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Abstract

:

In absorption spectroscopy, it is challenging to detect absorption peaks with significant differences in their intensity in a single measurement. We enable high-dynamic-range measurements by dispersing scatterers within a sample to create a broad distribution of path lengths (PLs). The sample is placed within an integrating sphere (IS) to capture all scattered light of various PLs. To address the complexities of PLs inside the IS and the sample, we performed a ray-tracing simulation using the Monte Carlo (MC) method, which estimates the measured absorbance    A    and PL distribution from the sample’s absorption coefficient µa and scattering properties at each wavelength λ. This method was validated using dye solutions with two absorption peaks whose intensity ratio is 95:1, employing polystyrene microspheres (PSs) as scatterers. The results confirmed that both peak shapes were delineated in a single measurement without flattening the high absorption peak. Although the measured peak shapes A(λ) did not align with the actual peak shapes µa(λ), MC enabled the reproduction of µa(λ) from A(λ). Furthermore, the analysis of the PL distribution by MC shows that adding scatterers broadens the distribution and shifts it toward shorter PLs as absorption increases, effectively adjusting it to µa.
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1. Introduction


Absorption spectroscopy is a relatively simple and safe method that allows for the non-destructive evaluation of the composition and properties of samples. It is widely used in various fields, including for the assessment of the properties of biological samples, food, and functional materials [1,2,3,4]. Additionally, as it does not require reagents or sample pre-treatment and enables continuous measurement and rapid detection, it has become a popular choice for online monitoring and process control [5,6,7].



In absorption spectroscopy, the transmittance at each wavelength λ is typically measured, T(λ), from which the absorbance, A(λ) = −log T(λ), is calculated. Measuring high or low absorption peaks in absorbance spectra can be challenging. In cases of high absorption, the transmitted light becomes too faint, making it difficult to accurately measure its intensity, requiring a detector or method capable of high sensitivity to sufficiently evaluate the absorption with precision [8,9,10]. Conversely, in cases of low absorption, the transmittance approaches unity. Under this condition, the loss of light due to reflection at the surface of the sample container and at the interface between the sample solution and the container has a greater impact than the absorption by the sample.



In typical absorption spectroscopy, accurately measuring high or low absorption peaks requires adjusting the path length (PL) based on the sample’s thickness. For excessively high absorption peaks, the PL needs to be reduced, while for very low absorption peaks, the PL should be increased. Therefore, for samples with multiple absorption peaks of varying intensities, setting the PL to accommodate all peak intensities is challenging. In such cases, setting the PL for small absorption peaks can cause the high absorption peaks to be lost, or conversely, adjusting for large peaks might lead to small ones being missed. Consequently, accurately measuring both high and low absorption peaks simultaneously is difficult.



To address this issue, we developed a technique that involves mixing non-absorbing scatterers into samples containing both high and low absorbance peaks and placing them inside an integrating sphere.



When light is shone into an optical cell with a PL of l0 containing a liquid sample homogeneously dispersed with non-absorbing scatterers at an appropriate concentration, the light emitted from the sample includes paths where light is scattered on the incident side and exits the sample immediately (l < l0), as well as paths that involve multiple scattering, resulting in longer PLs (l > l0). This wide distribution of PLs created by the integration of scatterers enables light to take various paths through the medium, leading to both short and long travel paths within the same sample. Such a varied PL distribution ensures that high absorption peaks do not result in undetectably low intensities at the detector due to the presence of shorter paths, and the longer paths are sufficient for detecting low absorption peaks, ensuring adequate absorption even in low absorbance regions. Consequently, if all scattered light can be detected, it becomes possible to simultaneously measure both high and low absorption peaks.



The device commonly used for measuring the absorption characteristics of scattering samples and for measuring diffuse reflectance is the integrating sphere (IS). The inner wall of the IS is coated with a highly reflective material, forming a spherical shell that can trap scattered light at all angles [11]. Typically, absorbance measurements using an IS are performed by placing the sample at the opening of the sphere [12,13,14]. However, this configuration does not allow for the collection of backscattered light [15], necessitating alternative arrangements for a more comprehensive measurement of all scattered light.



To address the limitations of traditional setups and to ensure the detection of all scattered light emitted from the sample, we placed the sample inside the integrating sphere to perform our absorbance measurements. This approach enables high-dynamic-range absorbance measurements that account for the full spectrum of scattered light, overcoming the challenges associated with backscattering often missed in conventional external setups [15,16,17,18,19,20,21]. Thus, placing the sample inside the integrating sphere is not only effective for capturing scattered light from all angles but also frequently used for measuring the quantum yield of fluorescence [22,23].



