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Abstract: Measuring the internal dynamic temperature of alkali metal vapor cells is crucial for en-
hancing the performance of numerous atomic devices. However, conventional methods of measuring
the internal dynamic temperature of the cell are prone to errors. To obtain a more accurate internal
dynamic temperature of the alkali metal vapor cell, a temperature measuring method based on the
data fusion of the Kalman filter has been proposed. This method combines the indirect temperature
measurement signal from a resistance temperature detector with the atomic absorption spectrometric
temperature measurement signal. This provides a high-accuracy set of internal dynamic temperatures
in the cell. The atomic vapor density calculated from the final fusion results is 37% average lower
than that measured by external wall temperature measurements, which is in line with the conclusions
reached in many previous studies. This study is highly beneficial to measure the temperature of
alkali metal vapor cells.

Keywords: alkali metal vapor cell; atomic devices; atomic absorption spectrometry (AAS); Kalman
filter (KF); data fusion

1. Introduction

A cell containing one or more alkali metals, inert and buffer vapors, is commonly used
as a core device in atomic clocks [1], laser stabilizers [2], and optical magnetometers [3–7].
In magnetic field detection, spin-exchange-free spin (SERF) atomic magnetometers are
highly valued for their ultra-high sensitivity. SERF atomic magnetometers are now widely
used in biomedical [8,9] and geomagnetic exploration [10] fields. The density of alkali
metal vapor in the cell is closely related to its temperature. Alcock’s [11] formula for the
saturation vapor pressure of alkali metals can be used to calculate the temperature. The
density of alkali metal vapor significantly affects the optical depth of the cell medium,
atomic polarization, atomic relaxation rate, and other factors. Therefore, exploring the
internal dynamic temperature of the alkali metal cell is important.

Traditional temperature measurement of the cell involves installing a resistance tem-
perature detector (RTD) on the outer wall of the cell, which is non-destructive [12]. However,
this method has limitations. This is because the saturated vapor pressure of the cell is
determined by the lowest temperature point of the entire cell, but the external temperature
of the cell is not consistent, making it difficult to find the lowest temperature point of the
alkali metal cell.

To address this problem many scholars have studied methods for cell temperature
measurement. Shang et al. [13] used atomic absorption spectrometry (AAS) to obtain
the internal temperature of the cell, which is more accurate than using RTD. Meanwhile,
many scholars have found that the atomic vapor density obtained by RTD temperature
using Killian’s formula is much higher than the true atomic vapor density. Shao et al. [14]
measured the density of alkali metal vapor, which is about half of the result calculated by the
Killian formula; Shang et al. [15] come to the same conclusion based on the measurement of
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alkali metal vapor density using the Faraday modulator. The reason for this phenomenon
is currently unknown, but obtaining the true temperature inside the cell is an area worth
exploring.

The methods for measuring the temperature of the cell are divided into two types: con-
tact and non-contact. The non-contact measurement method is based on AAS. It offers high
sensitivity, calibration-free operation, fast detection, and the ability to remotely measure the
internal dynamic temperature inside the cell without entering the cell [15]. Therefore, the
AAS temperature measurement method is beneficial for measuring the temperature inside
the cell. RTDs have high measurement accuracy and stable performance, which is suitable
for measuring temperature signals. Therefore, RTD-based temperature measurement is also
suitable for measuring the temperature of cells. However, both temperature measurement
methods have technical drawbacks that are hard to avoid. Measurements using RTDs
require additional calculations to obtain the temperature at the center of the cell. Hence,
temperature measurements using this method are inaccurate. AAS temperature measure-
ment utilizes fitting absorption spectra, but measurement becomes challenging when the
vapor density is high. This is because directly measuring the extremely weak transmitted
light near resonance is difficult. Moreover, severe attenuation of light within the resonance
linewidth makes it hard to determine the absorption line shape, which makes it impossible
to measure through far detuned measurement [16]. Additionally, AAS measurement is
affected by factors such as power fluctuations and changes in external magnetic fields. As
a result, AAS may not be an accurate method for temperature measurement [17]. In this
study, the results of indirect temperature measurement by RTD, temperature measurement
by AAS, and direct temperature measurement of the external wall by RTD are compared.
This study has found that measured temperatures vary greatly, especially during periods
of increased internal dynamic temperature. The dynamic internal temperature of the cell
requires a high precision measurement, but the results obtained from different temperature
measurement methods may vary. Measuring the internal dynamic temperature of a cell
requires high accuracy. For this purpose, a method of fusing data from two temperature
measurement devices is used to measure the internal dynamic temperature of the cell.
This multimodal sensor-data fusion method allows more accurate measurements [18].
Multi-sensor data fusion is useful when the measured temperature by a single sensor does
not have the desired precision. So, the data from multiple sensors is processed to com-
pensate for the individual sensor’s deficiencies [19]. The data fusion methods are mainly
divided into two types: modern and classical fusion methods. The modern fusion methods
are based on neural networks [20], cluster analysis [21], and intelligent algorithms [22].
The classical fusion methods revolve around the Kalman filter (KF) [23] and Bayesian
estimation [24].

