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Abstract The design, construction and characterization of
a novel circular multipass cell for sensitive trace gas anal-
ysis are presented. This cell allows for easy modification
of the optical path length without any changes of its phys-
ical parameters. Furthermore, it is suited for three different
detection techniques: direct absorption, wavelength modu-
lation and photoacoustics. To demonstrate its performance,
mixing ratios of 13CO2 and N2O were measured from am-
bient air, using a quantum cascade laser. With the direct ab-
sorption method, noise equivalent 1-s precisions of 2.7 ppb
and 0.2 ppb are achieved for 13CO2 and N2O, respectively.
The wavelength modulation technique resulted in 4.3 ppb
precision with 1-s averaging for the 13CO2 measurements.
A Q-factor of 190 and a normalized noise equivalent mini-
mum absorption of 1.3×10−8 cm−1 W Hz−1/2 are achieved
using the photoacoustic technique.
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1 Introduction

Mid-infrared (IR) laser spectroscopy is widely used to mon-
itor trace gas species in industrial, medical and environmen-
tal applications. Mid IR, also known as the spectral finger-
print region, is attractive because the strong fundamental ro-
vibrational bands for most relevant gas molecules allow for
high instrumental sensitivity. In this context, quantum cas-
cade lasers (QCLs) are often used as continuous-wave light
sources, capable of producing tunable output at room tem-
perature [1].

The selection of the detection method is decisive in the
design of any instrument for a specific application. The three
most frequently employed spectroscopic techniques in the
mid IR are direct absorption (DA), wavelength modulation
(WM) as a subgroup of DA and photoacoustics (PA) [2].
The DA technique is rather straightforward, but the signal
to noise ratio (SNR) is often limited by laser intensity varia-
tions because a small absorption signal is detected on top
of a strong background of the laser output. To minimize
this background effect, WM can be applied. Most often, the
signal is detected at the second-harmonic frequency of the
modulation to filter out the background signal at the funda-
mental frequency. The drawback of WM is its need for more
sophisticated electronics to drive the laser and detect the sig-
nal. Furthermore, signal analysis to extract the sample con-
centration from the measured data is more demanding [3].
In the PA method, the absorbed energy is transferred into an
acoustic signal and detected by a microphone. Therefore, the
detection hardware is rather simple, compared to the optical
methods described above. The acoustic signal is only gen-
erated in the presence of absorbers; therefore, PA may be
considered as an inherently background-free method. But,
as the PA signal is proportional to optical power, available
lasers are often limiting the sensitivity of the technique.
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The optical path length through a sample gas is crucial to
obtain high sensitivity and precision in laser spectroscopy.
This has led to a variety of multipass cell configurations,
such as White [4], Herriott [5], astigmatic mirror based [6]
and variations of cylindrical and spherical mirrors [7–9].
These cells have very stringent requirements for the dis-
tance, axial angle and tilt of the mirrors. Although they of-
fer long absorption path lengths, the closing condition (spe-
cific circulation pattern of light) is generally accomplished
for a selected and fixed parameter set only. Modifying the
path length to make the absorption cell suitable for various
gas species with different absorption depths usually requires
solid knowledge of optics and an experienced person for the
alignment and adjustments.

In this work, a versatile multipass cell suitable for the
DA, WM and PA techniques is designed. The goals of the
design are simplicity of alignment, small detection volume
and high sensitivity. The high sensitivity is achieved with a
two-dimensional multipass beam pattern, which also acts as
a planar excitation for a longitudinal mode of the drum-like
PA resonator. The planar light distribution in the cell leads to
a small detection volume with robust and easy optical align-
ment. To complement the unique cell design, a fast data ac-
quisition and processing allowing for 200-Hz real-time data
rates was developed.

2 Instrumentation

In this section, a short description of the multipass cell de-
sign is presented. The first consideration is the size of the
sample cell. Minimizing the cell volume is important for
building compact instruments and to assure fast gas ex-
change. However, there is usually a trade-off between mini-
mizing the cell volume and maximizing the absorption sig-
nal.

Our concept is based on using six spherical, gold-coated
mirrors in a circular configuration. The geometry of the cell
is shown in Fig. 1. The six spherical mirrors, each an 8-mm-
high and about 48-mm-wide rectangular slice of a sphere,
having 50 mm radius of curvature, form a nearly continuous
ring with approximately 100-mm inner diameter. A 12.6-
mm space between two of the mirrors is reserved for cou-
pling optics. In this design, the laser beam bounces back
and forth between the mirrors and stepwise advances along
the circumference of the cell until it reaches again the cou-
pling lens. Consequently, the maximum number of passes
is determined by the beam size and separation of the adja-
cent reflections. To minimize interference fringes, neighbor-
ing reflection spots must not overlap and mirror edges must
be avoided.