When placing the sample inside the integrating sphere (IS), especially when the sample’s scattering is significant, the light takes various paths before reaching the detector due to diffuse reflection off the IS’s inner walls and multiple scattering within the sample, resulting in PLs that do not match the sample’s thickness [18,19]. Therefore, to obtain the accurate absorption coefficient µa from the measured absorbance A, it is necessary to correct for these effects.



Techniques used to derive µa (as well as the scattering coefficient µs and the anisotropy coefficient g) from A, considering the effects of multiple scattering within the sample, diffusion inside the IS, or both, primarily involve numerical calculations based on methods such as Kubelka–Munk (KM) [24,25], Inverse Adding-Doubling (IAD) [24,26,27], and Inverse Monte Carlo (IMC) simulations [17,18,20,24,25,27,28,29,30,31,32] or combinations of these approaches [11]. A method has also been proposed that uses simulation results from MC as training data to estimate optical coefficients from measurement results using neural network learning [33]. In this approach, the relationship between the measured absorbance A and the sample’s absorption coefficient µa is estimated in advance using MC-based ray-tracing simulations [18], thus allowing µa to be derived from A [29,30].



Our method is based on the approach that allows for the derivation of the absorption coefficient µa from the measured absorbance A by pre-estimating the relationship between A and µa [29,30] using Monte Carlo (MC) ray-tracing simulations [18]. In this paper, absorbance measurements were conducted on an absorbing sample that has two absorption peaks with a true peak intensity ratio of approximately 95 times. By dispersing white scatterers within the measurement wavelength range and placing the sample inside an integrating sphere (IS), the measured peak intensity ratio was reduced to about 13 times. Furthermore, it was verified that the absorption spectrum of the absorbing sample could be reconstructed from the absorbance measurement results using Monte Carlo (MC) simulations.



This study features absorbance measurements utilizing scatterers. As demonstrated in previous studies, many of these approaches aim to alleviate the problems of light scattering and replicate the effects observed in an integrating sphere [34,35,36], as well as to enhance the sensitivity of absorption spectroscopy. In particular, the latter is achieved through a method known as multiscattering-enhanced absorption spectroscopy (MEAS), which involves dispersing gold nanoparticles in the sample solution [37] or surrounding the sample with a scattering cavity [38] to increase the PL and thereby enhance detection sensitivity.



In contrast, our study aims to expand the distribution of PLs in the sample by using scatterers, thereby enabling the precise simultaneous measurement of absorption peaks with a high dynamic range (both high and low absorbance). This allows for the concurrent analysis of peaks with varying absorption characteristics, which is challenging with conventional absorption measurement methods.



This method introduces a novel spectroscopic technique using scatterers, which has promising applications for multiple fields. Specifically, in environmental monitoring, it could lead to more efficient and accurate measurements of pollutants in air and water, enabling the detection of trace levels of toxic chemicals alongside higher concentrations of benign substances without the need for multiple instruments or sample preparations. In the pharmaceutical industry, this method could significantly improve the reliability of drug formulations by accurately measuring concentrations of active ingredients and impurities, regardless of their levels. Similarly, in the food and beverage industry, the ability to detect both the main ingredients at high levels and trace amounts of preservatives or additives in a single analysis could streamline production processes and enhance quality assurance. Additionally, clinical diagnostics would benefit from this improved measurement technique, as it allows for the simultaneous detection of various biomarkers in biological fluids, which often vary greatly in concentration. From the above, the method shows a wide range of possibilities in research and industry.




2. Materials and Methods


2.1. Sample Preparation


In this study, we prepared a dye solution with two absorption peaks with a peak intensity ratio of approximately 100:1 by dissolving commercially available food dyes in water and investigated their absorption properties. Additionally, samples in which scatterers were dispersed in these dye solutions were also prepared to evaluate the ability of the proposed method to simultaneously detect high and low absorption peaks.



The food colorants used were ‘Food Color Yellow’ and ‘Food Color Blue’ (both from Kyoritsu-foods Co., Ltd., Tokyo, Japan), with their main components being Tartrazine (E102, CAS 1934-21-0) [39,40] and Brilliant Blue FCF (E133, CAS 3844-45-9) [41,42], respectively. These food colorants also contain dextrin as an excipient. Dextrin is soluble in water and does not possess any distinctive absorption features within the measurement wavelength range of 350 to 700 nm [42]; thus, it does not affect the measurement results [43].



