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1. Introduction

Gas sensing technology is a kind of measurement technique with
a wide range of applications. The gas sensing technology based
on optical principles has some significant advantages, such as
high sensitivity, high selectivity, and fast responsel' .. It has
very important research and application value in the fields of
atmospheric environmental monitoring, combustion diagnosis,
fire warning, life medicine, etc.[10-13] For example, in the field of
environmental monitoring, the measurement of greenhouse
gases such as methane and carbon dioxide as well as harmful
gases such as nitrogen oxides and sulfur oxides in the atmos-
phere is of great significance for environmental protection'**¢!,
In the field of fire warning, carbon monoxide, carbon dioxide,
hydrogen, and other gases are usually produced in the early stage
of fire. The measurement of these products can analyze the
mechanism of fire formation and give early warnings of
firell7-191

The optical gas sensing methods can be divided into three
main types: 1) direct absorption spectroscopy, such as tunable
diode laser absorption spectroscopy (TDLAS)?°%%; 2) cavity-
enhanced absorption spectroscopy (CEAS)**?); 3) indirect
absorption spectroscopy, such as photoacoustic spectroscopy
(PAS) and light-induced thermoelastic  spectroscopy
(LITES)****°). Compared with CEAS and indirect absorption
spectroscopy, TDLAS has the merits of a compact structure
and simple setup. Therefore, it is one of the most used tech-
niques in gas sensing applications. It can provide a fast response,
high sensitivity, reliable real-time and noncontact measure-
ment®>*!, A typical TDLAS system consists of three parts: a
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In the field of absorption spectroscopy, the multipass cell (MPC) is one of the key elements. It has the advantages of simple
structure, easy adjustment, and high spectral coverage, which is an effective way to improve the detection sensitivity of gas
sensing systems such as tunable diode laser absorption spectroscopy. This invited paper summarizes the design theory and
the research results of some mainstream types of MPCs based on two mirrors and more than two mirrors in recent years,
and briefly introduces the application of some processed products. The design theory of modified ABCD matrix and vector
reflection principle are explained in detail. Finally, trends in its development are predicted.

Keywords: multipass cell; tunable diode laser absorption spectroscopy; gas sensing; optical path length.

tunable diode laser, a gas absorption cell, and a photodetector.
According to the absorption signal of the gas collected by the
photodetector, the characteristics of gas concentration and tem-
perature can be reflected. The basic principle of TDLAS is the
Beer-Lambert’s law, which is shown in Eq. (1), where I, and
I, represent the laser intensity before and after gas absorption,
a represents the absorption coefficient, and L represents the
optical path length of gas absorption. It is obvious that the
absorption signal can be effectively increased by simply increas-
ing the absorption optical path length L of the gas while other
conditions remain unchanged. Therefore, increasing the optical
path of gas absorption can improve the detection performance
and obtain a better minimum detection limit (MDL),

I, =1, exp(—al). (1)

The research on the gas absorption cell has a long history, but
up to now, the innovative research results on its structure and
performance are still emerging endlessly. The most common
method is to use different types of mirrors to constrain the inci-
dent beam and make it be reflected repeatedly in the gas absorp-
tion cell to increase the absorption path. This type of gas
absorption cell is called a multipass cell (MPC). It has the advan-
tages of simple structure, wide wavelength coverage, and suit-
ability for a variety of gas sensing systems, and therefore, it is
widely used®***]. There is also another type of gas absorption
cell made of hollow optic fibers’****!. But its production process
is not mature, and the optical loss is high, especially in the long
wavelength region. Hence, the mainstream use of gas absorption
cell type is the MPC.

Chinese Optics Letters 21(3), 033001 (2023)


mailto:mayufei@hit.edu.cn
https://doi.org/10.3788/COL202321.033001

Vol. 21, No. 3 | March 2023

The use of MPC enables the incident beam to obtain a long
absorption path in a small space, which is the key way to realize a
highly sensitive and compact TDLAS-based gas sensor®®~*?], In
recent years, researchers have optimized the MPC design from
the types, quantities, and placement of mirrors, which effectively
improved the utilization rate of MPC mirrors and promoted the
further development of related gas sensing technology. This
paper summarized the design progress of mainstream MPC,
studied its practical application in gas sensing technology, and
put forward the future development prospects.

