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Abstract

The port fraction in an integrating cavity is defined as the ratio of the area of all the leaky ports to the total internal surface
area of the cavity. It allows for the regulation of the cavity’s output radiation flux, thereby influencing the formed light field
within the cavity. Building upon this fundamental parameter, we present a technique for determining the effective optical path
length (EOPL) of an integrating cavity by examining the output light's variation as a function of port fraction. A relationship
between the EOPL and cavity parameters has been established without the presence of gas absorption. To corroborate the
method, we calculated the EOPL of the cavity at 764 nm employing both our proposed method and the gas absorption-based
approach. Upon comparison, it was observed that the two methods yielded consistent EOPL results, specifically 109.5 (2)
cm and 109 (2) cm, respectively. This study demonstrates that the output light from an integrating cavity indeed conveys
information about its EOPL in the absence of gas absorption. This insight holds significant value for determining the EOPL

of integrating cavities as well as other optical cavity types.

1 Introduction

Gas composition analysis plays a crucial role in a myriad of
scientific and industrial applications, including atmospheric
component analysis [1], breath diagnostics [2], and oil refin-
ing [3]. Over the years, a multitude of approaches have been
developed to achieve precise and sensitive gas detection [4,
5]. For small molecule gases with narrow absorption peaks,
such as methane, oxygen, and nitric oxide, laser absorp-
tion spectroscopy is often employed [6-8]. In pursuit of
enhanced sensitivity, several laser-based gas detection tech-
niques have been proposed, including tunable diode laser
absorption spectroscopy (TDLAS) [9], photoacoustic spec-
troscopy (PAS) [10], and cavity ring-down spectroscopy
(CRDS) [11]. Nonetheless, these laser-based methods face
challenges in analyzing multi-component gases containing
larger molecules, as the broad absorption peaks of large
molecules and overlapping absorption peaks among differ-
ent gases hinder accurate detection. In contrast, incoherent
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light-based Fourier transform spectroscopy (FTS) is typi-
cally used for the analysis of multi-component gases con-
taining larger molecules such as sulfur hexafluoride [12],
ethane [13], propane [14], and carbon dioxide [15]. Despite
its advantages, achieving sensitive detection of multi-com-
ponent gases containing large molecules using FTS remains
a formidable challenge due to the limited optical path length
inherent to the technique.

According to the Beer—Lambert law, one direct and
effective approach to enhance gas detection sensitivity is
to increase the optical path length [16, 17]. Over the past
several decades, substantial research has been devoted to
achieving this aim. For non-coherent light, integrating cavi-
ties are commonly employed as gas cells to amplify the
effective optical path length (EOPL), including integrat-
ing spheres [18] and cubic integrating cavities (CIC) [19].
Gao et al. proposed a method to ascertain the EOPL of an
integrating sphere by contrasting the absorption signal of
oxygen within the cavity to that in the air, employing the
TDLAS technique. This approach allows for the determina-
tion of the EOPL of an irregularly shaped integrating cavity
without requiring the cavity's parameters [20]. In compari-
son to gas absorption-based EOPL measurement methods,
Zhou et al. demonstrated a EOPL measurement technique
for integrating cavity based on the time-resolved spectros-
copy [21]. The method, which does not rely on the presence
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of gas absorption, can derive the EOPL by multiplying the
cavity's time constant 7 with the speed of light c. Intrigu-
ingly, in the absence of gas absorption, the light emitted
from the integrating cavity is associated with the multiple
diffuse reflection processes the light undergoes within the
cavity. Consequently, the emitted light inherently contains
information about the EOPL of the cavity. However, to date,
the exploration of the relationship between the EOPL of the
cavity and its emitted light in the absence of gas absorption
remains limited.

In this letter, we introduce a method for determining the
EOPL of an integrating cavity by analyzing the variation
in the output light from the cavity in relation to the port
fraction. We establish the relationship between the EOPL
and the parameters of the integrating cavity in the absence
of gas absorption. To validate the proposed method, we
compared the EOPL results derived from our method with
those obtained through a gas absorption-based method at
the same wavelength. Lastly, we employed our proposed
method to determine the EOPL of the cavity across five dis-
tinct wavelengths.