A dye solution was prepared by dissolving FCY and FCB at a weight ratio of 160:1 in water, resulting in a solution with an absorbance peak intensity ratio of approximately 100:1. The high absorbance peak at 426 nm is attributed to FCY and the low absorbance peak at 630 nm to FCB. The concentration of this dye solution was standardized with FCY at 0.16% w/v and FCB at 0.001% w/v, denoted by Cdye = 100. Solutions were then prepared at increased concentrations of cdye = 2, 5, 8, 10, 20, 30, 100, 200, and 300.



For the samples containing scattering agents, solutions of Cdye = 0, 2, 5, 10, 20, 30, 40, 50, 60, 80, and 100 were prepared with the inclusion of polystyrene microspheres (PSs) (Polysciences Inc., Warrington, PA, USA) at a concentration of 0.0364 spheres/µm3, dispersed uniformly throughout the solution.




2.2. Setup


The absorbance spectra A(λ) were measured using an integrating sphere (IS) built into a SolidSpec-3700DUV spectrophotometer over a wavelength range of 350 to 850 nm. A(λ) is the absorbance with the empty IS as the baseline. The setup for the measurements is shown in Figure 1.



The absorption coefficients µa(λ) of the dye solutions were obtained from the absorbance spectra, A(λ), measured using the conventional setup shown in Figure 1a. In this configuration, each dye solution was placed in a rectangular optical cell made of quartz glass with a PL of 10 mm and positioned at the entrance of the IS. In the traditional setup, the absorption is generally overestimated due to the loss of backward-scattered light; however, since the scattering in the dye solutions is negligible within the measured wavelength range, the absorption spectra obtained in this configuration were considered to reflect the true values.



For the measurement of A(λ) of scatterer-added samples, it was essential to collect all scattered light to detect light for various PLs. Consequently, the measurements were conducted in the setup shown in Figure 1b. In this setup, the scatterer-added samples were placed in a cylindrical optical cell made of quartz glass, as shown in Figure 1c, and inserted through the diffuse reflection measurement window of the IS. After the insertion of the cell, the diffuse reflection window was sealed with a white board made of the same material as the IS’s inner wall to ensure the complete collection of scattered light.




2.3. Monte Carlo Simulation


When samples are placed within an integrating sphere (IS) or scattering samples are involved, the light within the IS and the sample can follow various paths, resulting in a broad distribution of PLs. This complexity makes it challenging to derive the absorption coefficient μa from the measured absorbance A. Therefore, to estimate the relation between A and μa and to derive μa from A, ray tracing using Monte Carlo (MC) simulations was implemented [44].



The specific parameters and algorithmic details used for the Monte Carlo (MC) simulations in this paper are detailed in reference [18]; hence, only an overview of the MC simulation is provided here. In this simulation, the absorption coefficient μa, scattering coefficient μs, and anisotropy factor g of the sample are used as input parameters, and the absorbance A is estimated when the sample is placed within the IS. This simulation tracks the behavior of photons in three dimensions based on the actual measurement setup. It takes into account the size of the IS, the positions of apertures and detectors, and the shape and placement of the sample and meticulously simulates the absorption, scattering, and reflection of light within the IS and the sample.



2.3.1. Estimation of µa for Scatterer-Added Samples by MC


Using this simulation, µa was determined from A through the following steps:




	
Estimation of A for each λ and µa by MC: MC simulations were performed under a total of 4680 conditions, corresponding to 36 different wavelengths λ and 130 different absorption coefficients µa, as shown in Table 1. For each combination of λ and µa, AMC was calculated as the estimation of the absorbance A that would be measured in the setup shown in Figure 1b. The remaining input parameters, the scattering coefficient µs and anisotropy factor g, were calculated for each λ based on Mie scattering theory for PSs 500 nm in diameter [Appendix A]. Calculations based on Mie scattering theory were performed using a Fortran code downloaded from reference [45]. The refractive index of PSs and the refractive index of the medium, as input parameters for these calculations, were determined using the first-term Sellmeier equation cited in reference [46] for PSs [Figure A1a] and set at 1.33 for the medium, corresponding to the refractive index of water. The Monte Carlo (MC) ray-tracing simulations were conducted 50,000 times for each condition, and the average detected intensity from these simulations was used as the measured intensity. In processing the MC results, the baseline AMC(λ, 0), which represents the results for samples containing only PSs (corresponding to cdye = 0, µa = 0), was subtracted from AMC(λ, µa). This approach follows the processing of measured data.













