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Abstract

We demonstrate a substantial enhancement of gas Raman scattering using a bidirectional multi-pass cavity CERS sys-
tem, which incorporates a polarization beam-splitting optical path. The system design allows the laser light to traverse
the multi-pass cavity for four specific trips, satisfying the need for quick detection of various gas components. Our gas
detection experiments using multi-pass cavities with different times of reflection indicate that the addition of polarization
beam-splitting optical path gives 1.5 to 1.68 times enhancement of Raman signal compared with that of the system with-
out polarization beam-splitting. For the detection of CH,, a limit of detection of 1.66 ppm was achieved with our system
using a multi-pass cell with 41 times of reflection and an integration time of 30s. Our proposed design, which integrates
a bidirectional multi-pass cavity with polarization beam-splitting optical path, gives an economical multicomponent gas
detection system and a valuable tool for guiding the design and precise alignment of these cavities. This system shows
significant promise for applications in e.g. human breath and environmental monitoring.

1 Introduction

The concurrent detection of multi-component gases holds
critical importance across diverse sectors, including envi-
ronmental, medical, and industrial applications [1-4]. Gas
detection technologies are broadly categorized into optical
and non-optical methods. Optical detection methods pri-
marily use spectroscopic techniques to ascertain gas types
and concentrations. Conventional spectroscopic methods,
such as infrared absorption [5], photoacoustic [6—8], and
cavity ring-down spectroscopy [9], have been extensively
utilized for gas detection, offering commendable sensitivity
and results. However, these methods typically require the
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use of lasers with multiple wavelengths or costly broadband
lasers to detect multi-component gases [10]. Furthermore,
infrared spectroscopy faces challenges in detecting homo-
nuclear diatomic gases like N, and H,.

Raman spectroscopy presents an alternative technique
for gas sensing, leveraging the Raman scattering phenome-
non intrinsic to gas [11]. This method enables the identifica-
tion of gas types and concentrations through the analysis of
Raman scattering spectra’s intensity. It is capable of utilizing
a singular wavelength light to concurrently detect multiple
gas components, including the ability to sense homonuclear
diatomic gases. Consequently, Raman spectroscopy serves
as a potent instrument for the simultaneous detection of var-
ious gas constituents, applicable across multiple domains.
However, the inherently weak Raman scattering cross sec-
tion of gas molecules necessitates the employment of strate-
gies to amplify the Raman signal for high sensitivity gas
detection.

Presently, the enhancement of gas Raman scattering is
predominantly facilitated by fiber-enhanced Raman spec-
troscopy (FERS) [12—14] and cavity-enhanced Raman spec-
troscopy (CERS) [15-20]. FERS employs a hollow-core
fiber to extend the laser’s interaction path with the test sub-
stance, thereby augmenting the Raman signal’s collection

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00340-024-08285-y&domain=pdf&date_stamp=2024-7-24

144 Page 2 of 10

Y. Zheng et al.

efficiency and amplifying its intensity. This technique has
proven to enhance Raman signals effectively, achieving sen-
sitivities at the parts-per-million (ppm) level. Conversely,
the Fabry-Perot cavity enhancement [16, 18] intensifies the
laser power within an optical resonant cavity, significantly
bolstering Raman scattering and sensitivity. Moreover,
multiple-pass cavity enhancement [15, 17, 19], utilizing
multi-pass cells, either prolongs the laser’s interaction with
the gas or amplifies the laser power at the focal point to
improve Raman scattering. This approach, while structur-
ally straightforward, also attains high detection sensitivity.
Multi-pass CERS systems are categorized into side detec-
tion [3, 21] and collinear geometries [22] based on their
light collection methodologies. Collinear geometry requires
multi-pass cavities that reflect the laser beam along its entry
path. While potentially accruing more background noise
than side collection, this modality secures more Raman sig-
nals. Additionally, the overlap of laser beams in multi-pass
cavities is less critical than in side detection setups [22, 23].
Resonance Raman spectroscopy has also been utilized in
some biomedical and environmental detections [24-26].