The circulation pattern is set by the initial aiming onto
the cell. A geometrical formulation has been used in Matlab

Fig. 1 Calculated (left) and actual (right) beam patterns. An optical
path of 310 cm (31 passes) is achieved with a 2.9° incidence angle.
A 650-nm laser is used to visualize the optical path and to align the
spherical mirrors

to compute the locations of the beam spots on the mirrors
for a variety of input angles. This was done by represent-
ing the light as a line and the mirrors as circles, whose cen-
ters can be radially shifted in the directions corresponding
to the central position of each mirror segment. The reflec-
tion points and directions were calculated and optimized for
any selected mirror configuration. The beam circulates with
a fixed angular advance per pass, producing a star-like struc-
ture within the horizontal plane of the cell. Simple rotation
of the cell around the vertical axis of the input hole changes
the aiming condition, which will induce a wide range of
patterns and, thus, path lengths ranging from 0.3 m (three
passes, 30.0°) to 3.7 m (37 passes, 2.4°) can easily be ob-
tained within the 10-cm-diameter cell. Any further increase
in the number of reflections would require a larger cell di-
ameter to avoid the reflection spots hitting the mirror edges.
However, an optical path of 3.7 m is enough to produce 1 %
or more absorption from atmospheric methane, nitrous ox-
ide and the three main isotopologues of carbon dioxide [10].

The beam pattern selected for this study has 31 passes at
a 2.9° input angle, as shown in Fig. 1. The same number of
passes can be achieved by changing the input angle to 8.7,
14.5 and even higher values, but increasing the angle of re-
flection from spherical mirrors will increase the degree of
the astigmatic aberration. Astigmatism can be corrected for
by shaping the input beam with a cylindrical mirror before
coupling into the cell. However, preshaping the input beam
compensates for the aberration only at one incidence angle.
Thus, in order to sustain flexibility of optical path selection,
the pattern produced with the smallest incidence angle with-
out any correction for the astigmatism is preferred in this
work.

From the PA point of view, the star pattern also acts as a
planar excitation for an acoustic wave. Placing the set of six
mirrors in a drum-like acoustic resonator and modulating the
laser wavelength across the absorption line at half the fre-
quency of any even-ordered longitudinal eigenmode accu-
mulates acoustic energy and amplifies the signal by a qual-
ity factor of the mode [11]. A half-inch microphone (40 HL,
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Fig. 2 Instrumentation scheme. Telescope (T), off-axis parabolic mir-
ror (OAP) and coupling lens (CL) are used to shape the QCL beam.
The multipass cell (MPC) consists of six spherical mirrors and acts as
an acoustic resonator for the PA. A microphone (mic) can be attached
to the top of the cell. The output beam is focalized by a spherical mirror
(SM) to a detector (det)

G.R.A.S. Sound & Vibration A/S, Denmark) was fixed to the
center of the top cover of the cell to detect the PA signal. It
should be noted that the height determined by matching the
frequency of the second longitudinal resonance and the peak
response of the microphone is 30 mm, which corresponds to
11.6 kHz acoustic frequency, and results in a cell volume of
236 cm3. In contrast, the minimum height of the cell with
the DA or WM detection schemes could be as low as 3 mm,
resulting in a total volume of 24 cm3.

The QCL (Alpes Lasers SA, Switzerland) used in this
study is tunable between 2234 cm−1 and 2244 cm−1 by
changing temperature between 0 °C and −30 °C. The spec-
ified maximum single-mode output power of the laser is
5.6 mW, whereas the optical power reaching the cell is about
2 mW, given the employed laser current and losses in the op-
tical path. The highly divergent laser beam is shaped with
a two-mirror beam expander (50105-01, Newport Corp.,
USA) and a gold-coated off-axis parabolic mirror, as shown
in Fig. 2. A plano-convex CaF2 lens, placed between the
spherical mirrors, focalizes the beam close to the center
of the cell. The custom-made spherical mirrors refocus the
beam after each reflection, thus maintaining its size and
shape. After multiple reflections from the spherical mirrors,
the beam is collimated by the same CaF2 lens. The output
light is focalized onto a thermoelectrically cooled detector
(PDI-2TE-4.4, Vigo System S.A., Poland).

