Letter ‘

Optics Letters 1

This document is the accepted manuscript version of the following article:

Graf, M., Emmenegger, L., & Tuzson, B.

(2018) . compact, circular, and optically stable multipass cell for

mobile Taser absorption spectroscopy. Optics Letters, 43(11), 2434.

http://doi.org/10.1364/0L.43.002434

Compact, circular, and optically stable multipass cell
for mobile laser absorption spectroscopy

MANUEL GRAF!, LUKAS EMMENEGGER!, AND BELA Tuzson!

LEmpa, Laboratory for Air Pollution & Environmental Technology, CH-8600 Diibendorf, Switzerland

*Corresponding author: bela.tuzson@empa.ch

Compiled May 10, 2018

Compact and lightweight laser absorption spectrome-
ters for accurate trace gas measurements are of great
scientific and commercial importance. In these instru-
ments, the multipass cell (MPC) represents a critical
element in terms of achievable size and sensitivity.
Herein, we introduce a versatile MPC-concept that uni-
fies compactness, mechanical rigidity, and optical sta-
bility. Relying on fundamental cavity design principles
and modern diamond turning techniques, we have de-
veloped a segmented circular MPC that allows efficient
and interference-free beam folding. A prototype cell is
presented featuring up to 10 m optical path length at a
total mass of less than 200 g. Incorporated in a highly
compact setup without additional beam pre-shaping
optics, we demonstrate a normalized noise level of low
10" (20) at 1 Hz.
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Non-destructive and contact-free gas analysis by laser absorp-
tion spectroscopy is a powerful and widely applied measure-
ment technique [1]. Nowadays, we face an increasing demand
for compact and lightweight spectrometers to be deployed e.g.
aboard of cars, UAVs, and balloons, or as part of planetary explo-
ration missions [2-5]. Such mobile settings are of growing impor-
tance in a multitude of disciplines as they offer enhanced spatial
and temporal sampling flexibility. With the advent of quan-
tum cascade lasers (QCL), interband cascade lasers (ICL), and
thermoelectrically cooled MCT-detectors, compact and portable
mid-infrared sensors became feasible. However, high-precision
measurements of molecular compounds require the extension
of the optical path length (OPL) to improve the signal-to-noise
ratio. In direct absorption spectroscopy, this is usually achieved
by the incorporation of a multipass cell (MPC). Currently, this
key element is the major limiting factor towards miniaturization,
because the established designs do not satisfyingly combine
both compactness and interference-free beam folding. To date,
best documented precision and most efficient beam folding are
reached in astigmatic Herriott cells [6] or variations thereof.
However, these solutions are very sensitive to the relative posi-

tioning of the mirrors, so that a considerable mechanical effort
is required to realize and maintain their alignment. Moreover,
the beam waist size and location must be accurately adjusted
by additional optical elements to ensure low-noise operation.
As a result, corresponding optical setups are bulky and heavy,
limiting their applicability on portable platforms. Therefore,
the design of suitable MPCs for mobile instruments has to be
fundamentally reconsidered.

Depending on the specific target gas and deployment condi-

tions, the requirements on an MPC can be very diverse. Nev-
ertheless, common criteria for mobile in-situ spectrometers can
be summarized as follows: (i) For compactness, a long OPL is
desired at low overall mass and size. As these properties are
mutually exclusive, the volume-normalized optical path length
6 = OPL/V is an important figure of merit. (ii) Low effective
volumes are advantageous for high temporal sampling resolu-
tion. (iii) Mobile systems require mechanically robust cells to
preserve their functionality upon thermally or mechanically in-
duced stress. This can be achieved by either enhanced rigidity
or by tolerance against misalignment. (iv) In order to benefit
from the larger absorption signal, interference related optical
noise must be suppressed. Therefore, it is crucial that the laser
beam remains well defined upon multiple reflections. (v) In case
of reactive or adhesive molecules, the exposed cell surface area
should be kept low in order to reduce chemical interaction and
memory effects. (vi) Finally, parasitic biases due to ambient air
absorption can be avoided by minimizing the OPL outside the
sampling volume.
In this Letter, we introduce a novel MPC-concept that takes into
account all of the above criteria. We describe its design princi-
ples and present benchmark experiments acquired with a first
prototype cell.