In this work, we devised an enhancement system for gas
Raman detection, integrating bidirectional multi-pass cavi-
ties with a polarization beam-splitting optical path to detect
ambient air. The innovative design allows the laser beam
circulate four trips within the multi-pass cavity, amplifying
the Raman scattering intensity by an estimated factor of 1.6
relative to conventional collinear detection CERS systems
under identical conditions. Moreover, we introduce a pre-
cise vector-based methodology to compute the light trajec-
tory within the multi-pass cavity. Employing this method,

Fig. 1 Schematic diagram of the experimental setup. The green lines
represent the laser beam that will be reflected many times in the bidi-
rectional multi-pass cell. The green arrows represent the direction of
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we engineered multi-pass cavities featuring varying reflec-
tion number and evaluated their corresponding Raman scat-
tering enhancement factors.

2 Experimental section

Figures 1 and 2 illustrates the collinear collection CERS
gas system. A continuous-wave solid-state laser, with a
maximum power of 2 W and a linewidth less than 0.2 nm
at 532 nm, functions as the system’s light source. The laser
beam output exhibits a polarization ratio exceeding 100:1, a
beam diameter of 3 mm, and a beam divergence angle less
than 1.2mrad. To safeguard the laser from potential damage
caused by the reflected light, a high-power optical isolator
(OI), with a transmittance rate of 89% at the 532 nm, has
been positioned at the laser’s forefront.

The S-Polarized laser beam traverses the polarizing beam
splitter (PBS), transitioning from linear polarization to cir-
cular polarization via the quarter-wave plate (QW). Given
the high transmission of 97.21% for the PBS and 99.8% for
the QW, the loss impact of these components on the laser
power is minimal. The laser is then reflected by a long-pass
dichroic mirror (DM). To preserve the laser polarization
state post-reflection, a zero-phase shift dichroic mirror cor-
responding to the wavelength is chosen. An achromatic lens
(AL)) with a focal length of 150 mm is employed to focus
the laser into the near concentric multi-pass cell. This multi-
pass cell consists of two concave spherical mirrors (SM;
SM,) with a diameter of 25.4 mm and a focal length of
25 mm. The spherical mirror boasts a reflectivity of 99.6%

L: Laser
OI:  Optical Isolators

PBS: Polarizing Beam Splitter
PM: Plane Mirror

QW: Quarter-Wave Plate
DM: Dichroic Mirror

AL: Achromatic Lens
SM: Spherical Mirror
LP: Long-Pass Filter

F: Fiber

S: Slit

G: Grating

CCD: Charge-coupled Device

the laser beam. The laser light will circulate four specific trips within
the multi-pass cell. The orange lines represent the Raman-scattered
light, it will be analyzed by the spectrometer
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Fig. 2 Instrument photos

at 532 nm and maintains an average reflectivity of 99.4% at
565~ 675 nm. After undergoing multiple reflections within
the multi-pass cell, the laser forms two adjacent foci inside
the cell. In the first trip (first round trip) of reflections by
adjusting the incident light’s angle and the mirror’s tilt
angle, the incident light’s direction vector can coincide with
the normal vector of the mirrors in one of the reflections. In
this case, the light’s incidence angle to the mirror is 0°, the
light reverts along the original path and starts the second
(multi-pass) trip of reflections. When the laser beam exits
the multi-pass cell, it traverses the QW again, transitioning
from circularly polarized to P-Polarized. After the P-Polar-
ized laser is split by the PBS, it is reflected by a plane mirror
(PM) and starts the third trip (second round trip) of reflec-
tions. The laser passes through the PBS again, and repeats
the above process, being reflected out of the light path by
the optical isolator after four trips of reflections. Compared
to a system without a polarization beam-splitting optical
path, this system nearly doubles the optical path length and
enhances the laser power at the focus significantly, thereby
amplifying the Raman scattering signals’ intensity.

Collection of Raman scattered light Diverging from the
conventional side detection geometry utilized for gas
Raman scattering, this system adopts a collinear detection
geometry aligned with the laser beam to detect Raman scat-
tering. As the incident laser retraces its path, both forward
and backward Raman scatterings produced at the two focal
points within the multi-pass cell are multiply reflected by
the spherical mirrors and exit in the direction of the inci-
dence laser. Illustrated in Fig. 1, Raman scattering is col-
limated by the achromatic lens AL, before being coupled

into a multi-mode optical fiber (100 um core diameter) via
a 150 mm achromatic lens (AL,) for subsequent spectral
analysis by a spectrometer.