	2.

	
Defining the relation between A and µa: The relation between A and µa was defined by fitting the simulation results to a correction function. As an example, the MC results at an incident-light wavelength of 426 nm are shown in Figure 2. The MC results, indicated by blue dots, were fitted with the following logarithmic function, shown as the red line:











A(λ, μa) = pλ ln(qλ μa + 1),



(1)




where pλ and qλ are fitting parameters. Equation (1) serves as an empirical function to smooth the simulation results and to analytically derive the absorption coefficient µa from the measured absorbance A. This procedure was applied to all wavelengths listed in Table 1, and the parameters pλ and qλ for each λ were determined. Estimates of µa can be obtained by substituting the measured values of A into the inverse function of Equation (1):


μa(λ, A) = (1/qλ) [exp(A(λ)/pλ) − 1].



(2)








2.3.2. Estimation of PL Distribution


In the Monte Carlo ray-tracing simulations, the distribution of PLs for detected light was assessed for 500 PLs, {d1, …, d500}, ranging from 0 to 500 mm in 1 mm increments. The following procedure was used to assess the PL distribution:




	
Initialize the count for each PL in {d1, …, d500} to zero.



	
During each simulation run, if a photon reaches the detector, determine which of the PLs {d1, …, d500} the total distance traveled by the photon within the sample falls into and increment that PL’s count by one.



	
After all ray-tracing simulations are complete, calculate the percentage that the count of each PL represents out of the total counts for all PLs.











3. Results and Discussion


3.1. Determination of μa of Dye Solutions


To determine the absorption coefficient µa of the dye solutions, absorbance spectra A(λ, Cdye) were measured for various concentrations of the dye solutions. The measurements were conducted using the setup shown in Figure 1a. As shown in Figure 3a, A(λ, Cdye) features a high absorption peak at 426 nm originating from FCY and a low absorption peak at 630 nm from FCB.



Due to the limitations of the measuring equipment, absorbance values up to 4 were considered reliable in the high-absorption region. For unmeasurable high-absorption regions, A(λ, Cdye) was estimated from the relation between Cdye and A(λ, Cdye) in lower-absorption regions. For instance, Figure 3b illustrates the relation at 426 nm, where data below an absorbance of 4 were used to derive the linear approximation:


A(λ, Cdye)/d = a Cdye + b,



(3)




where    a    and    b    are constants, and    d    is the path length of the optical cell (1 cm). Using Equation (3), the absorption coefficient was calculated as follows:


μa(λ, Cdye) = ln(10) {A(λ, Cdye) − A(λ, 0)}/d = a ln(10) Cdye.



(4)




The calculated μa values were considered the true values.



Figure 3c shows the calculated absorption spectra for each wavelength. The intensity ratio of the high absorption peak at 426 nm to the low absorption peak at 630 nm was 95:1.




3.2. Simultaneous Detection of High and Low Absorption Peaks by Adding Scatterers to Samples


3.2.1. Absorbance Spectrum of Scatterer-Added Samples


Figure 4 shows the results of absorbance measurements for dye solutions of various Cdyes with a constant concentration of polystyrene spheres (PSs) dispersed, using the setup shown in Figure 1b. Figure 4a shows the absorbance spectra of scatterer-added samples, A(λ, Cdye) − A(λ, Cdye = 0), where A(λ, Cdye = 0) serves as the baseline absorbance, representing conditions with only PSs and no dye present. In these scatterer-added samples, even at sufficiently high Cdye for the low absorption peak to be detected with significant intensity, the high absorption peak at 426 nm did not flatten, allowing for the detection of both the high absorption peak (426 nm) and the low absorption peak (630 nm).



Figure 4b,c illustrate the relation between Cdye and    A    at the high and low absorption peaks, respectively. In the low-absorption region, the peaks increased linearly with concentration, similar to the results in Figure 3 without scatterers [Figure 4c], while changes in    A    became more gradual at higher absorptions [Figure 4b]. This behavior enables the inclusion of high-concentration absorption peaks within the measurable range of absorbance. Although the rate of increase in absorbance A becomes more gradual as the absorption intensifies, A does not reach a constant value, indicating that the peaks do not flatten out.