2. Design of the MPC Consisting of Two Mirrors

The most classical MPC can be constructed by using two mirrors
placed in parallel. In 1962, Herriott et al!*>**! at Bell
Laboratories designed the Herriott cell using two identical con-
cave spherical mirrors. Based on this, researchers have succes-
sively designed the astigmatic mirror cell and the dense spot
pattern MPC. However, the first two types have some obvious
disadvantages. The spot pattern of the Herriott cell is shown
in Fig. 1(a); the spot usually forms a circle or ellipse on the
mirror. This type of spot distribution leads to low utilization
of spherical mirrors. In 2018, Zheng et al'*®! from Jilin
University improved the Herriott cell and designed a dual-path
Herriott cell, which is shown in Fig. 1(b). This approach does not
fundamentally solve the problem of low utilization of the mirror.
The spot pattern of the astigmatic mirror cell is shown in
Fig. 1(c); the pattern of specular spot distribution is a Lissajous
pattern. Due to the high processing cost and difficulties with the
aspherical mirror, the development of aspherical mirror cells is
very limited. The dense spot pattern MPC inherits the advan-
tages of high stability and easy adjustment of the Herriott cell,
and the use of a concave spherical mirror can significantly
improve the utilization rate of the mirror and increase the
absorption path. Therefore, the following will introduce the
related design research results.

(@)

Fig. 1. Spot patterns of different kinds of MPCs consisting of two mirrors. (a) Spot pattern of a Herriott cell®?: (b) spot pattern of a dual-path Herriott cell

(c) spot pattern of the astigmatic mirror cell’*®.

(b)
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2.1. Design method of MPC composed of double spherical
mirrors based on a modified ABCD matrix

For the Herriott cell, the reflection behavior of laser between two
spherical mirrors can be described by the light propagation
ABCD matrix'*”), as shown in Eq. (2). As an improved version
of the Herriott cell, the most important feature of the dense spot-
pattern-based MPC is that the laser reflected between the two
spherical mirrors is mostly off-axis, which no longer meets
the paraxial approximation condition, so the mentioned matrix

in Eq. (2) is no longer applicable,
|1 D
0 1|

A B 1 0
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In 2019, Cui et al."*® proposed a theoretical calculation model
based on the modified ABCD matrix that fully considered the
influence of spherical mirror phase difference on the design
of the MPC. They corrected the paraxial approximation error
in the matrix of Eq. (2) by introducing two new operators, S
and L, which are S, = sin ¢ and L, = —2 arcsin(¢/R), respec-
tively, where ¢ is an arbitrary rational number. The modified
matrix is shown in Eq. (3). When the beam incidence parameters
(including the position coordinates and the angles) are set well,
the beam between mirrors can be accurately tracked according
to the above model, and then the reasonable design parameters
of a dense spot-type-based MPC can be obtained. In addition,
the calculation results of the above model are in good agreement
with the simulation results of the optical software TracePro.
Some calculation and simulation results are shown in Fig. 2.
According to the simulation results, these dense spot-pattern-
based MPCs have a smaller volume and larger mirror utilization
compared with the traditional Herriott cell,
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However, it is not accurate to use only ideal lines and points
to describe the beam and the spots on mirrors. In 2020,
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Fig. 2. Model calculation and TracePro simulation of spot distribution pattern
of an MPC consisting of double spherical mirrors. (a) Dense spot pattern got-
ten by the calculation model; (b) spot pattern simulated by TracePro with the
same parameters as in (a). Reprinted with permission from Ref. [48] ® Optica
Publishing Group.

Cui et al***! optimized the previous calculation model,

expanding single-ray tracing to multiple-ray tracing so that
the shape of the spot on the spherical mirror could be calculated.
The optimized model fully considers the influence of spherical
aberration and astigmatism and can provide effective theoretical
guidance for avoiding the overlapping of some light spots in the
design process of MPC with dense light spots. The specular spot
distribution diagram simulated by the above model and the real
processing effect are shown in Fig. 3. Two spherical mirrors with
a 50.8 mm diameter and 100 mm radius of curvature were used
for the processing. The reflectivity of the mirror was 98%, and
the shape and distribution of the spot were observed through a
visible diode laser with a wavelength of 635 nm. In addition, in
order to verify the performance of the designed MPC in the sen-
sor system, the MPC with an eight-multicircle spot pattern in
Fig. 3 was used to build a TDLAS methane sensor, and a distrib-
uted-feedback tunable diode laser with a wavelength of 1.65 pm
was used to detect ambient methane (~1.8 ppm; ppm, parts per
million). The signal-to-noise ratio of ~93 could be obtained by
scanning the 2f spectrum.