Background noise control Within the collinear detection
geometry, the primary sources of background noise are
Rayleigh scattering and fluorescence [27] induced by opti-
cal components. A dichroic mirror, featuring a cut-off wave-
length of 537 nm, allows 0.99% transmission of the 532 nm
laser and has an average reflectance of 4% for wavelengths
ranging from 550 nm to 800 nm. This configuration effec-
tively blocks the majority of the laser reflected from the
multi-pass cell and any fluorescence emitted by optical ele-
ments positioned in front of the DM. A long-pass filter (LP)
with a cut-off wavelength of 550 nm is positioned before
AL,. It exhibits a transmission of for 532 nm, effectively
filtering out Rayleigh scattering light of the same wave-
length as the laser that passes through the dichroic mirror.
The remaining background noise mainly stems from fluo-
rescence and Raman scattering produced by optical coatings
and components. Enhanced noise control can be achieved
by employing mirrors with high reflectivity.

Design of MPC The cavity-enhanced Raman gas detection
system is critically reliant on the multi-pass cell, which
serves to augment Raman scattering. Our system adopts a
bidirectional, near-concentric [28, 29] configuration for the
multi-pass cell. This design necessitates greater precision in
both the incident light angle and the rotational angle of the
reflection mirror, compared to traditional near-concentric
multi-pass cells. The conventional ABCD matrix [30-32]
method falls short in computing these intricate parameters.
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Consequently, we have devised a spatial ray tracing algo-
rithm that leverages vector calculations, coupled with itera-
tive computations in Matlab. This enables the precise
calculation of the multi-pass cell parameters for varying
numbers of reflections, thus informing the system’s configu-
ration and fine-tuning.

To start, we ascertain the maximum number of reflections
permissible within a near-concentric multi-pass cell [29,
33]. This limit is defined by the beam radius r, which cor-
responds to the solid angle o, and the mirror diameter D,
which corresponds to the solid angle B. Given that the spher-
ical mirrors have a focal length f, the maximum number of
reflections N can be calculated as:

B = 2arcsin <4Df> (1)
o = arcsin ( " ) )
Af
n=" ()
@

We then discuss the ray tracing model for multi-pass cell,
suppose that LP is the incidence vector of the light and O is
the center of the spherical mirror with a curvature radius R,
LH can be expressed as follows:

»Ip
LH| =LO - 4)
|LH| =LO |LP|

The distance from the center of the circle to the incident
light can be expressed as:

Y. Zheng et al.
D =+/N2— LH? )
HP can be expressed as:
f=VR—D*=+\/R*+ LH? — N? (6)

Then the length of the incident laser beam LP is equal to

|LP| = |LH|+ f @)
As show in Fig. 3 for the direction vector PM of the reflected
ray, the normal to the reflecting surface is PO, and the direc-

tion vector of the incident ray is LP Here assuming that LP
as well as PO are unit vectors then we have:

PM = IM — LD (8)

LM = 2(LP + PS) )

po_ _LP POpg

‘%‘2 (10)

Then Simplifying Eq. 10 and combining with Eq. 9 and
Eq. 8, P—>M can be expressed as:

PM = LP —2(LP - PO)PO (11)

From Eq. 11, we can derive the unit direction vector for
the reflected beam. At this juncture, both the coordinates of
the reflection point and the direction vector of the reflected
beam are ascertained. Treating these as the incident beam
parameters for subsequent reflections and recalculating, we
can pinpoint the precise coordinates of all reflection points
along with the direction vectors of the beams. An additional

Fig. 3 (a) Schematic diagram of vector reflection model. (b) Calculation of reflected beam direction vector
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step in the iterative process involves verifying whether the
ray aligns co-linearly with the mirror’s normal to identify
suitable parameters for the bi-directional multi-pass cell.
Thus, by inputting the incidence point and the direction
vector of the initial beam, we can generate a model for
the multi-pass cell. Employing vector methods markedly
enhances the efficiency of iterative calculations in Matlab
without compromising accuracy. Leveraging this model,
we have determined the specific parameters for various
bi-directional multi-pass cells with reflection number rang-
ing from 7 to 41, the distance d between the beam and the
edge of the reflector is set to 0.6 mm, that can be adjusted
by the size of the beam diameter. the details of which are
depicted in Figs. 4 and 5. The specific data are summarized
in Table 1. As show in Fig. 4(i), the diameter of the laser
spots on the mirror is 1.1 mm.