Many research studies have been done on the KF data fusion method. Sun et al. [25]
proposed an optimal information fusion dispersion KF for multiple sensors and verified the
effectiveness of the method with a three-sensor radar tracking system. Wang et al. [26] fused
the signals from lead-zirconium-titanium oxide (PZT) sensors and optical fiber sensors
for monitoring bore edge cracks through a weighted adaptive KF. They found that the
method could significantly improve the accuracy compared to single-sensor monitoring.
Xu et al. [27] used KF to fuse resolution-enhanced surface temperature data with coarse-
resolution surface temperature data to obtain a more accurate set of surface temperatures
with a root mean square error in the range from 0.79–1.47 K. Chen et al. [28] proposed
a KF-based algorithm to fuse temperature and humidity data. The experimental results
showed that the algorithm filtered the data noise, reduced the data measurement error, and
obtained highly accurate values.

The KF is used to fuse the measurement data from multimodal sensors. The KF
acquires accurate data by combining the model state estimation with the observed data [29].
It can obtain a better set of measurements for the same object. In this study, the KF is used
to measure the more accurate internal dynamic temperature of the cell. It is done by fusing
correlated time series data of AAS and RTD.
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The structure of this article is as follows. Firstly, the acquisition of the external wall
temperature data of the vapor cell and the AAS measurement data related to the internal
dynamic temperature of the cell is presented. Afterward, the data processing of the internal
dynamic temperature of the cell is discussed. Next, the calculation of the internal dynamic
temperature of the cell through KF data fusion for a more accurate internal dynamic
temperature of the cell is done. Finally, the fusion results are compared with the external
wall measurements of RTD to verify the KF fusion results. In the end, it is shown, based on
the experimental results, that it is feasible to measure the internal dynamic temperature of
the cell with multiple sensor data after processing with KF.

2. Measurement Procedures
2.1. AAS Temperature Measurement

Due to the lack of hyperfine pumping, hyperfine absorption is completely overlapped.
Hence, the optical depth of the target can be measured according to the change in light
intensity. The schematic diagram of the AAS setup is shown in Figure 1. Based on Lambert’s
law, the relationship between the corresponding quantities is presented in Equation (1) [30]:

I(O) = I(I) exp(−OD) = I(I) exp(−ρ · l · s) (1)

where I(I) is the light intensity of the laser incident on the cell, I(O) is the light intensity of
the laser exiting the cell, OD is the optical depth, ρ is the atomic density of the alkali metal
vapor, s is the photon absorption cross-section, and l is the optical length of the laser beam
in the cell.
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Figure 1. The schematic diagram of AAS setup. A 795 nm laser beam enters the heated cell with a
light intensity I(I), gets absorbed and exits the cell with a light intensity I(O).

The buffer gas atom causes a linear Lorentz broadening between atoms. To avoid
collision relaxation, the cell used in the experiment injects three atmospheres of 4He.
Under these conditions, an approximate broadening of 50 GHz is observed, and saturated
absorption peaks were not visible. Consequently, based on a known set of measurement
data, the single peak Lorentz function in Equation (2) is capable of fitting the data [31]. The
fitting results are then used to calculate the full width at half maximum (FWHM) Γ, the
center frequency v0.