Figure 4d shows the intensity ratios of the high absorption peak to the low absorption peak at various Cdyes. For all Cdyes, the ratios were smaller than the actual ratio of 95, and they decreased further at higher Cdye. At the highest Cdye (=100), the ratio dropped to 13, equivalent to 0.14 times the actual ratio, indicating that adding scatterers compresses the high absorption peak, thus enabling the detection of larger absorption peaks beyond the measurement limits.




3.2.2. Comparison of Peak Shapes


We evaluated whether the absorbance peak shapes of the scatterer-added dye solutions, as measured using the setup in Figure 4a, matched the actual absorption spectrum peak shapes depicted in Figure 3a. The peak shapes were compared by normalizing both the high and low absorption peaks to a maximum intensity of unity.



Figure 5 shows a comparison of the absorption peak shapes between the measured absorbance spectrum A(λ) and the actual absorption spectrum µa(λ) for scatterer-added samples (Cdye = 100). Figure 5a,b show the shapes of the high absorption peak (around 426 nm) and the low absorption peak (around 630 nm), respectively. At the low absorption peak, the shapes of A(λ) and µa(λ) closely matched [Figure 5b], whereas a noticeable discrepancy was observed at the high absorption peak [Figure 5a]. This difference is believed to arise because A changes linearly with Cdye (µa) at low absorption, as shown in Figure 4c, while it changes nonlinearly at high absorption, as shown in Figure 4b.



To accurately estimate the actual µa(λ) from the absorbance spectra A(λ), MC simulations were conducted, as outlined in Section 2.3. Figure 6 presents comparisons between µa(λ) calculated from A(λ) of the scatterer-added sample (Cdye = 100) in Figure 4a using MC and the true µa(λ), as calculated by Equation (2). Figure 6a,b show that the shapes of the absorption peaks calculated by MC replicate the shapes of the true peaks.



Furthermore, Figure 7 shows the estimated absorption peak shapes and their variances from Monte Carlo (MC) simulations based on the measured absorbance spectra A(λ, Cdye) of scatterer-added samples at various Cdyes, as shown in Figure 4a. Although the peak shapes were generally well reproduced for all concentrations at the high absorption peak [Figure 7a], increased variance was observed in the shorter-wavelength region [Figure 7b]. This increase in variance is likely due to the higher scattering efficiency of PSs at shorter wavelengths [Figure A1b], which leads to a greater number of scattering events during MC simulations, consequently resulting in larger estimation errors in the simulated photon propagation paths within the sample.



For the low absorption peak, as shown in Figure 7b, the estimated absorption peak shapes from Monte Carlo simulations replicate the true absorption peak shapes. However, the peaks estimated from measurement data at low concentrations (Cdye = 2, 5, 10) exhibit errors. This inaccuracy is due to the insufficient peak intensities at these concentrations, where the peak intensities at 630 nm (the wavelength of the low absorption peak) are A = 0.003, 0.005, and 0.011 [Figure 4c], which are not large enough to ensure precision. As adding scatterers allows the high absorption peaks to be kept within the measurable limits of the equipment, it is recommended to set concentrations where the low absorption peak intensities (A > 0.1) are sufficiently large to ensure accuracy.





3.3. PL Distribution of Scatterer-Added Samples


To investigate the PL distribution in scatterer-added samples, MC simulations were conducted according to the methodology outlined in Section 2.3.2. Furthermore, to assess the extent of the PL distribution caused by the addition of scatterers, simulations were also performed under similar conditions (the setup in Figure 1b) but without the scatterer addition, allowing for a comparative analysis between scatterer-added and non-scatterer samples. (The results of absorbance measurements of a sample without scatterers measured in the setup shown in Figure 1b are discussed in Appendix B).



Figure 8 shows the PL distribution at 426 nm (high absorption peak) ranging from 0 to 20 mm, divided into 1 mm intervals. Without scatterers, the distribution predominantly concentrates around the cell’s diameter [Figure 8b], whereas the addition of scatterers results in a significantly broader PL distribution [Figure 8a]. Moreover, in samples with added scatterers, as Cdye and consequently µa increase, it is observed that the PL distribution shifts toward shorter distances. This shift is thought to occur because, in cases of high µa, the transmitted light becomes too weak unless the PLs are sufficiently short. This result indicates that the addition of scatterers ensures the presence of sufficiently short light paths, allowing for the accurate measurement of absorbance spectra without a flattening of peaks, even in high-absorption areas. In contrast, in samples without scatterers, the distribution is observed to be within the 0 to 1 mm range, but this predominantly includes light that has reflected off the surface of the cell, essentially resulting in zero PL. Light with zero PL does not contribute useful information about the sample’s absorption and behaves as stray light.