Recently, Tuzson et al. [7] presented the toroidal MPC as a
lightweight alternative to collinear, two-mirror based cells or
circular arrangements of individual mirrors [8]. The emergence
of an N-star polygram when coupling a laser beam under an
oblique angle to the inner surface of a cylindrical or toroidal sur-
face, was shown to be a versatile optical path extension concept.
Indeed, the monolithic circular geometry results in a mechan-
ically robust and lightweight optical element, having optimal
properties for open-path measurements and high flow rate ap-
plications. However, according to basic resonator theory, the
inherently concentric mirror configuration in the radial plane
of any toroidal surface inevitably leads to a divergence of laser
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Fig. 1. (a) Schematic drawing of the inner surface of an SC-
MPC, here with 7 confocal segments. The coupling angle ¢ of
the beam defines the reflection pattern by the rules of an N-
star polygram. (b) Concept model and ray trace simulation. (c)
Photograph of the cell prototype. The beam folding principle
is visualized by a red trace laser and the alternating beam
envelope can easily be observed. The angle ¢ was selected

to realize 22 reflections, that is, a reduction of the maximally
supported OPL to one third.

beams upon multiple reflections [9]. Hence, the outgoing radi-
ation consists of a superposition of various beam components,
causing strong optical fringes in the signal. As a workaround,
the integration of an aperture mask has been proposed that con-
strains the reflective inner surface and thereby truncates the
divergent radiation at each reflection [7, 10]. While this measure
leads to a reduction of the optical fringes, the successive genera-
tion of diffraction patterns at each aperture yields a significant
complication of the design, optimization, and alignment process
[11]. In the concept proposed here, we combine the mechani-
cal advantages of the circular symmetry with inherent optical
stability.

Within the framework of paraxial resonator theory, the cri-
terion to confine light between equally curved concave mirrors
in a stable manner can be derived as R > L/2, i.e., the radius
of curvature R of the mirrors must be greater than half their
separation distance L [9]. It is obvious that this criterion can-
not be fulfilled by any object that obeys continuous rotational
symmetry. Thus, the only possibility to incorporate the above
requirement into a circular geometry is to renounce the central
axis of rotation and thereby breaking the continuous symmetry.
This leads to a segmentation of the reflective inner surface [see
Fig. 1(a)], where each segment is allowed to have a larger ra-
dius than the cell itself. As shown in Figs. 1(b, c), the emerging
segmented circular multipass cell (SC-MPC) successfully pre-
vents beam-divergence. The beam spot radius w; on each mirror
segment i can be calculated for given R and L [12]. To avoid
spillover and beam-branching, the size of the mirror segments
has to be dimensioned according to the largest occurring beam
spot. Thus, we may define the full side length of the quadratic
segments as xog = 2C max(w;), while the scaling factor C should
be chosen grater than 7t to prevent leakage. Among all mirror ar-
rangements fulfilling the stability criterion, the confocal arrange-
ment (R = L) is especially suitable for this application, since it

supports the smallest beam spots (w% conf = LA/ ). Therefore,
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Fig. 2. (a) Calculated beam folding efficiency as function of
the cell diameter for different segment scaling factors. Liter-
ature values from existing solutions are added as reference:

i) astigmatic Herriott [6], ii) mask-enhanced toroidal [10], 7ii)
herein presented prototype. (b) The maximal OPL (left scale),
the minimal mass and the number of reflections (both right
scale) are shown as a function of the cell diameter for C = 4
and A = 6 um. The mass calculation assumes quadratic seg-
ments and a full aluminum body with wall strength-to-radius
ratioof 1: 9.

provided that the beam is pre-shaped to match the lowest-order
Gaussian eigenmode, the cell reaches maximal compactness. For
this case, we can derive the theoretical dependence of the cell
diameter d to its supported OPL. Under the assumption of small
incoupling angles ¢ (i.e. dense patterns), which legitimates the
approximation d ~ L = d cos ¢, the OPL is given by

- (dﬂ)3/2
~2CVA

with A being the wavelength of the laser and p denoting the
number of segments. According to this equation, the maximal
OPL, minimal mass, and the corresponding number of segments
are shown in Fig. 2(b) as a function of the cell diameter for a
range of realistic examples. Figure 2(a) highlights the outstand-
ing potential of the SC-MPC towards miniaturization. For small
cell diameters, the beam folding efficiency is enhanced due to the
small beam spot radii in such cavities. The comparison shows
that the compactness of our current prototype (see below) is
already close to state-of-the-art MPCs, even though the segment
size was designed very conservatively.

A larger segments size, i.e. selection of a higher C-factor,
yields increased tolerance against misaligned, imperfect or mis-
shaped beams — at the expense of a somewhat larger cell diam-
eter. Especially when coupling arbitrarily focused beams, the
segment dimensions must account for larger and variable beam
spot sizes. In a perfectly confocal arrangement, however, only
two alternating beam shapes occur, which remain constant for
any number of reflections (cf. Fig. 1(c)). Therefore, a confocal
SC-MPC accepts any beam, whose spots completely fit onto two
consecutive segments — regardless of the exact waist size and
position. This is a key advantage because tedious pre-cell beam
shaping becomes obsolete. In essence, collimated laser sources,
as commercially available, can be directly attached to the cell.
This possibility not only enables highly compact setups, but also
increases the stability and avoids an optical path outside the
sampling volume.

