spectrometer. The acquisition clock runs at
four times the reference frequency (four channels must be
acquired) with its delay time adjusted so that acquisition se-
quences appear within the holding time of both T&Hs. The
user can select the number of spectra that are required for
averaging.

4.3 Gas-flow system

The gas-flow system uses a compact diaphragm
pump, a pressure controller and four three-way electromag-
netic valves driven by the digital output of the data-acquisition
card. The gas input can be switched between dry nitrogen, an
isotopic calibration mixture (the reference gas) and the sam-
ple. Isotopic calibration standards are costly and we therefore
use a separate holding tank in order to recycle the reference
gas in a closed loop, as noted previously [18].

The complete architecture of the control system is sum-
marized in Fig. 7, and a photograph of the actual sensor is
depicted in Fig. 8.

5 Measurement protocol

Measurements are performed as follows:

— Acquisition of spectra for a calibrated isotopic gas mix-
ture. We use a calibrated reference cylinder from Cam-
bridge Isotope Laboratories Inc. (with its 813C value, 8cq1,
known with a precision of 0.01%o) for the determination of
[12ccal] and [BCcal]'

‘ Ramp
Flow system Generator
Vaive 1 Je-1— (D00 ]
Valve 2 DO1 Laser diode
NI DAQCard Scan Clock driver
Valve 3 DO2
Valve 1 DO3 Acq. Clock

[archo] [Aich2][AICh1] [AICh3]
T x x x

[TaH 1 LJ [Tanz ],
2 2t 4|
|PreAmp.1 | |P"9A"1P-2 | P;I;Z/:i:tl)a:/

|Detect.1 | |Detect.2 |

FIGURE 7  Scheme of the electronic control and data-acquisition system of
the laser-based gas sensor. DO, digital output; AI Ch, analog input channel
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Y TN | — R SN,
FIGURE 8 Spectrometer shown with the cover removed. Power supplies
and controllers are housed below the main optical breadboard

— Acquisition of spectra for the unknown sample for which
['2Cx] and ['3Cyx] are to be determined.

— A baseline can be recorded by purging the system with dry
nitrogen, if required.

The unknown 8 is then given by

Rx—R
Sx = Seat + —~— 2 . 1000. 3)
PDB
6 Instrumental sensitivity

Retrieval of concentrations is made by line integra-
tion of the absorbance signal «(v). In this case, the concentra-
tion is given by

_ Ja)dvRT

, 4
LSNyP @

where R is the ideal gas constant, T the temperature, L the
path length, S the line intensity, Ny Avogadro’s number and P
the pressure. By differentiating (3), we obtain the precision of
the delta value as a function of the precision of the concentra-
tion measurement:

2000 AC
Ady ~

N —_— 5
Rppp [CO;] ©)

where the concentration precision AC is assumed to be iden-
tical for the measurements of ['*CO,] and ['2CO,] in both
channels, and ['*CO, ] <« ['2CO,]. From (5), it can be shown
that, for a 1% CO, mixture, a precision of 10 ppb in the con-
centrations is required to achieve a 0.2%o precision in §'*C.
This means that the pressure stability inside the optical cells
must be better than 0.05 mTorr, and the optical path length
stability better than 2 pum.

The main sensitivity limitation is expected to arise from
the usual performance issues of pulsed QCL-based spectrom-
eters [26]: an increase in laser line width as a result of ther-
mal chirping and pulse-to-pulse intensity variations. Hence,
achieving a 0.1%o precision in §'C is a significant technical
challenge to implement.

7 Results of laboratory tests
of the QCL-based CO;-gas sensor

For laboratory testing of the CO, sensor we utilized
a QCL-based spectroscopic source operating at 2320 cm™!,
as it was the only commercially available QCL for this spec-
tral region at this time. However, it operated outside the
2311-cm~! spectral region identified to be optimum for '*CO,
isotopic measurements as described in Sect. 2. This QCL was
nevertheless valuable for demonstrating the basic concept of
the sensor by examining the '°O'2C'30 isotope concentra-
tion. The specifications of this particular QCL were unusual as
compared to other QCLs. For example, a threshold peak cur-
rent of about 8 A at —35 °C when compared to less than 1 A
for a usual QCL. Such a high injection current results in two
major issues:

— The thermal chirp, and consequently the laser line width,
was broadened.