3 Results

Firstly, we conducted an experiment to assess the impact
of adding PBS and QW (but without PM) on the system’s
signal intensity. As depicted in Fig. 6, when the total times
of reflections is 41 for the multi-pass cell, the signal inten-
sity for the system with PBS and QW (but without PM) was
96.7% of that for the system without PBS and QW. This
indicates that the addition of PBS and QW has a minimal
impact on the system’s signal. However, the signal intensity

Fig.4 Simulation results of bidirectional multi-pass cell with different

reflection number and actual effect of multi-pass cell with 41 times of

reflections. (a) 41 times. (b) 29 times. (¢) 23 times. (d) 19 times. (e)

for the system with the addition of polarization beam-split-
ting path (also with PBS and QW) increased by 1.62 times
compared to the system without PBS and QW, demonstrat-
ing a significant improvement in signal intensity due to the
addition of the polarization beam- splitting optical path.
Although the addition of PBS and QW results in approxi-
mately a 3% reduction in the power of the excitation light,
by incorporating the polarizing beam-splitting optical path
(with PBS, QW and PM), the effective optical path length
can be nearly doubled, and the light intensity at the focal
points within the multi-pass cell can be increased signifi-
cantly, thereby enhancing the Raman scattering signal. Then
based on the calculated parameters for various multi-pass
cavities, we have engineered cavities with different times
of reflections. Ambient air detection was performed under
standard atmospheric pressure using multi-pass cavities with
varying number of reflections. With a laser power of 600mw
and an integration time of 1s. We evaluated the intensity of
Raman scattering before and after the addition of polariza-
tion beam-splitting optical path. The detection was carried
out using the portable and compact QEPro spectrometer by
Ocean Optics, which is equipped with a Hamamatsu S7031
type CCD, the slit width of the spectrometer is 25um. As
depicted in Fig. 7(a), the purple and blue lines represent the
ambient air Raman spectra with and without the polariza-
tion beam-splitting optical path, respectively. The Z-axis
indicates Raman spectra at different number of reflections,
and the side orange curve shows the trend of oxygen Raman

32 g 28262422 }

10 12 14161820

37 3533 3129272523

3 5 7 |9fn13151719

1.1mm

11 times. (f) 7 times. (g) Multi-pass cell. (h) Laser spots on SM,. (i)
Laser spots on SM,
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Fig.5 Parameters of bidirectional multi-pass cell

Table 1 Specific parameters for multi-pass cell

N 6¢) "
41 14.119 0.06
29 14.025 0.09
23 13.58 0.15
19 13.48 0.19
11 13.048 0.39
7 13.678 0.43

scattering intensity with changing number of reflections.
Raman scattering signals of CO, are observed at 1286 cm™!
and 1388 cm™ !, 0O, at 1554 cm™!, and N, at 2327 cm™!,
with signal intensity increasing as the number of reflec-
tions in the multi-pass cavity increases. Systems outfitted
with polarization beam-splitting optical path exhibit marked
enhancements in Raman scattering intensity. The enhance-
ment factor for systems with a multi-pass cell experienc-
ing 11 to 41 times of reflections ranges from 1.68 to 1.5,
showing a decreasing trend as the total times of reflections
increases. Compared to the signal without multi-pass cavity,
the enhancement at 41 times of reflections is 82.8-fold, and
with the addition of polarization beam-splitting optical path,
it reaches 123-fold. Figure 7(b) shows the Raman spectra
where the red, blue, and purple lines correspond to single
scattering, 41 times of reflections, and 41 times of reflec-
tions with polarization beam-splitting optical path, respec-
tively. Systems with polarization beam-splitting optical path
can detect CO, in the air, with the Raman scattering signals
of CO, in laboratory’ ambient air becoming discernible at
11 times of reflections. The signal-to-noise ratio (SNR) for
CO,, calculated using the signal intensity at 1388 cm™! for a

@ Springer
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system with 41 times of reflections, is 7.54, where the noise
standard deviation o is 8.52, and the relative signal inten-
sity is 64.2. Moreover, systems with fewer reflections can
rival the Raman scattering intensity of systems with a higher
number of reflections after introducing polarization beam-
splitting optical path. Figure 7 illustrates that a system with
23 times of reflections, once augmented with polarization
beam-splitting optical path, has a much higher Raman scat-
tering intensity than a system with 41 times of reflections
but without polarization beam-splitting optical path.