We designed and developed a prototype cell in order to vali-
date the performance of the proposed concept in a spectroscopic
application. The SC-MPC consists of a monolithic aluminum-

OPL=p-d )



Letter ‘

QCLinTO-3

segmented
circular MPC

Laser
heat sink

Fig. 3. Highly compact setup for spectroscopic benchmark ex-
periments and noise characterization. Besides laser, SC-MPC,
and detector, the setup features only two additional optical
elements: a focusing lens and an ND filter. Alternatively, an
individually curved last segment allows direct focusing onto
the detector to gain further compactness of the system.

ring with inner radius R, = 77.25 mm. The segmented in-
ner surface has been realized by single-point diamond turning
(LT Ultra-Precision Technology GmbH, Germany). Thereby, the
servo-controlled lathe tool is periodically modulated in coor-
dination with the cell revolving around its main axis. Such
machining requires two-axis flexibility (axial and radial), po-
tentially resulting in increased surface roughness compared to
simpler geometries. The corresponding effects are discussed
in more detail below. Sixty-five quadratic, spherically curved
segments were shaped into the ring, each with a 7.47 mm side
length and a radius of curvature Rs = 2R, = 154.5 mm. The
width and height of the segments is chosen to offer appropriate
alignment tolerance (C = 6.9). To enhance the surface quality,
the segments are machined into a 0.2 mm thick chemically de-
posited nickel-phosphor layer. A galvanic gold plating (Epner
Technology, U.S.) provides high mid-infrared reflectivity.

The in- and output apertures are placed at opposite sides
(segments 0 and 33), providing a maximum of 64 passes. This
configuration has been selected to ensure enough space for opti-
cal components to be placed directly at the cell. The laser beam
enters under an angle & = (1 —24q/p), with g denoting the
pattern-density. By selecting g close to p/2, we minimize the
creation of an astigmatic beam upon reflection and ensure a high-
density pattern. Thus, a maximal OPL of 9.89 m is reached for
q = |p/2] = 32 resulting in ¢ = 1.38°. By variation of ¢, a dif-
ferent first segment can be selected, leading to a reduction of the
OPL, e.g. by a factor 1/3, as shown in Fig. 1(c). For low-pressure
measurements, the cell can be closed with two anodized alu-
minum lids and tilted CaF,-windows at the apertures. Thereby,
the effective sampling volume becomes 140 ml, implying a beam
folding efficiency of 6 = 0.7 x 10° m™. The mass of the cell itself
amounts to 198 g.

Benchmark experiments were performed by direct laser
absorption spectroscopy using a cw-DFB-QCL (Alpes Lasers,
Switzerland) emitting at 7.83 pm. The laser is packaged in a
TO3-housing with built-in collimation-lens. By placing the laser
directly at the input aperture of the cell, the OPL outside the
sampling volume is drastically reduced. Due to the high optical
power up to 30 mW, a neutral density filter (ND, OD = 1.0) was
inserted between the laser and cell to prevent detector satura-
tion. The special curvature of the last segment (Rggs = 320 mm)
enables in-cell beam focusing onto a directly attached detector.
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Fig. 4. Measured transmission spectrum of CHy (1.92 ppmv)
and N,O (323 ppbv) in dry atmospheric air at 280 hPa. The
inset shows the local noise on the baseline. The optical path
length of 9.89 m is achieved by 64 passes through the SC-MPC
prototype. (b) A Fourier transform of the spectral noise signal
displays the occurring fringe frequencies as a function of their
generation length. While the bottom trace is calculated from
the data set in (a), the top trace is obtained from a spectrum
acquired without the use of an additional focusing element
after the cell.

However, best noise levels were obtained by adding a CaF,
lens (f = 20 mm) in front of the MCT-detector (Vigo System:s,
Poland), as depicted in Fig. 3. Intermittent continuous-wave
(iCW) laser driving [13] and data acquisition was realized by
in-house developed FPGA-based hardware [14]. Spectra were
recorded at 1 kHz and averaged to a 1 Hz data stream.