— The optical frequency was limited in tunability when ap-
plying a subthreshold current ramp because of the high
thermal load of the QCL.

Hence, laser-frequency scanning was performed by tem-
perature tuning. The peak current of the excitation pulse
was set to 8.2 A, which is close to the laser threshold.
A 7°C temperature ramp from —28 to —35°C was ap-
plied. Each acquisition point lasted 8 ms and consisted of
400 co-added (averaged) acquisition events. For these tests
a flow of a calibrated mixture of CO, diluted (1.00 £ 0.02%)
in dry nitrogen was used. The pressure in the absorption
cell was set to 50 Torr. The tuning rate was measured to
be —0.12cm™'K~! and the averaged QCL power was
0.2 mW.

The spectra recorded simultaneously by the two channels
are shown in Fig. 9.

Figure 9a shows the signal from the short-path cell. Only
the intense '>CO, lines are visible. In this plot is also depicted
the theoretical transmission expected according to HITRAN

0.8
0.6
0.4
0.2

a 0.0
1.0

0.8
0.6
0.4
0.2

HITRAN
Experimental

W II.;:.‘.‘-;-.-. "‘""'\m
“\n; U‘ /“

18012(:180/
Channel 2 l»/

b 2319.8 2320.0 2320.2 2320.4 2320.6 2320.8
Wavenumber (cm'1 )

FIGURE 9  Spectra for '°0'2C!80 recorded to demonstrate the basic con-
cept of the instrument. (a) corresponds to the short path cell signal; (b) is the
signal from the long path. The simulated spectra from HITRAN are shown
in light grey. In (a) the laser line width has not been taken into account,
whereas in (b) a 0.04 cm™! FWHM Gaussian function simulated the laser
line width

Channel 1

Transmission
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(grey trace). The comparison between the experimental and
the theoretical spectra points out the effect of the laser spec-
tral width. The 1o noise on either side of the 1°0'>C!°0O line
at 2320.75cm ™! is 1.2 x 1072, By computing the area below
the absorbance curve and using (4), the retrieved concentra-
tion for '°0'2C'0 is 1.00 & 0.06%. The line parameters from
HITRAN were used. For these particular lines, the quoted
precision in the intensities is given as 5% and therefore rep-
resents the major source of uncertainty in the concentration
retrieval.

In the second channel (see Fig.9b), the intense
16012C16Q, line nearly saturates and a '°O'2C'®0 line ap-
pears (indicated by an arrow). In Fig. 9b is also depicted the
HITRAN calculated spectrum but this time convolved with
a 0.04cm~! FWHM Gaussian function. The agreement is
very good, as can be seen. We believe that discrepancies can
be further reduced by refining the function that describes the
laser emission spectrum known as not being purely Gaus-
sian. For the calculated spectrum the natural abundance of
16012C180 has been used in the calculation (0.394707%) and
the isotopic line at 2320.46cm™! is in good agreement with
the experimental one. At longer wavelengths an increase in
noise is apparent. This is due to laser intensity variation during
temperature tuning.

8 Conclusions

We have reported the development of a field-
deployable QCL-based sensor for measurements of CO; iso-
topes. The sensor consists of a dual absorption cell and is
based on the selection of a particular pair of absorption lines
that yield '3C and '”C concentration measurements that are
insensitive to temperature. We have demonstrated the basic
sensor concept by measuring '°0'2C'°0 and '°0'2C'30 con-
centrations in a 1% CO, mixture in N in the spectral region
of 2320 cm™!. In future, a dedicated pulsed QCL that emits
at 2311 cm~! will be integrated into the instrument to inves-
tigate the experimental precision achievable in §'3C, prior to
full field testing. Several groups have reported progress in
the development of thermo-electrically cooled continuous-
wave QCLs [27-29] and interband cascade lasers [30] as
well as advanced compact DFG-based sources [31], which
would further improve the performance of the reported CO,
spectrometer.
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