Figure 9 shows the PL distribution at 630 nm (low absorption peak) ranging from 0 to 20 mm, divided into 1 mm intervals. It demonstrates that, similar to the high absorption peaks, the addition of scatterers enables a broader distribution of PLs even at the low absorption peak.



Furthermore, a comparison between the PL distributions at the high absorption peak [Figure 8a] and the low absorption peak [Figure 9a] for scatterer-added samples with Cdye = 100 shows that the distribution at the high absorption peak is skewed toward shorter PLs compared to that at the low absorption peak. This indicates that the addition of scatterers tailors the PL distribution according to the level of absorption. As a result, peaks do not flatten in high-absorption areas, and sufficient absorption is achieved in low-absorption areas, enabling the accurate simultaneous measurement of both high and low absorption peaks.



A detailed visual representation of the path-length distribution in scatterer-added samples can be found in Appendix C, Figure A3, which complements the discussion here.





4. Conclusions


In absorption spectroscopy, accurate measurements typically necessitate adjusting the PL to suit the sample’s absorption level, a challenging task when samples display multiple absorption peaks with significant intensity differences. In conventional methods, it is difficult to detect all peaks in a single measurement due to these intensity differences.



To address this issue, we propose a method that disperses non-absorbing scatterers within the sample to create a broad distribution of PLs, enabling high-dynamic-range absorption spectroscopy. Scattered light may propagate through the sample over long distances by multiple scattering or may scatter out of the sample in short trajectories. This approach captures scattered light, including light with any PL, by deploying the sample within an integrating sphere (IS).



In this method, the placement of the sample inside the IS and the multiple scattering within the sample complicate the paths of light, making it difficult to determine the relation between the sample’s absorption coefficient µa and the measured absorbance A. To address this complexity, a ray-tracing simulation using the Monte Carlo (MC) method was implemented. This simulation estimates the absorbance A and the PL distribution based on the sample’s absorption coefficient µa, scattering coefficient µs, and anisotropy factor g.



To validate the effectiveness of this method, Food Color Yellow and Food Color Blue were dissolved in water to create dye solutions with a peak intensity ratio of 95:1 between the high absorption peak (426 nm) and the low absorption peak (630 nm). Polystyrene spheres (PSs) were dispersed as scatterers in these solutions to determine whether both the high and low absorption peaks could be detected in a single measurement.



The results of the measurements demonstrated that the method effectively detected both high and low absorption peaks simultaneously without flattening the high absorption peak, even at high concentrations, where the low absorption peak was sufficiently detectable. The intensity ratio of the high absorption peak to the low absorption peak, as measured by this method, decreased with increasing dye concentration, from an actual ratio of 95 to as low as 13 in the tested samples. This reduction enables the accommodation of peaks with large intensity differences within the measurable range of the detector.



The measured absorption peak shapes, although not flattened in the high-absorption region, differed from the actual peak shapes. This discrepancy is due to the complexity introduced by the scatterers in the sample’s propagation path, which causes the measured absorbance A to increase nonlinearly with respect to the absorption coefficient µa. To address this, we conducted MC for various µa values to derive the relation between µa and A, allowing us to accurately reproduce the actual absorption peak shapes from the measured absorbance spectra.



Additionally, to investigate the impact of scatterer dispersion on the PL distribution, MC simulations were performed to estimate the PL distributions for dye solutions with and without scatterers. The simulation results revealed that dispersing scatterers significantly increases the variance of the PL distribution. Moreover, with scatterers, as µa increases, the PL distribution shifts toward shorter paths. This suggests that adding scatterers allows for a PL distribution that is appropriate for the magnitude of absorption, enabling the simultaneous detection of both high and low absorption peaks.



In this paper, simulations were conducted at every 10 nm wavelength interval, and from these Monte Carlo results, equations correlating A and µa were defined for each wavelength λ. Moving forward, it is crucial to develop a formula that includes λ as a parameter, allowing for the determination of µa directly from A and λ.