L(v− v0) =
Γ/(2π)

(v− v0)
2 + (Γ/2)2 (2)
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Substituting Γ of the curve into Equation (3) representing the absorption area at the
resonant frequency point, the photon absorption cross-sectional area s(v) can be calculated
as follows [32].

s(v) = πrec f · L(v− v0) (3)

In Equation (3), re is the electron radius, c is the speed of light in vacuum, and f is the
intensity of the oscillator. The atomic density n of alkali metal vapor is obtained through
Equation (4), where ODmax is the maximum optical depth, s(v0) = smax is the maximum
photon absorption cross-sectional area at resonance [33]:

ρ =
ODmax

smaxl
(4)

The empirical formula given in Equation (5) presents the relationship between cell
temperature and the atomic density of alkali metal vapor [11,13]:

ρ =
1

TG
10A− B

TG (5)

Equation (5) provides the cell temperature TG if all the other quantities are known. A
and B are the density parameters of liquid rubidium (Rb) vapor with the following values
A = 31.178 and B = 4040.

2.2. RTD Indirect Temperature Measurement

The RTD temperature measurement method is invasive, which means that it needs
to be in direct contact with the object being measured. However, because the cell is
non-destructive and the RTD is pre-installed during cell manufacturing, the RTD may be
corroded by alkali metal vapor. As a result, RTD can only measure the temperature of the
outer wall of the cell.

According to Fourier’s law of heat conduction, heat will move from a high temperature
region to a low temperature region when there is non-uniform temperature distribution.
Equation (5) indicates that the temperature of the cell is directly proportional to the atomic
density of alkali metal vapor. The electric heating plate is in close contact with the cell
while it is being charged and heated. The lack of internal heating in the cell results in a
slight gradient of temperature along its radius. Thus, the external wall of the cell with
a radius of 10 mm can be simulated as being in a state of thermal equilibrium. In the
transient case of 428 K, the cell is simulated in two dimensions. In the two-dimensional
case, the temperature distribution in the cell is approximated by the two-dimensional
Gaussian distribution model shown in Figure 2. Therefore, in this work, a simplified
temperature distribution model is proposed, in which the temperature distribution of the
cell is considered to have an inverse Gaussian function.
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This article describes a simple simulation of the constant temperature situation in the
428 K cell, as shown in Figure 2a. In this case, the temperature of the cell has reached a
steady state. We treat the cell wall as a constant temperature heat source, regardless of the
temperature exchange between the cell and the environment.

Thus, the isotherms of the cell can be simplified into regular circles. When measured
outside the cell, the extended isotherms of the heat source at any point are perpendicular
to the heat transfer and, as a result, must pass through the center of the spherical cell.
Additionally, assuming that heat transfer comes from an infinite number of equivalent
heat sources, a way to estimate cell temperature from the temperature of the outer wall is
provided.

The concentration of alkali metal vapor in the cell is determined by the point where the
alkali condenses at low temperatures. However, Guo et al. [34] found that the distribution
of alkali metal vapor within the cell is not uniform, and the reason for this is not fully
understood. Therefore, let’s consider Equation (1) and assume that the object has the same
atomic density at the same temperature. In the full optical range, there are i optical lengths
of varying density, and each optical length with the same density is considered a unit length.
By substituting these variables in Equation (1), we can express the attenuation coefficient
of laser light passing through the cell as λ1, λ2, λ3 . . . . . . λi, and the corresponding optical
length as l1, l2, l3 · · · li. The following expression is obtained:

λ1l1 + λ2l2 + λ3l3 + · · ·+ λili = ln(
I(I)
I(O)

) (6)

The internal distribution of alkali metal vapor in the heating cell is not uneven. From
Equations (4) and (5) it is clear that temperature, optical depth, and alkali metal vapor
density are positively correlated. Therefore, the variation of the attenuation coefficient
is also distributed in the inverted Gaussian function. Hence, Equation (7) can be used to
represent the optical depth of the medium within a certain range. la and lb are the lower
and upper limits within the cell.

∫ lb

la
λ(x, y)dl = OD′ (7)

Substituting this value in Equations (4) and (5) gives the temperature TD at a point in
the interval.

2.3. KF Fusion Algorithm

The KF is a recursive optimization algorithm whose main application is in time-
varying dynamic systems with uncertainty [25]. It is difficult to establish an accurate
mathematical model of the internal dynamic temperature of a cell. Whether the internal
dynamic temperature of the cell is extrapolated from RTD measurements or measured by
AAS, there will always be unmeasurable errors. Therefore, the use of a KF for data fusion
is very appropriate.