One purpose of the presented instrumentation was to
compare different detection techniques. A LabView pro-
gram was developed for driving the hardware and processing
the detected signals with a special focus to facilitate various
laser modulation schemes. For example, in the DA detec-
tion, the laser was driven with a current ramp at 2-kHz rep-
etition rate, thus sweeping 2000 times per second over the
absorption feature of the gas sample. The laser current was
set below the lasing threshold to measure the zero signal
after each ramp. Typically, 20 measured scans were aver-
aged, resulting in a 100-Hz spectral data acquisition. The

spectra were corrected for the nonlinear frequency tuning of
the laser using a prerecorded etalon spectrum, and a fourth-
order polynomial baseline was subtracted. The Voigt profile,
generated based on spectroscopic parameters from the Hi-
tran database [10] and measured temperature and pressure
values, was fitted to the spectra in real time. The fit parame-
ters, i.e. amplitude, width and peak position, were saved for
further analysis.

For the WM method, a 100-Hz ramp was superposed by
a 100-kHz sinusoidal modulation. A modulation index of
2.2 was used to optimize the SNR in the WM technique, de-
spite the fact that the measured waveform becomes distorted
compared to smaller values of the index [12]. The detector
signal was measured at the second harmonic of the modu-
lation frequency, i.e. at 200 kHz, using a lock-in amplifier
(7270, Signal Recovery, USA). The resulting 100-Hz output
spectrum was processed in real time similarly to DA, using
the second derivative of the Voigt profile, including power-
modulation distortion [3].

In the PA technique, typically four modulation wave-
forms are considered, namely sinusoidal, triangle, quasi-
square wave and custom-shaped [13]. The quasi-square
wave is considered as the most efficient one, but the wave-
length chirp of the laser may degrade the signal at the higher
modulation frequencies, which is the case in this work. The
custom-shaped modulation requires stable sample condi-
tions and composition, as the modulation waveform is calcu-
lated knowing the exact shape of the measured line. There-
fore, the triangle modulation, which is more efficient than
the sinusoidal one, was selected with an optimal modula-
tion index of 3. The laser was driven at 5.8 kHz frequency,
sweeping the spectral line twice per period. Thus, the PA
signal was generated and detected at twice the modulation
frequency. Therefore, the acoustic background signal, which
originates from the light absorption by the cell walls and
thus occurs at the modulation frequency, was separated from
the absorption signal of the sample gas in the frequency do-
main. The microphone output was fed into the lock-in am-
plifier, averaged over 1 s and stored. To identify the exact
frequency and the profile of the second longitudinal acoustic
eigenmode, the PA excitation frequency was swept over the
resonance. As a result, the quality factor of the acoustic res-
onance, defined by the ratio between the central frequency
and the FWHM of the power spectrum [14], was determined
to be 190. This value is rather high for the longitudinal reso-
nance, because the acoustic damping effect of the cell walls
is small for a short but wide resonator.

For all the tested techniques, the cell temperature was sta-
bilized to 30 °C by means of a heating element, isolation
and a temperature controller (WTC3293-14002, Wavelength
Electronics Inc., USA). The optical setup was purged with
dried and CO2-free air during the measurements. The sam-
ple flow through the cell was 0.15 slpm, and the pressure
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was kept at 7.2 kPa for the DA and WM measurements, and
at 96 kPa for PA.

3 Results

The performance of the instrumentation was assessed based
on the analysis of spectral lines of CO2 and N2O near
2240 cm−1 (see Table 1). The strong 13CO2 line (1) was
used to characterize the DA, WM and PA techniques,
whereas the simultaneous measurements of neighboring
lines (2) and (3) were used for long-term ambient air mea-
surements with automated calibration.

The Allan variance is a frequently used statistical tool
for characterizing the time-dependent behavior of an exper-
imental instrumentation [15]. Here we adopt the Allan devi-
ation plot where the precision at different averaging times
is the ratio between the standard deviation and the mean
value of the data. The time series of the DA, WM and PA
measurements are shown together with the calculated Allan
deviation plots in Fig. 3.