2 Theory

For an arbitrary-shaped integrating cavity, as long as a uni-
form light field distribution can be formed rapidly after the
light enters the cavity, its EOPL, Leﬁf, can be expressed as
[22]:

L

ave

L, _—
T/

Loy = M
where, L, is additional path length which depends on the
specific launch and delaunch conditions [23]. L,,, is the
single-pass average path length, which equals to 4 V/S (V
and S are the volume and the inner surface area of the cav-
ity, respectively). p is the diffuse reflectance. f;, represents
the initial port fraction, which is determined by the sum
of initial port areas divided by the total inner surface area
of the cavity. Given that the diffuse reflectance p is wave-
length-dependent, the EOPL L, consequently varies with
the wavelength.

In Eq. (1), we can calculate the EOPL if we know the
values of the additional path length L, the single-pass aver-
age path length L, the reflectance p, and the initial port
fraction f,. Generally, it is relatively simple to determine the
values of L, and L. The additional path length, L, can be
determined based on the incident light conditions, while the
single-pass average path length, L, can be derived from
the volume V and surface area S of the cavity. Therefore,
determining L,; can be accomplished once the remaining
two parameters, p and f, are obtained. In cases where no
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gas absorption is present within the cavity, the relationship
between the incident and emitted radiant flux of the cavity
can be expressed as follows:

ou
D= @
p-0=p " @

where, @ is the emitted radiant flux, @ is the incident radi-
ant flux, f,,, is the port fraction of the output aperture. f is
the total port fraction. In general, the port fraction of an inte-
grating cavity is difficult to change continuously and is usu-
ally obtained by measuring the size of the cavity's apertures.
Therefore, in most cases, the port fraction is considered to
be a constant rather than an independent variable. Here, we
introduce an additional port fraction (APF) f, and treatitas a
variable in order to observe the effect of the port fraction on
the other parameters of the cavity and attempt to derive these
parameters from the relationship. The APF is defined as the
ratio of the area of the additional port to the total internal
surface area of the cavity. It allows for the regulation of the
cavity's output radiation flux, thereby influencing the formed
light field within the cavity. By expressing f as the sum of
Joand £, Eq. (2) can be further written as:

F
b = D,
p—(—fo—fo 0 )

According to Eq. (3), we can measure the emitted radi-
ant flux @ at single wavelength while varying the APF, f,,
treating other parameters in Eq. (3) as constants. In this way,
we can determine the parameters p and f;, by performing the
Least Squares fitting on the acquired data. The value of L
can be obtained by substituting the values of p and f, into
Eq. (1). As we are aware, adjusting the aperture size of an
integrating sphere continuously can be challenging. There-
fore, we have chosen to use a CIC for subsequent experi-
ments to validate our idea, as its port fraction can be easily
adjusted by simply moving the top lid of the cavity. In these
experiments, multiple lasers with specific wavelengths of
405, 450, 520, 650, 764 and 785 nm were employed.

3 Experiments

The schematic diagram of the experimental setup is shown
in Fig. 1. An 8 cm CIC, crafted from black polymethyl-
methacrylate and featuring a movable lid, was employed for
the validation. The inner surface of the cavity was coated
with a barium sulfate-based material (Avian Technologies,
Avian-D) [24] with the aim of approximating the properties
of an ideal Lambertian reflector. The light beam emitted
by the laser diode, modulated by a sawtooth wave, is intro-
duced into the cavity through the input aperture. The light
beam undergoes diffuse reflections within the cavity before
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Fig. 1 Schematic of experimental setup for determination of EOPL
using a CIC. Multiple lasers of different wavelengths were employed,
although only one is shown for clarity

exiting through the output aperture, where it is detected by
a photomultiplier tube (Zolix Instruments, CR131). During
the experiment, the port fraction is modified by adjusting
the position of the cavity lid. Importantly, this adjustment
does not impact the integrity of the coating and structure
of the CIC. For further details on this point, please refer to
the supplementary material. The emitted radiant flux, cor-
responding to various port fractions, is recorded using a data
acquisition card (Zolix Instruments, DCS103). To precisely
control the output of the laser, laser diodes were affixed to
a thermo-electrically cooled base (Thorlabs, TCLDM?9).
The temperature and current of these laser diodes were
regulated using a temperature controller (Thorlabs, TED
200C, — 45 °C to+ 145 °C,+0.01 °C) and a current con-
troller (Thorlabs, LDC 205C, 0-500 mA, +0.1 mA), respec-
tively. In the experiments, laser diodes were employed as
light sources. These included lasers with specific wave-
lengths of 405 nm (Nichia, NDHV210), 450 nm (Sharp,
GHO04580A2G), 520 nm (Osram, PLT5), 650 nm (SHHO,
SLD650005TN-A), 764 nm (Thorlabs, L763VH1) and
785 nm (Sharp, GHO782RA2C).