To investigate the linear relationship between signal inten-
sity and gas concentration, various concentrations of CO, that
mix with N, were introduced into a sealed gas cell under specific
conditions: 23 times of reflections, 600mw laser power, and 1s
integration time. A fitting process correlating the signal intensi-
ties with the respective gas concentrations was conducted. The
results, as illustrated in Fig. 8, demonstrate a remarkable linear
relationship between signal intensity and gas concentration,
with a correlation coefficient (R?) of 0.9993. The data represent
the average of 120 measurements, with error bars and fitting
equation depicted in Fig. 8(b). Using a multi-pass cell with 11
times of reflections, 1 s integration time, and 600mW excita-
tion light power, we conducted the detection on human exhaled
gases. As shown in Fig. 9(a), the gas was blown directly into
the sealed gas cell by a person through a drying tube. Com-
pared to the ambient air signal, the oxygen signal decreased,
whereas the carbon dioxide signal significantly increased. As
show in Fig. 9(b), enhancing the laser power to 1800mw and
conducting experiments on ambient air with integration times
of 1s, 10s, 30s, and 60s, it was established that extending the
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Fig. 6 Effect of adding PBS and x10?
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integration time notably enhances the system’s SNR. The rela-
tive intensity of the CO2 (1388 cm™") signal was 4694.8 with
anoise standard deviation ¢ 0of 43.63 and a SNR of 107.6 at an
integration time of 60s.

In order to extend the detection range and reduce the cost of
the system we made a Raman spectrometer with a diffraction
grating of 1200 L/mm and a Hamamatsu S7031 type CCD (the
same model as Ocean Optics’ QEPro), and 50 pum for the slit
width of the spectrometer. Utilizing this Raman spectrometer,
we conducted experiments on ambient air under specific condi-
tions: 30s integration time, 1800mW laser power and 41 times
of reflections. The result is shown in Fig. 10, Raman scatter-
ing signals of CO,, O,, N,, CH, and H,O can be observed.
The concentration of CH, in the ambient air is about 2ppm.The
relative intensity of the CH, (2917 cm™") signal was 130.89
with a noise standard deviation ¢ of 36.3 and the 3¢ detection
limit (LOD) of CH, is 1.66ppm.

4 Conclusion

In this study, we demonstrate that introducing a polarization
beam-splitting optical path to the collinear detection CERS
system can effectively amplify gas Raman scattering, cater-
ing to the requirement for rapid detection of multi-component
gases. Simultaneously, we propose a calculation method for

1500
Raman Shift (cm™)

2000

the parameters of the bidirectional multi-pass cavity, which can
guide the design and adjustment of the multi-pass cavity.

Our bidirectional multi-pass cavity, when paired with the
polarization beam-splitting optical path, extends the interaction
distance between the laser beam and the gas under examination,
and amplifies the laser power at the focal point. Importantly,
both forward and backward scattering at the two focal points
within the multi-pass cavity can be collected, thereby enhanc-
ing the collection efficiency of Raman scattering. The multi-
pass cavity utilizes two spherical mirrors with a focal length
of 25 mm and diameter of 25.4 mm, simplifying the system
structure, reducing its physical size, and improving mechanical
stability. When combined with the portable spectrometer, this
leads to system miniaturization. In comparison to the existing
collinear detection geometry, our system, with the addition of
polarization beam-splitting optical path, can boost the Raman
scattering intensity by 1.5-1.6 times. However, the enhance-
ment effect on the scattering signal diminishes as the number
of reflections increases. This is attributable to the increasing of
reflection number reducing the laser power and a longer opti-
cal path causing a progressive shift in the focal position of the
laser beam within the cavity. Additionally, a higher number of
reflections may compromise the stability of the optical path.
The integration of a polarization beam-splitting optical path
enables the multi-pass cavity with fewer reflection numbers to
achieve superior detection effects.
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Fig.8 (a) The intensity of Raman scattering for CO, at varying concentrations in a sealed gas cell. (b) The calibration curve of the mean spectrum
for this gas cell system with 23 times of reflections
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Fig. 9 (a) Raman signal of breath in a sealed gas cell with 11 times of reflections. (b) Raman scattering spectra of ambient air at different integra-
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Future improvements in the Raman scattering intensity
of this system could be achieved by reducing the laser wave-
length, increasing the gas cell pressure [34, 35], and utilizing
mirrors with a higher reflection [2]. We anticipate that this
approach could contribute to advancements in greenhouse gas
detection and human respiratory component detection. We
hope our work on enhancing Raman spectroscopy gas detec-
tion sensitivity and designing a bidirectional multi-pass cavity
will find utility in future practical applications.
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