The spatial state system model of the object under test can be expressed as:

x(k + 1) = Ax(k) + w(k) (8)

y(k) = Hx(k) + v(k) (9)

where x(k) is the state matrix of the object under observation at the moment k. y(k) is the
state observation signal of the object under test at the moment k. w(k) is the process noise at
the moment k. v(k) is the observation noise at the moment k. A and H are the state transfer
matrix and the observation matrix, respectively. Both w(k) and v(k) are Gaussian white
noises, and their corresponding covariance matrices are Q and R. The core formula for the
KF is as follows [28].
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State space projections:
x( k|k− 1) = Ax(k− 1) (10)

P( k|k− 1) = AP(k− 1)AT + Q (11)

Updated state space:

K(k) = P( k|k− 1)HT
[

HP( k|k− 1)HT + R
]−1

(12)

x(k) = x( k|k− 1) + K(k)[y(k)− Hx( k|k− 1)] (13)

P(k) = [I − K(k)H]P( k|k− 1) (14)

where x(k|k − 1) is the estimate obtained from the optimal estimate at k − 1. K(k) is the
Kalman gain at k. x(k) is the optimal estimate at k. P(k) is the covariance matrix at k, and I is
the unit matrix.

Data fusion with KF is the analysis of the sensor data followed by the execution
of the KF algorithm to obtain an optimum estimate of the measured values. The best
estimate from Equation (13) can be considered the optimal fusion of the observations and
estimates consisting of time series signals collected by multiple sensors. The KF-based
equation of state for the internal dynamic temperature of the cell can be expressed as
Equations (15) and (16):

TG(k)= BGxG(k) + vG(k) (15)

TD(k)= BDxD(k) + vD(k) (16)

where TG(k) is the temperature measured using AAS. TD(k) is the temperature measured
using RTD indirect temperature measurement method. BG is the observation matrix
for temperature measurement using AAS. BD is the observation matrix for temperature
measurement using RTD. vG(k) and vD(k) are the measurement noises for both methods.
According to the core formula of the KF, a relationship given in Equation (17) exists between
the two unrelated measurements.

TF =
D−1

G TG

D−1
G + D−1

D
+

D−1
D TD

D−1
G + D−1

D
(17)

where TF is the temperature obtained after KF fusion, DG and DD are the variance of the two
measurements, which can be obtained from multiple measurements at a fixed temperature.

To test the effectiveness of the data fusion algorithm that relied on KF, we conducted a
simple simulation. During the simulation, the standard deviations of inputs A and B are
0.5 and 0.4, respectively.

Figure 3 shows the KF fusion result, demonstrating the potential temperature signals
using KF fusing. The simulate output’s standard deviation was reduced to 0.31, indi-
cating the efficacy of the signal fusion algorithm using KF in temperature measurement
experiments on cells.
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Figure 3. Simulation results of a signal fusion using a KF. It is evident that the variance of the output
signal is significantly lower than that of the two input signals.

3. Experimental Setups

The experimental setup consists of a Rb atomic cell, heating oven, electric heating plate,
a computer, UniQuanta laser (DFB801-795), two photodetectors (S142C), optical power
meter (PM100USB), RTD data acquisition card (M2111) and four RTDs. The schematic
diagram of the experimental setup is shown in Figure 4. A 20 mm diameter spherical
borosilicate glass cell containing Rb atoms, quenching gas N2, and buffer gas 4He is placed
in an oven made of boron nitride. The heating capacity of the oven is provided by two
non-magnetic, temperature-controlled electric heating plates with a maximum heating
capacity of 473 K. N2, and 4He gases do not produce absorption peaks in the visible light
band. In the visible light band, the wavelength of Rb atomic line is at about 794.98 nm.
Therefore, the N2 and 4He gases do not affect the experiment. Four RTDs are attached to
the outer wall of the cell on both sides of the two ventilation holes. The RTDs are small
enough (2 × 5 mm) not to obstruct the transmission of light. This ensures that the RTDs
can obtain the most direct temperature of the outer wall of the cell. This also prevents
experimental failure due to the malfunction of the small RTDs during experiments. The
temperature value measured by the RTD is the average of four individual temperature
measurements.
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The heated oven is packed in a non-magnetic tank with two ventilation holes. The
detection light enters through a vent on one side of the tank, passes through the cell, and
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exits through a vent on the other side. A distributed feedback laser supplies the detection
light with a central wavelength of 795 nm. After passing through two plano-convex
lenses, the beam is transformed into a linearly polarized beam by using a Glan-Taylor
prism as a polarizer. The linearly polarized beam is split in two with a 1:1 ratio using
a non-polarization beam splitter (NPBS). One of the beams is directly captured by the
photodetector PD1 to detect the intensity of the light. The other beam is captured by the
photodetector PD2 after passing through the oven and being absorbed by the Rb atoms to
detect the intensity of the light.