2.2. Design method of MPC composed of double spherical
mirrors based on the vector reflection principle

Although the error of paraxial approximation can be eliminated
by using the modified ABCD matrix, complex matrix operation
and iteration are required repeatedly in the actual ray-tracing
process, which makes the design process very complicated. In
2020, Kong et al.®® reported a design method for dense spot
pattern MPC based on the vector reflection principle, which uses
a more concise process in ray tracing. This theory represents the

Vol. 21, No. 3 | March 2023
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Fig. 3. Exotic spot patterns generated by an MPC consisting of double spheri-
cal mirrors. (a) Simulated results, and the black spots surrounded by the
green circles represent the exit positions of the beam; (b) photographs of
the real spot patterns on the exit spherical surfaces. Reproduced from
Ref. [49], with the permission of AIP Publishing.

light reflected between two spherical mirrors in the form of a
vector, and the direction of the vector is the direction vector
of the beam. The magnitude of the vector is the propagation dis-
tance of the beam between the two adjacent reflections. The
reflections of the beam on spherical mirrors are transformed
into a vector calculation, and ray tracing is realized through
the iterative relation in Eq. (4) to Eq. (6). r, r¢, and ry represent
the direction vectors of reflected light, incident light, and the
normal, respectively; P, and P; represent the coordinates of
reflected and incident points, respectively, and the superscript
i represents the order of reflection,

r}f) = £ — 20 . 10y, 4)
pUt) = (5)
) ©

In 2021, based on the above theory, Liu et al.®?! reported an
automatic approach to optimizing the MPC design with inde-
pendent circle patterns. In this method, the distance between
two mirrors is first determined by a Monte Carlo algorithm,
and then the incident parameters are locally optimized by
Nelder-Mead simplex algorithm. Similarly, multiray tracing is
used to simulate the size and shape of the spot. Three indepen-
dent circle patterns MPCs with five, seven, and nine circles were
obtained by using this design method. In particular, the quality
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Fig. & MPCs consisting of double spherical mirrors based on the vector reflection theory. (a) Three independent circle patterns-based MPCs with five, seven, and
nine circles; those above are simulated patterns by using multiray tracing, while those below are the corresponding physical photographs. Reprinted with

permission from Ref. [52] © Optica Publishing Group. (b) Simulated results and real photographs of MPC with high density

of the output beam can be optimized by changing the incident
point and converging the beam to the optimum point. The cor-
responding simulated results and physical photographs are
shown in Fig. 4(a). The curvature radius and diameter of the
spherical mirror are 100 and 50.8 mm, respectively. It is worth
noting that when the number of reflections is similar, the
designed MPC with independent circle patterns is stabler than
the Herriott cell. According to this method, the independent-
circle-patterns-based MPCs with better compactness and stabil-
ity can be designed, which can effectively improve the detection
sensitivity of a trace gas sensing system. The detailed parameters
of the MPCs in Fig. 4 are shown in Table 1, where N represents
the reflection times, and x, y, 6, and ¢ represent the incident
position and angle, respectively. d represents the distance
between the two mirrors, and OPL represents the optical
path length. In 2022, Chen et al. (1 did a similar study, except
that they used a parallel multipopulation genetic algorithm
(PMPGA) to calculate the parameter configuration of the mir-
ror. An MPC with an OPL of 6.3 m was produced, while the mir-
ror diameter and two-mirror distance of only 25.4 and 30.5 mm
were manufactured; such an MPC was validated by TDLAS
method.

The dense spot-pattern-based MPCs proposed above are all
based on the structure of two spherical mirrors placed parallel

Table 1. Parameters of the Spot Patterns in Fig. 4.

[51]

to the common axis. In a sense, it is the result of the optimization
of some parameters of the Herriott cell; the most significant dif-
ference is that the Herriott cell requires a smaller angle of inci-
dence. As the number of reflections increases, the spots on the
mirrors are varied, so we need to use the two theories mentioned
above to track the reflected beams more accurately. At the same
time, parameter selection can be achieved more efficiently with
the help of some algorithms. In general, a dense spot-pattern-
based MPC significantly improves the OPL while retaining
the advantages of high stability and easy adjustment, and can
cover a wide wavelength range by coating the mirror with vari-
ous highly reflective materials (most are gold or silver).