To make a comparison with the EOPL measurement
method based on gas absorption, we decided to measure
the EOPL of the CIC at 764 nm, a choice motivated by the
known absorption properties of oxygen present in the air
at this wavelength. However, it is necessary to perform the
experiment under oxygen-free environment to measure the
EOPL at 764 nm using our method. This typically requires
time-consuming and cumbersome measures such as vacuum
pumping or nitrogen purging of sealed chambers. To circum-
vent these steps while still employing our method to measure
the EOPL of the CIC at 764 nm, we devised a strategy to
conduct the experiment in the air: namely, using a waveform
generator to modulate the output of the laser with a saw-
tooth wave, causing the laser wavelength to sweep across the
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Fig.2 a Variation of emitted light intensity after sawtooth wave
modulation as a function of APF. The dips represent the absorption
of oxygen in air. The fitting lines represent the emitted light intensity
in the absence of oxygen. b The change in emitted light intensity at
764 nm represented by the fitting lines for the oxygen-free condition
as a function of APF

oxygen absorption line in the air at 764 nm. By performing
a linear fit on the modulated light emitted from the cavity,
we were able to ascertain the intensity of light emitted from
the cavity at 764 nm in the absence of oxygen absorption,
as depicted in Fig. 2a.

4 Results and discussion

As shown in Fig. 2b, with the increase in the APF from O to
0.0488, the intensity of the modulated light emitted from the
cavity is seen to decrease. The dips indicated by the black
arrows correspond to the absorption of oxygen at 764 nm in
the air. To obtain the output light intensity at 764 nm in the
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absence of oxygen, we used the value of the fitting line at the
point (indicated by the red arrow) as the cavity output inten-
sity at 764 nm under an oxygen-free environment. Through
linear fitting of the emitted light corresponding to each APF,
we obtain the relationship of the cavity's emitted light at
764 nm under oxygen-free conditions as a function of the
APF, as depicted in Fig. 2b. Corresponding to the results
depicted in Fig. 2a, the output light intensity is observed to
gradually decrease as the APF increases. Utilizing Eq. (3),
we have fitted the data points and subsequently determined
the values of the fitting parameters p and f,. Given that the
theoretical relationship between the cavity's output light and
the port fraction is known, typically, 3-5 data points are suf-
ficient for fitting to determine values of p and f;,. However, to
ensure a more precise fit, we employed between 7 to 9 data
points in our study's fitting process. In light of the laser's tra-
jectory from the cavity’s entrance aperture to the point of its
initial reflection, which precisely corresponds to the cavity’s
side length, values Ly=8 cm and L,,=4 V/S=5.333 cm
are obtained. Substituting these four parameters into Eq. (1)
yields the EOPL of the cavity as 109(2) cm.

Subsequently, we employed a measurement method
based on gas absorption to gauge the EOPL of the cavity
at 764 nm. At room temperature and atmospheric pressure,
the concentration of oxygen in air and its absorption cross-
section at 764 nm remain constant. According to Beer-Lam-
bert’s law, there exists a direct proportionality between the
optical path length of oxygen and its absorbance under these
conditions. By measuring the absorbance of oxygen in air
over varying lengths of optical paths, this linear relation-
ship can be established. Utilizing this linear relationship,
the EOPL within the CIC can be determined based on the
absorbance of oxygen in the CIC. During the experiment, the
movable lid was kept in a closed position. The CIC was filled
with room air and was in communication with the atmos-
phere through the input and output apertures.

Specifically, we utilize the linear relationship between the
optical parameter (OP), which is defined as the peak value
of the absorbance, and the optical path length to determine
the EOPL of the CIC. According to Beer—Lambert's law,
the relationship between the outgoing light intensity and the
incoming light intensity after passing through a gas medium
is given by:

D) = Oy(v) explo(v)NL]. 4)
Here, o(v) represents the absorption cross-section of the

gas, N is the number density of the gas particles, and L is the
optical path length. By rearranging the Eq. (4), we obtain:

D (v)
()

A(v)=In = o(V)NL. 4)
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Here, A(v) is the absorbance. OP is defined as the peak
value of the absorbance, i.e.,

@y (vo)
‘I’(Vo) ’ (6)

OP = A(vy) = In

where v, is the frequency corresponding to the peak value
of the absorbance.