Since the cell needs to reach a specific temperature before it can start working, the
data for this experiment is recorded from when the temperature of the cell reached 373 K
and ended when the external temperature control section of the cell showed a stable
temperature of 428 K. A total of 10,800 sampling points were recorded.

Finally, two sets of dynamic internal cell temperatures were obtained for data fusion.
Another data set, the external wall’s internal dynamic temperature, measured directly, was
used for subsequent comparison.

4. Results and Discussion

To measure temperature using AAS, it is necessary to scan DFB lasers near the Rb
atomic D1 line to obtain optical depths at different laser frequencies. This is required due to
the optical thickness that occurs at higher temperatures and drifts in the DFB laser during
usage, which makes it difficult to measure temperature at a fixed frequency. To conduct the
experiment, the oven must first be set to a certain temperature. After the oven has reached
the desired temperature and has stabilized within a fluctuation range of ±0.1 K, adjust the
wavelength of the DFB laser to scan near the Rb atom’s D1 line. It is important to note that
the wavelength adjustment step size of the DFB laser varies. Near the D1 line, the step size
is 0.08 nm, while it is 0.16 nm, 0.24 nm, and 0.4 nm away from the D1 line. This process was
repeated at each working temperature of the cell to calibrate the temperature measurement
by AAS.

The OD obtained by AAS varies at different temperatures. This is because, as the cell
temperature increases, I(O) gradually decreases while I(I) remains constant. To ensure
consistent evaluation of the residual sum of squares (RSS) evaluation indicators for different
sets of data after fitting, OD was normalized. RSS is a metric that measures the sum of

squares between the actual value OD∗i and the fitted value
_

ODi . Usually lower values
indicates a better fit. The expression for RSS can be found in Equation (18).

RSS = ∑
(

OD∗i −
_

ODi

)2
(18)

Normalization does not affect the data wavelength and therefore does not affect the
FWHM obtained after fitting. In this experiment, extreme difference normalization was
selected, as shown in Equation (19):

OD∗i =
ODi −minODi

maxODi −minODi
(19)

Temperature measurements by AAS were carried out in 5 K intervals in the operating
temperature range of 333–428 K inside the Rb cell. The optical depth as a function of
wavelength is obtained over the wavelength range of 794–796 nm in various intervals, as
shown in Figure 5, which illustrates the absorption peaks at each sampling temperature.
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ations on both sides below 333 K, which could be attributed to the incomplete work of the 
cell. Moreover, Figure 5b–e demonstrates that the absorption peaks become more optically 
thick as the temperature increases. The waveforms of the absorption peaks also gradually 
become irregular from the Lorentzian type, resulting in incomplete fitting. An optically 
thick phenomenon is evident after 398 K. 

Table 1 shows that after 11 iterations of fitting with the Lorentz function, the raw data 
obtained with AAS provides a better fit at low temperatures, but a poorer fit at high tem-
peratures. Inaccuracies in the FWHM obtained by the Lorentz fit can occur due to lower 
fits, resulting in deviations in calculated temperatures. The high atomic density of the al-
kali metal vapor at higher temperatures results in complete absorption of the incident 
beam, ultimately leading to an optically thick absorption peak. In addition, when the laser 
emitted from the cell is very small, the limited sensitivity of the photodetector resulting in 
intensity values is unmeasurable, leading to flat peaks. This variance is significant because 

Figure 5. Raw data and fitting results of AAS measurements at each temperature. In items (b–e),
the dots represent the measurement results of laser at different wavelengths at a fixed temperature,
while the red line represents the fitting curve at the fixed temperature. (a) Absorption peaks at
each sampling temperature in the wavelength range from 794–796 nm. (b) Lorentzian fit at 358 K.
(c) Lorentzian fit at 378 K. (d) Lorentzian fit at 398 K. (e) Lorentzian fit at 418 K.