3. Design of the MPC Consisting of More than Two
Mirrors

Although the utilization of the spherical mirror has been greatly
improved from the Herriott cell to the dense spot-pattern-based
MPC, there is still some room for improvement compared with
the spot distribution of the astigmatic mirror in Fig. 1(c).
Increasing the number of mirrors or using different types of mir-
rors can bring more possibilities to the design of an MPC. In fact,
the earliest MPC (the White cell) consisted of three concave

Pattern N x (mm) y (mm) 0 (%) ¢ ) d (mm) OPL (m)
Fig. 4(a) top left 210 10.38 15.27 145 —8.81 131.76 21.67
Fig. 4(a) top middle 210 15.29 948 —-0.80 -791 123.07 25.84
Fig. 4(a) top right 198 11.62 12.82 042 -9.95 118.37 23 by
Fig. 4(b) 212 1.2 8.1 6.7 =11 305 6.3
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Fig. 5. Structure of a White cell and the spot pattern on M3. Reprinted with
permission from Ref. [55] © Optica Publishing Group.

spherical mirrors with the same radius of curvature and placed
in specific positions!”>**], as shown in Fig. 5. The conjugate
focus structure of the White cell makes the beam be reflected
between the mirrors many times, so as to achieve the purpose
of increasing the absorption path, and the light spots on the mir-
ror show regular array distribution. The MPC with a larger num-
ber of mirrors is more flexible and adaptable to complex
measurement environments, so the results of the research on
MPC consisting of more than two mirrors are presented in
the following.

3.1. Design of bow-tie-like MPC based on genetic algorithm
optimization

In 2021, Arkadiusz et al.®® reported a method to design an
MPC with at least three ordinary spherical mirrors. By designing
the mirror position and angle, using ordinary spherical mirrors,
they obtained a similar Lissajous pattern to that on the astig-
matic cell. The most notable feature of this design method is
the broken symmetry of the placement of the plane mirrors,
which is the reason for the Lissajous pattern. As the number
of mirrors increases, the reflection path of the beams among
mirrors becomes more complex. The more possible path forms
can be obtained with the increased mirrors. In general, beam
path types can be divided into two types: rotating (when a laser
beam is reflected by each mirror one by one) and returning
(when a laser beam is reflected back at the last mirror). The

Returning

3 mirrors 4 mirrors 5 mirrors 6 mirrors

(a)

: S
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schematic diagram is shown in Fig. 6(a). The returning structure
has a larger OPL-to-volume ratio (OPL/V, which is used to
quantitatively describe the compactness of the MPC) and is
more suitable for finding the optimal configuration.

Considering the complexity of the design, a bow-tie-like MPC
with four spherical mirrors based on the above theory was
designed and processed. The beam path type follows the
returning structure shown in panel d) in Fig. 6(a). The numerical
simulation part is implemented by a C++ program. The princi-
ple of ray tracing is the vector reflection theory mentioned
above. The authors used a genetic algorithm to find the configu-
ration parameters of the MPC. The diameter and focal length of
the spherical mirror were set as 25 mm, and the aperture of the
input and output holes was 3 mm, which was located in the
center of the input mirror. The designed configuration with
16 and 23.8 m OPLs was obtained; the structure is shown in
Fig. 6(b). The actual OPLs of the MPC were measured by the
time-of-flight (TOF) method™®, which were 16.1 and 23.9 m,
respectively, within the error range. They have also been well
validated in TDLAS-based direct absorption and wavelength
modulation spectroscopy. In addition to its excellent compact-
ness and stability, the most attractive advantage of this design is
the use of relatively inexpensive standard spherical mirrors to
achieve the mirror utilization of astigmat-based MPC.

In 2022, Cheng et al®”' did similar work and designed a
folded MPC using three spherical mirrors. The structure of
the MPC is shown in Fig. 7. The mirrors have a noncoaxial
V-shaped distribution, and the entry hole of the beam is also
its exit hole. It is worth noting that the theory of ABCD matrix
is used for the ray tracing in the numerical simulation of this
folded MPC. Because its structure is very similar to the folded
cavity in the laser cavity, the reflection of the beam can be equiv-
alent to the transmission in the equivalent coaxial structure, so
the beam propagation matrix can be used for simulation and
design. Finally, three effective OPLs of 49.6, 97.6, and
173.6 m were obtained.