In the case of the DA measurements (Fig. 3, left), the
1-s precision corresponds to 5.2 × 10−8 cm−1 optical path
length-normalized noise equivalent (1σ ) absorption. The 1/f
noise averages down to around 250 s, after which a pre-
sumably thermal drift related misalignment of optics and
thermal effects of electronics start to dominate the signal.
The best precision of the instrumentation presented in this
work is comparable with the state-of-the-art results for CO2

Table 1 Spectroscopic characteristics of measured lines at 30°

Line Substance Line position
(cm−1)

Line strength
(molecule−1 cm)

(1) 13CO2 2239.399 2.09 × 10−21

(2) 13CO2 2238.979 4.16 × 10−22

(3) N2O 2239.062 9.30 × 10−19

(when difference in the measured line strengths is taken into
account) reported in the literature [16]. For the WM, the 1-s
noise equivalent absorption is 8.5 × 10−8 cm−1. However,
the WM signal deviates from the 1/f behavior after 10 s,
probably due to optical fringes, which affects the fitting pro-
cedure in the WM more than in the DA technique. For PA,
the random detector noise (microphone and preamplifier) is
dominant, and it thus takes about 104 s to deviate from 1/f
behavior and reach the level of the instrumental drift. The
noise equivalent absorption with 1-s averaging for the PA
technique is 5.6 × 10−6 cm−1. The precisions for the three
measurement techniques are gathered for comparison in Ta-
ble 2.

To investigate the influence of the fitting speed on the
precision, ramping at 1 kHz was applied with the DA detec-
tion. As the maximum real-time fitting speed for the instru-
mentation is 200 Hz, the individual measured spectra were
recorded at the ramping frequency for post processing. The
‘playback’ mode of the fitting program allows us to test and
compare the influence of different fitting parameters, such as
speed, with the same measured data set. Therefore, the op-
timal amount of averaging was assessed based on averaging
over 1, 10, 100 and 1000 spectra before fitting the theoretical
prediction to it. As a result, the Allan deviation plots above
1 s were nearly identical for all the above-mentioned cases,
indicating that no systematic distortion of the signal, like
50-Hz jittering of the laser frequency, was present between
1 Hz and 1 kHz. Therefore, the fast fitting before averag-
ing is only important for a fast data rate, not to improve the
SNR.

The suitability of the instrumentation for long-term mea-
surements was tested by simultaneous measurement of
13CO2 (line 2) and N2O (line 3) with the DA method.
Ambient air was pumped through the cell with a constant
0.15 slpm flow. Calibration points, alternating between pres-
surized air and its 1:4 mixture with synthetic air, were mea-
sured half hourly for 4 min. The pressurized air contained

Fig. 3 Measured signals (upper) and calculated Allan deviations (lower) of CO2 with the DA (left), WM (center) and PA (right) techniques.
Measurement precisions at 1-s averaging are 0.47 �, 0.76 � and 5.79 %, respectively. Gray line shows 1/f noise behavior
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Table 2 Precisions (in �) of 510 ppm CO2 mixing ratio measure-
ments

Method Precision at 1 s Best precision (time/s)

DA 0.47 0.05 (250)

WM 0.76 0.07 (450)

PA 57.94 0.60 (8000)

Fig. 4 CO2 (left) and N2O (right) measurements from outside air.
Dots represent 3-min averages. Diluted calibration gas over 24 h (bot-
tom graphs), having standard deviations of 0.2 ppm and 0.1 ppb for
CO2 and N2O, respectively

510 ppm and 335 ppb of CO2 and N2O, respectively. The
diluted calibration gas was used as an external standard to
test the accuracy of the long-term measurement. A drift-
correction factor was determined using the undiluted cali-
bration gas measurements and applied to the raw data. The
determined mixing ratios over 24 h are shown in Fig. 4,
where natural abundance of 1.106 % was assumed for the
13CO2 isotopologue.

The diurnal cycle can be easily seen for CO2, while for
N2O it is much smaller, but still resolvable within the pre-
cision of the measurement. It should be recognized that the
standard deviations of the diluted calibration gas in the bot-
tom graphs of Fig. 4 also include the contribution of the gas
mixing error.

4 Discussion and outlook

The spectral tuning of QCLs is mainly controlled by the
temperature, which affects the effective refractive index of
the semiconductor medium; direct current tuning is negli-
gible, compared to bipolar laser diodes [17]. Therefore, the
change of the modulation current is followed by the wave-
length change at lower speed, resulting in pronounced wave-
length chirp at the beginning of temperature change. To re-
duce this effect, the initial part of the signal, recorded at the
beginning of the ramp, is not used for spectral fitting. The
heat dissipation from the laser chip is considerably slower
than the current-induced heating of the laser, resulting in
tunability hysteresis at higher modulation frequencies. This
has only little effect on the DA signal, as the ramp is asym-
metric, relatively slow and monotonically increasing. How-
ever, it affects significantly the PA and WM techniques by

shifting part of the useful signal from the second-harmonic
frequency.