The experimental results are presented in Fig. 3. The
black data points represent the oxygen absorption corre-
sponding to different optical path length in air, while the red
data point represents the oxygen absorption corresponding
to the EOPL within the CIC. The EOPL of the cavity was
found to be 119.7 (2) cm. The inset in Fig. 3 is a magnified
view at L=0 cm, revealing that the optical parameter value
does not equal zero when the optical path length L=0 cm.
This discrepancy is due to the hidden optical path contained
in the measured optical path, which mainly includes the opti-
cal paths within the laser and detector where air is present.
Therefore, the EOPL of the cavity should be corrected by
subtracting this part, resulting in a true EOPL of 109.5 (2)
cm. This value is consistent with the result obtained from the
proposed method, indicating that both the absorption-based
approach and the proposed method in this study are viable
for determining the EOPL of an integrating cavity. While
simulation-based approaches can be used to determine
the EOPL of the integrating cavity, experimental methods
remain a reliable and precise means for this determination.
Typically, simulation-based determinations are considered
only when experimental methods are not feasible.

Following this, we utilized the validated method to meas-
ure the EOPL of CIC at five different wavelengths within
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Fig.3 Determination of EOPL of the CIC using a method based
on gas absorption. The inset illustrates the intersection point of the
fitting line and the coordinate axes when the optical path length
L=0cm
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the visible light range (405, 450, 520, 650, and 785 nm).
Because in air, there's negligible gas absorption at these
wavelengths, we're enabled to measure the variation of the
emitted light as a function of APF in air using our method
without necessitating laser modulation. The results are
depicted in Fig. 4. It can be observed that the decrease in
the emitted light intensity with increasing APF varies for dif-
ferent wavelengths, which is due to the wavelength-depend-
ent diffuse reflectance. Moreover, the agreement between
the points and the fitting curves for different wavelengths
demonstrates the feasibility of using Eq. (3) to describe the
relationship between the CIC emission and the port frac-
tion. Further, we obtained the fitting parameters p and f;
for the different wavelengths, yielding the EOPL of the cav-
ity as 71(2) (405 nm), 84(2) (450 nm), 107(2) (520 nm),
125(2) (650 nm) and 115(2) cm (785 nm). For any sub-
sequent experiments involving gas concentration measure-
ments using the CIC, resealing the top cover of the cavity is
a necessary step.

When employing the integrating cavity in conjunction
with Fourier Transform Infrared Spectroscopy (FTIR) for
multi-component gas concentration measurements, it's
frequently encountered that both the composition and con-
centration of the target gas are indeterminate. This ambi-
guity poses challenges in accurately predicting the exact
positions of the gas absorption peaks. Even when equipped
with knowledge of a gas's absorption cross-section at various
wavelengths, the concentration values derived from different
absorption peaks of the same gas might still differ. This dis-
crepancy is primarily due to the wavelength-sensitive nature
of the EOPL within the cavity. Therefore, by preemptively
determining the cavity's EOPL using our proposed method,
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Fig.4 The emitted light variation with APF and corresponding fitting
curves at 405, 450, 520, 650 and 785 nm

we can effectively negate the interference caused by its
wavelength-dependent variations during gas measurements.

Moreover, compared to the arduous and time-consum-
ing task of utilizing absorption peaks from various possi-
ble gases to ascertain the EOPL of the cavity (the absorp-
tion-based approach), the method we proposed sidesteps
the need for gas absorption within the cavity. As a result,
our approach enables the use of broadband light sources,
offering a straightforward means to garner comprehensive
insights into the EOPL's variation with wavelength. This
foundational work paves the way for precise measurements
of multi-component gases through the synergistic use of
integrating cavity and FTIR technologies.

5 Conclusions

In summary, a method for determining the effective optical
path length of an integrating cavity by measuring the output
light corresponding to different port fractions has been pro-
posed. The relationship between the effective optical path
length and the cavity parameters has been established in
the absence of gas absorption. To validate our method, we
determined the effective optical path length of the cavity at
764 nm using both a gas absorption-based method and the
proposed method, finding a consistent outcome from both
techniques. This research confirms that the output light from
an integrating cavity inherently contains information about
its EOPL when gas absorption is not a factor. This revelation
is invaluable for ascertaining the EOPL of integrating cavi-
ties as well as other optical cavity configurations. In future
work, we will explore the use of broadband light sources
with the aim of obtaining comprehensive profiles of EOPL
as a function of wavelength.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00340-023-08151-3.
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