For spectroscopic characterization, we selected a strong
and isolated ro-vibrational transition of methane (CHy) at
1275.04 cm’!. Fig. 4(a) shows the recorded low pressure (p =
280 hPa) transmission spectrum of dry atmospheric air, contain-
ing 1.92 ppm CHj. The absorption lines are fitted by a Voigt-
profile considering the parameters from the molecular database
[15]. The very low normalized noise level of 20 = 2.64 x 1074
at an averaging time of 1 s even makes the N,O-transitions at
1274.99 cm™! clearly observable. Measuring CHy at ambient pres-
sure, we achieved sub-ppb precision after 1 s, corresponding to
an absorption-noise of 2 x 107°. This noise level is similar to
state-of-the-art values reported for Herriott-type systems [16]. It
should be noted that we obtained these results without apply-
ing fringe-suppression measures such as piezo-modulation of
optical components.

Whilst an excellent noise performance is achieved, further in-
sight about the optical behavior of the SC-MPC design is gained
by the detailed investigation of the residual noise level. Besides
a dark noise contribution of 20, = 1.66 x 10~% at 1 Hz, the
existence of optical interference fringes is revealed. These fringes
are caused by beam fractions that travel different distances with
respect to the main beam. In air, the fringe generating length, i.e.
the path length difference AOPL between two interfering beam

fractions, is related to the spectral fringe period by A7 = ﬁ,
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in cm’!. Therefore, as shown in Fig. 4(b), the individual fringe
frequencies found by Fourier transforming the spectral noise
signal can be displayed as a function of AOPL [17]. Along these
lines, the peak located somewhat above 2xOPL (at 130 passes)
denotes classical Fabry-Pérot-etaloning between the laser and
detector. In contrast, noise frequency components generated at
distances shorter than (p — 2) passes can only originate from
interference by stray or scattered light. Diffraction measure-
ments on the diamond-turned surface indicate minor surface
structures of 7.9 ym periodicity in axial direction. This surface
imperfection is a possible source of stray light within the cell.
However, improper alignment or strong deviations from Gaus-
sian beam shapes can also lead to undesired beam-branching.
For instance, by deflection at the input aperture, some radiation
can reach the detector already after one pass. The interference of
such a beam-portion with the main beam after a full round-trip
gives rise to a peak at 63 passes [see Fig. 4(b), bottom trace]. The
fringe frequency spectrum is sensitively dependent on align-
ment changes, suggesting that the stray light generally follows
much more complex traces within the cell. Additional infor-
mation about the origin of stray light is obtained by using the
SC-MPC without a focusing lens. The approximately four times
higher normalized noise level contains dominant frequencies
at integer multiples of the cell diameter, as shown in the top
curve of Fig. 4(b). The increased noise level can be explained
by the focusing lens that spatially separates different directional
components at its focal plane, thereby acting as a filter for un-
desired alternative passes. Additionally, interference-noise is
induced by reflections at optical components situated after the
cell that fall back into the MPC (e.g. from detector chip or win-
dow). A focusing element projects such reflections back onto
the last segment, proceeding backwards and eventually creat-
ing classical etaloning. Indeed, the absence of a lens leads to a
clear attenuation of the 2 xOPL-frequency while the now undi-
rected back-reflections generate numerous alternative passes.
Therefore, the appropriate positioning of post-cell optical com-
ponents is important — anti-reflection coatings, which were not
used in our setup, are expected to further improve the noise
performance.

Hence, especially if back-reflections are rigorously suppressed,
the incorporation of even more segments should be possible.
This might be realized in a variety of creative progressions be-
yond the herein proposed configuration. Most relevantly, by
specific tilting of particular segments, multiple round-trip pat-
terns can be combined within the same cell. Further options
are the stacking of multiple SC-MPCs or the off-plane beam
coupling to create two layers of axially offset reflections, which
allows a denser arrangement of segments. Consequently, SC-
MPCs can successfully compete with established solutions, also
with respect to the maximal OPL.

In summary, we have presented a novel type of multipass cell
that combines crucial requirements for mobile and mass-critical
spectrometers. The monolithic circular arrangement of concave
mirror segments ensures optically and mechanically stable beam
folding, significantly improving the interference noise perfor-
mance. This design renders pre-cell beam shaping obsolete, giv-
ing rise to very compact setups and minimal optical path length
outside the sampling volume. High versatility is provided by
the freedom to adjust the optical path length and the cell diame-
ter according to individual constraints, while the dimensioning
follows simple mathematical relations. We have demonstrated
very low noise levels in a direct absorption spectroscopic setup
and the possibility of high precision methane-measurements

at ambient conditions. The segmented circular multipass cell
(SC-MPC) is thereby confirmed as a suitable tool for a variety
of future applications in compact and lightweight absorption
spectroscopy.
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