Additionally, when placing samples inside the IS, stray light caused by reflections from the optical cell surface and other non-transmitted light reduce the dynamic range of absorption measurements. Future work will explore arrangements and designs of the optical cell to achieve a higher dynamic range in absorbance spectroscopy.
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Appendix A


This section details the calculation results for the scattering characteristics of PSs with a diameter of 500 nm based on Mie scattering theory. As input parameters for MC, the scattering efficiency and the anisotropy coefficient were required. These parameters were calculated for each wavelength from the refractive index of PSs using Mie scattering theory. Figure A1 presents the wavelength dependence of the input parameter, the refractive index of PSs, and the output parameters, PSs’ scattering efficiency and anisotropy factor g. The wavelength dependence of the PS refractive index was calculated using the first term of the Sellmeier equation, as shown in reference [46].



In this study, since the imaginary part of the dye solution’s refractive index, κ, is sufficiently small (for the high absorption peak at λ = 426 nm, where µa < 28 cm−1, resulting in κ = µa λ/4π < 9.492 × 10−5), the scattering coefficient µs and the anisotropy factor g were calculated using conventional Mie theory. However, in cases where κ is large, calculations should be conducted using a modified Mie theory that accounts for the absorption properties of the medium [47,48].
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Figure A1. (a) The wavelength dependence of the refractive index of PSs. (b) The wavelength dependence of the scattering efficiency of PSs, calculated using Mie scattering theory. (c) The wavelength dependence of the anisotropy coefficient g of PSs, calculated using Mie scattering theory. 






Figure A1. (a) The wavelength dependence of the refractive index of PSs. (b) The wavelength dependence of the scattering efficiency of PSs, calculated using Mie scattering theory. (c) The wavelength dependence of the anisotropy coefficient g of PSs, calculated using Mie scattering theory.
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Appendix B


Figure A2 displays the absorbance spectra of dye solutions without scatterers, measured using the setup described in Figure 1b. Without scatterers, at a concentration (Cdye = 100) where the low absorption peak is detected with sufficient intensity, the high absorption peak is found to be flattened. In contrast, the absorbance spectra of scatterer-added samples measured under the same conditions [Figure 4a] do not show a flattened high absorption peak, and the peak shape is retained. These results indicate that the ability to capture the shape of the high absorption peak in scatterer-added samples, when measured within an integrating sphere (IS), is due to the effect of adding scatterers, rather than the presence of the IS.





[image: Photonics 11 00556 g0a2] 





Figure A2. The absorbance spectra of dye solutions of various concentrations without added scatterers, measured in the arrangement shown in Figure 1b. 






Figure A2. The absorbance spectra of dye solutions of various concentrations without added scatterers, measured in the arrangement shown in Figure 1b.
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Appendix C