The study and comparison of different detection tech-
niques makes it possible to tailor the instrument to fit a wide
range of applications. Therefore, future development of the
instrument will include selection of the most appropriate de-
tection scheme for any specific application.

For the DA method, the signal detection and processing
are relatively simple, although the technique does require
rather expensive and wavelength-dependent mid-IR detec-
tors and careful optimization of the light path. However,
the low sample pressure and much smaller detection vol-
ume than required for the PA detection make it possible to
downsize the cell volume to 24 cm3, assuming a cell height
of 3 mm. With such a small volume, a very high sample ex-
change rate of up to 100 Hz can be achieved.

The precision of the WM measurements is comparable
to the DA technique. This method requires relatively com-
plex data treatment, in addition to excellent optical align-
ment, fast detection and additional electronics. The afore-
mentioned low sample volume with fast exchange rate is
also applicable to the WM technique. Furthermore, improv-
ing the fitting procedure by including the large modulation
index related distortion should further improve the perfor-
mance of this technique. Applying harmonic normalization
or higher modulation frequencies could improve the sensi-
tivity of the method, albeit at the cost of requiring additional
hardware being introduced to the instrumentation [18, 19].

The PA technique has some inherent advantages, since it
does not depend on optical detection. The alignment of the
optical path is not very critical because the light beam does
not have to be focused onto a detector element. Also, inter-
ference fringes, which are often limiting the detectivity in
DA and WM, are of very minor importance in PA, allow-
ing for longer optical path lengths compared to the afore-
mentioned techniques. The design described in this work is
especially suited for PA, because the cell can be machined
from one solid piece, which eliminates discontinuities in the
cell walls and thus improves the acoustic amplification. Al-
though less sensitive than DA or WM in our comparison, the
detectivity could be significantly enhanced by future devel-
opments in both lasers and microphones. Since the PA sig-
nal is directly proportional to the excitation power, already
available more powerful QCLs would increase the sensitiv-
ity. Furthermore, electromechanical film microphone stacks
at both ends of the resonator can be used to further improve
acoustic detection due to a larger size microphone and a dif-
ferential detection [20, 21].

The next development steps will be constituted by com-
pacting the instrument’s size to significantly smaller dimen-
sions and selecting the appropriate detection technique for
specific application. Planned exchange of the laser with one
emitting near 2310 cm−1 will improve the performance of
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the presented instrumentation due to stronger lines of CO2.
Consequently, this will enable simultaneous measurements
of all three main stable CO2 isotopic species, i.e. 12C–CO2,
13C–CO2 and 18O–CO2 [22]. However, the sensitivity of the
high-frequency PA technique is expected to be reduced by
a near-resonant collisional energy transfer between the ex-
cited CO2 and a metastable first vibrational level of N2 at
2330.7 cm−1 [23–25]. On the other hand, H2O in the sam-
ple gas acts as a catalyst to speed up vibrational relaxation of
molecules, thus increasing the PA signal [26, 27]. Therefore,
extra care must be taken in determining the sample matrix in
order to reliably extract the CO2 concentration with the PA
method near 2310 cm−1.

Further possibilities to take advantage of the presented
cell design include the use of multiple lasers [28] which
could be aligned such that they produce the same or different
optical path lengths within the same sample volume. Also,
the Stark-modulation approach [29] could be easily imple-
mented, since the planar ends of the cell may be used as
electrodes to generate and modulate a homogeneous electric
field.

5 Conclusions

A circular optical cell, suitable for multipass direct ab-
sorption, wavelength modulation and resonant photoacous-
tic techniques for sensitive trace gas measurements, is pre-
sented. Its performance is demonstrated by the quantita-
tive measurements of CO2 and N2O at ambient concentra-
tions. Noise equivalent 1-s precision of 2.7 ppb and min-
imum absorption of 5.6 × 10−9 cm−1 with 250-s averag-
ing for 13CO2 are achieved with DA, whereas 1-s precision
of 4.3 ppb and minimum absorption of 7.8 × 10−9 cm−1

with 450-s averaging are determined for the WM tech-
nique. With PA, a normalized noise equivalent absorption
(NNEA) of 1.3 × 10−8 cm−1 W Hz−1/2 is achieved. Sensi-
tivity, (isotopic) selectivity and real-time spectral fitting of
up to 200 Hz make this instrumentation attractive for many
applications, including eddy covariance flux measurements,
breath air analysis and industrial process and environmental
monitoring. Future development will include more compact
and integrated optics, thermal stabilization, customized elec-
tronics and improvements in the design for industrial pro-
duction.
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