3.2. Design of MPC based on circular prism array

The MPCs mentioned above are all close-type, and in practical
application, it is necessary to use the means of bypass extraction

camera
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<
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X

(b)

Fig. 6. MPC based on at least three spherical mirrors. (a) Beam path types in MPC based on three to six spherical mirrors; (b) structural drawings and physical
photographs (the OPL is 23.8 m) of bow-tie-like MPC based on four spherical mirrors. Reprinted with permission from Ref. [55] © Optica Publishing Group.
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Fig.7. Folded MPC consisting of three spherical mirrors with off-axis placement. (a) Structure of MPC and its equivalent coaxial structure; (b) simulated results of

mirror spot of the folded MPC with OPL of 97.6 m'™.

for gas detection. Although high detection sensitivity can be
obtained in this way, due to the influence of additional pump
suction force and long-term continuous measurement, the gas
state inside an MPC may still be inconsistent with the actual
gas environment, which leads to measurement errors and is
not conducive to transient monitoring. For example, the oil
and gas industry uses a very important step to realize in situ
detection of water vapor in pipelines. In similar application sce-
narios, the open-type MPC has the advantage of being able to
detect the transient characteristics of the gas inside the pipeline.

In 2021, Wang et al. (58] reported the design and application of
an MPC based on a novel circular prism array (CPA-MPC). This

- 4 - = - R o
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Fig. 8. Circular prism array MPC: on the left is a detailed view of the object; on

the right is a photograph of the optical path pattern observed using a 532 nm

visual laser®®.

design is inspired by the cyclic MPC (C-MPC), which was first
proposed by Thoma et al.!”*). The biggest difference between the
CPA-MPC and the C-MPC lies in the use of a prism array
instead of a curved mirror, which has the advantage of avoiding
the astigmatism of the beam caused by multiple off-axis reflec-
tion between the curved mirrors. The beam astigmatism will
produce strong optical fringe noise to the measured signal.
The beam transmission path in CPA-MPC conforms to the
principle of the Euler graph. The beam is shot at a certain angle
to the prisms distributed in circular arrays, and then propagates
along the one-stroke star-polygon pattern. After being reflected
by the last prism, it is received by the photodetector. Considering
the optical path of gas absorption and the difficulty of optical
alignment, an optimal optical path scheme is obtained based
on a fuzzy comprehensive evaluation method. Finally, the 12-
star polygon was determined as the best optical path, and the
absorption OPL of 173.9 cm was achieved in the ring volume
of 217 mL. The structure of the MPC is shown in Fig. 8.
Using this CPA-MPC to build a water vapor sensor, the sig-
nal-to-noise ratio reached 608.3, which is 13 times higher than
that of the traditional opposite-type laser detection method.
Although the OPL of a CPA-MPC is much shorter than that
of other types of MPCs, the advantages of the CPA-MPC in spe-
cific application scenarios are irreplaceable, which also shows
that MPC design with multiple mirrors has more possibilities
and flexibility.

By increasing the number of mirrors or changing the type of
mirrors, more reflective types of MPC structures are indeed
obtained. Meanwhile, the difficulty of obtaining the design
parameters is also greatly increased, and this is because the
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reflection behavior of beams is influenced by multiple parame-
ters. Moreover, in terms of ray tracing, the vector reflection prin-
ciple shows greater advantages because it does not need to adjust
the beam transmission matrix according to the placement of the
mirrors.

4. Conclusion

With the development of light tracing theories and methods,
MPC, as a core element of the TDLAS technique, has been
researched widely in recent years. Numerical simulation is
becoming more and more important for the design of an
MPC with various singular spot patterns, and the MPC develops
in the direction of having a longer absorption path, more com-
pact structure, higher mirror utilization, higher stability, better
robustness, lower cost, and broader application. This paper sum-
marized the innovative design types and research progress of
some representative MPCs in recent years. From the perspective
of the number of mirrors used, the design theories and experi-
mental results of various MPCs are introduced, and their advan-
tages and disadvantages are analyzed. Despite its rapid
development, it still needs further research to achieve large-scale
application. Its future development direction can refer to the fol-
lowing points: (1) for the MPC consisting of multiple mirrors,
attention should be paid to the flexibility of design, and the
MPC design method with free and adjustable optical path
should meet different measurement requirements; (2) improve
its miniaturization, light weight, and stability, so as to adapt to
the special platform such as unmanned aerial vehicle (UAV);
(3) for the existing design types, the combination with other
technologies such as light-induced thermoelastic spectroscopy
(LITES) is considered to achieve a high detection sensitiv-
ity 138:60-621
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