Figure A3 illustrates the trajectories of light rays within an IS simulated using MC. The figure depicts the IS, its opening and detection components, and the optical cell, reflecting the actual experimental arrangement. Figure A3a,b, as well as Figure A3c,d, show the same light ray trajectory from different viewpoints, demonstrating the presence of both short and long PLs of light exiting the sample due to the addition of scatterers.
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Figure A3. The trajectories of light rays simulated using MC ray tracing for absorbance measurements of scatterer-added samples, as configured in Figure 1b. The simulation was conducted under conditions of a light wavelength of 426 nm and a dye concentration of Cdye = 20. The sphere represents the IS, with the green surface on the sphere indicating the aperture and the yellow surface representing the detection section. The cylindrical and planar objects depicted in aqua illustrate the optical cell shown in Figure 1c. Light rays enter the IS at the starting point (large pink circle), travel along the paths in black lines, and end at the points satisfying the simulation conditions (large blue circles). Red circles indicate points where light rays hit scatterers within the sample, causing scattering events. Panels (a–d) display the same light paths from different perspectives. 
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Figure 1. Setup for absorption measurements. (a) A conventional setup using an integrating sphere (IS) for transmission measurements. The absorption spectra, µa(λ), of the dye solutions were measured using this setup. (b) A setup where the sample is embedded within the IS. The integrating sphere collects light scattered at all angles from the embedded sample, enabling absorption measurements that account for scattering. The absorption measurements of the scatterer-added samples were conducted in this configuration (b), where the sample was placed in a custom cylindrical cell and inserted into the IS through a window designed for diffuse reflection measurements. The window was then sealed with a white board made of the same material as the IS’s inner wall to ensure complete light collection. (c) A custom cylindrical optical cell designed for placement inside the IS. 
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Figure 2. The relation between A and µa at λ = 420 nm derived from MC for various µa. Blue circles show the results obtained from MC, and the solid red line shows the fitting of these results to Equation (1). 
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Figure 3. (a) The absorbance spectra of dye solutions at various concentrations measured using the setup shown in Figure 1a. (b) The concentration dependence of A/d and µa/ln(10) at 423 nm. The blue circles show the measured results, and the dashed line shows the linear approximation of these results. The true µa (orange triangles) was defined from the slope of this approximation line. (c) The absorption spectra of dye solutions derived from the linear approximation of the absorbance and concentration. The inset graph in the lower-right corner shows an expanded view of the absorption spectrum between 550 and 700 nm. 
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Figure 4. (a) The absorbance spectra of scatterer-added samples with various dye concentrations measured using the setup shown in Figure 1b. (b) The relation between absorbance and dye concentration at the high absorption peak (426 nm). (c) The relation between absorbance and dye concentration at the low absorption peak (630 nm). (d) The concentration dependence of the intensity ratio of the high absorption peak to the low absorption peak (blue circles) and the actual intensity ratio of 95, derived from Figure 3c (solid line). 
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Figure 5. A comparison of the measured absorbance and actual µa peak shapes for scatterer-added dye samples at Cdye = 100. (a) The normalized spectra of absorbance and µa at the high absorption peak (426 nm). (b) The normalized spectra of absorbance and µa at the low absorption peak (630 nm). 
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Figure 6. The shapes of the estimated absorption spectra for scatterer-added samples (Cdye = 100) derived from measured absorbance using Monte Carlo (MC) simulations. Panels (a,b) display the normalized high and low absorption peaks, respectively. Solid lines represent the true absorption spectra shapes [µa(true)], while circles depict the shapes estimated from MC [µa(MC)]. 






Figure 6. The shapes of the estimated absorption spectra for scatterer-added samples (Cdye = 100) derived from measured absorbance using Monte Carlo (MC) simulations. Panels (a,b) display the normalized high and low absorption peaks, respectively. Solid lines represent the true absorption spectra shapes [µa(true)], while circles depict the shapes estimated from MC [µa(MC)].



[image: Photonics 11 00556 g006]







[image: Photonics 11 00556 g007] 





Figure 7. A comparison of true absorption peak shapes [µa(true)] with those estimated [µa(MC)] from MC based on the measured absorbance spectra of scatterer-added dye samples at various Cdyes. Peaks have been normalized to set the maximum peak intensity to unity for clearer shape comparisons. Panels (a,c) show the normalized µa(λ) estimated by MC for each Cdye (circles) and the normalized true µa(λ) (red lines) at the high and low absorption peaks, respectively. Panels (b,d) present the mean estimated peak intensities (squares) along with their standard deviations (error bars) for each concentration, corresponding to the high and low peaks, as shown in (a,c). 
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Figure 8. PL distributions estimated by MC for absorbance measurements at 426 nm (high absorption peak) in the setup of Figure 1b. The PL distributions are shown for dye solutions (Cdye = 20, 60, 100) with (a) scatterers added and (b) without scatterers, with distribution ratios in the range 0~20 mm at 1 mm intervals; the interval indicated by the light-green band is the interval including the diameter of the optical cell containing the sample. 
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Figure 9. PL distributions estimated by MC for absorbance measurements at 630 nm (low absorption peak) in the setup of Figure 1b. The PL distributions are shown for dye solutions (Cdye = 20, 60, 100) with (a) scatterers added and (b) without scatterers, with distribution ratios in the range 0~20 mm at 1 mm intervals; the interval indicated by the light-green band is the interval including the diameter of the optical cell containing the sample. 
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Table 1. Input parameters for Monte Carlo simulations. MC simulations were conducted under a total of 4680 conditions, involving combinations of 130 values of µa and 36 values of λ. β is ln(10). The simulations utilized three input parameters, µa, µs, and g, with µs and g being dependent on λ.
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	Input Parameter
	Values





	µa [cm−1]
	Ranges from 0.0 to 0.09β in increments of 0.01β

and from 0.1β to 12.0β in increments of 0.1β



	λ [nm]
	Ranges from 350 to 700 in increments of 10 and includes 426



	µs [cm−1] and g
	Calculated for each λ based on Mie scattering theory
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