The results in Figure 5a indicate that the absorption peak exhibits significant fluctua-
tions on both sides below 333 K, which could be attributed to the incomplete work of the
cell. Moreover, Figure 5b–e demonstrates that the absorption peaks become more optically
thick as the temperature increases. The waveforms of the absorption peaks also gradually
become irregular from the Lorentzian type, resulting in incomplete fitting. An optically
thick phenomenon is evident after 398 K.

Table 1 shows that after 11 iterations of fitting with the Lorentz function, the raw
data obtained with AAS provides a better fit at low temperatures, but a poorer fit at high
temperatures. Inaccuracies in the FWHM obtained by the Lorentz fit can occur due to
lower fits, resulting in deviations in calculated temperatures. The high atomic density of
the alkali metal vapor at higher temperatures results in complete absorption of the incident
beam, ultimately leading to an optically thick absorption peak. In addition, when the laser
emitted from the cell is very small, the limited sensitivity of the photodetector resulting in
intensity values is unmeasurable, leading to flat peaks. This variance is significant because
the indirect RTD measurement method calculates the internal dynamic temperature of
the cell using the external temperature of the cell measured by the RTD, and Equation (7)
is used in this process. It can seriously affect the accurate measurement of the internal
dynamic temperature of the cell.

Table 1. Lorentz function fitting at 358 K, 378 K, 398 K, and 418 K.

Temperature 358 K 378 K 398 K 418 K

RSS R2 RSS R2 RSS R2 RSS R2

0.02576 0.9932 0.01307 0.99729 0.14769 0.98528 0.32702 0.97621

To ensure the accuracy of the data fusion via KF, the oven was cooled to room temper-
ature and reheated to 373 K. Afterwards, both temperature measurement methods were
repeated once the temperature stabilized, with fluctuations around ±0.1 K. The purpose of
these measurements was to calculate the variance of the respective methods. The final vari-
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ance values are DG = 0.0517 and DD = 0.1059. Subsequently, the data from two temperature
measurement methods were fused by KF. The results are displayed in Figure 6.
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Figure 6. Temperature measurement results using Kalman filter fusion, RTD indirect temperature
measurement and AAS temperature measurement.

Figure 6 indicates that the KF fused data is not as high or low as the input data. This
is because the output data combines the characteristics of the two input data sets using
KF. In this study, the non-magnetic electric heating plates method was used to increase
the temperature. However, this method resulted in a sudden temperature rise, most likely
due to frequency variation of the plates. This sudden increase in temperature after KF
data fusion cannot be eliminated. The consistency of the three curves is high because the
measurement data of AAS used RTD measurement data as a reference, resulting in the
same trend of the two sets of data. The KF fusion results calculated by Equation (17) also
obtained this trend information, thereby ensuring higher consistency.

As shown in Figure 7, the atomic vapor density calculated from the temperature values
obtained by fusing the KF data is approximately 37% lower on average than the correspond-
ing values from conventional external wall temperature measurements. This finding is
consistent with the results of other studies on calculating atomic vapor density [14,15,35,36].
Furthermore, the density of atomic vapor within the cell becomes progressively more ho-
mogeneous as the temperature increases. This is due to the gradual increase of the ratio
between the two results. However, after 10,000 s, the temperature increase reaches a state
of stagnation. Even when the temperature is stabilized, there is still a 20% difference
between the measurement results of the two methods, which may be attributed to the
inhomogeneous temperature of the cell.
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5. Conclusions

In this study, we used the KF data fusion algorithm to fuse data from RTD and
AAS to measure cell temperature more precisely, which is typically difficult. We applied
the algorithm to experimental data and observed an improvement in the output result.
The experimental results indicate that the proposed KF fusion method can accurately
measure the internal dynamic temperature of the cell. In addition, the atomic vapor density
calculated by the KF fusion method is approximately 37% lower than the corresponding
values directly measured from the outer wall of the cell. This study can be beneficial in
improving the accuracy of cell temperature measurement during heating and enhancing
the performance of the related atomic precision instrumentation.

However, the low sensitivity of the photodetector used in this study limited the
precision of the measurements in the AAS method, specifically for high-temperature
measurements. In future work, we could consider using the Faraday modulator [15,37]
to address the issue of optical thickness and improve the optical path to enhance the
performance of the equipment for the improvement of this study.
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