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    Abstract


    We report how we had a Raman fiber bundle probe with individually filter-coated fibers manufactured by organizing an iterative production process between one fiber coating and one fiber bundling company. Short- and long pass filters had directly been deposited at the ends of the excitation and detection fibers, before the single fibers were configured to a 6-around-1 fiber bundle. We found that the performance of the fiber bundle probe with individually filter-coated fibers, with respect to signal detection and suppression of elastically scattered light, is similar to a free-beam Raman reference probe. The demonstration of a Raman fiber bundle probe with individually filter-coated fibers paves the way for the development of fiber bundle Raman probes suitable for several excitation and detection channels.


    Keywords


    Raman fiber probe, Optical fiber bundle, Optical filter coating, Raman spectroscopy


    Introduction


    The Raman spectrum of a sample originates from an inelastic light/matter-interaction, which is referred to as Raman scattering. The Raman spectrum contains valuable information about the sample, such as its chemical composition [1-3], its temperature [4-6], its polymorphism [7-9], its heterogeneity and - with respect to medicine or biology - also the histopathological state of human, animalistic or herbal tissue [10-12]. Optical fibers play a pivotal role for making Raman measurements possible deep inside the body, remotely or in hardly accessible or hazardous environments [13,14].


    In practice, usually the Stokes-part of the Raman spectrum is analyzed. In order to being able to extract as much information as possible from the Raman-Stokes spectrum of a sample, it is advantageous to analyze its entire spectral range between the smallest and the largest potentially occurring Raman shifts. The smallest Raman shift of 0 cm-1 is due to elastic light scattering and therefore corresponds to the wavelength of the excitation laser. The largest potentially occurring Raman shift of approximately 4155 cm-1 corresponds to the intra-molecular vibration of the hydrogen molecule. The largest Raman shifts of other species are smaller than 4155 cm-1 and depend on the mass and the bonding of the Raman-active transition of the respective molecules.


    Considering an excitation wavelength of 532 nm, the Raman-Stokes spectrum can cover the wavelength range from 532-683 nm, which corresponds to Raman shifts from 0-4155 cm-1. Silicon-based CCD and CMOS detectors feature a high quantum efficiency in this spectral range and thus qualify for the detection of the entire Raman-Stokes spectrum. If the sample to be analyzed contains species that fluoresce or phosphoresce upon excitation with the Raman excitation laser, their fluorescence or phosphorescence emissions interfere with the desired Raman spectrum. Already spurious concentration of such species cause severe interferences, as the emission processes feature cross sections that, by many orders of magnitude, exceed the small Raman scattering cross sections. The larger the excitation wavelength is, the smaller is the risk of exciting undesired fluorescence or phosphorescence interferences. This explains why many Raman spectrometers use near-infrared (NIR) excitation wavelengths. Considering for example one of the most frequently used excitation wavelengths of 785 nm, the Raman-Stokes spectrum can cover the wavelength range from 785-1165 nm. Unfortunately, silicon-based CCD and CMOS detectors are rather blind for wavelengths exceeding 900 nm. As a consequence, the reduction of the fluorescence and phosphorescence interferences by using a NIR excitation wavelength is achieved at the expenses of the detectable Raman spectral range. It is true that the information-rich finger print region (0-1800 cm-1) of the Raman spectrum is still detectable with this configuration! But there are many examples, let it be in medicine [15-17] or in process engineering [3,18,19], where most interesting information was extracted not from the finger-print region, but from the spectral range exceeding 1800 cm-1. Remember that this spectral range is not detectable with silicon-based detectors in the case of NIR excitation wavelengths. Intermediate excitation wavelengths in the red spectral range, such as for example one of the emission wavelengths of the HeNe-laser at 632.8 nm, are a compromise. They enable the detection of the Raman spectral range between 1800 and 4115 cm 1, but - due to intensive fluorescence or phosphorescence interferences in the finger-print spectral range - can make the evaluation of the finger-print region challenging [20]. The considerations above illustrate that one would ideally use the 785 nm excitation wavelength for the detection of a less-interfered finger-print region of the Raman spectrum and temporally decoupled a different excitation wavelength in the red spectral range for the detection of the larger Raman shift region. In order to put this concept into practice in a miniaturized Raman fiber bundle probe, a fiber bundle probe as sketched in Figure 1a with individually filter-coated fibers would be required. The single-fiber legs labelled "Laser 1" and "Laser 2" would be connected to two different excitation lasers operated at different wavelengths. The fiber bundle legs labelled "Spectrometer 1" and "Spectrometer 2" would be connected to two spectrometers, detecting the Raman spectra excited by the two different excitation lasers. The end of the "Sample leg" would be connected to a lens (system) for focusing the excitation light into the probe volume and for detecting the signal in back-scattering direction into the detection fibers. A potential alignment of the individually filter-coated fibers in the end face of the sample leg is shown. Figure 1b shows for comparison a sketch of a state-of-the-art fiber bundle end with central excitation fiber and six surrounding detection fibers. The required filters for the excitation fiber and the detection fibers are coated on a glass rod and a glass tube, which are glued on the fiber bundle end. For details see [21,22] and the patent [23].


    The advantages of a fiber bundle Raman probe with individually filter-coated fibers (Figure 1a) are that (i) One Raman probe is compatible with several excitation wavelengths (ii) That the single fibers can be assembled in any configuration in the end face of the sample leg (iii) That one can circumvent the usage of the filter rod and the filter tube (see Figure 1b) and the accompanying restrictions to the fiber bundle configuration and (iv) That less material interfaces at the fiber bundle ends exist, which can be potential sources of stray-light.


    In this manuscript we are not going to demonstrate the usage of various excitation wavelengths with one Raman fiber bundle probe. Instead, we are going to report here how we had a fiber bundle probe with individually filter-coated fibers manufactured and we are going to show its performance relative to a free-beam Raman reference probe.


    Raman Probe Development


    Originally, we intended to purchase a fiber bundle with individually filter-coated fibers from one of the internationally operating distributors of optical compounds. Unfortunately, and though being really supportive to us, none of the companies we asked for a quote, was able to even offer such a fiber bundle. It has not been a matter of the price, it has been a matter of the availability. The answer we received was that there is no company or research institution, which in a preconfigured bundle of fibers can coat individual fibers with individual filters. We knew that there are companies capable of coating single fibers or coating fiber bundles with one and the same filter over all the fibers in the bundle. Therefore, we had to identify two companies, one for coating the individual fibers before their assembling to a bundle and one for bundling the already coated individual fibers. The two companies which agreed to support our idea were Omega Optical Inc. (Brattleboro, VT 05301) for filter coating and Art Photonics GmbH for fiber bundling. Having discussed with both companies the details of our idea, we followed this procedure:


    Art Photonics provided the Y-fiber bundle as shown in Figure 2a. Six detection fibers surrounding one excitation fiber proved high detection efficiency [24]. Each fiber featured a length of 4 m, a core diameter of 200 μm and a numerical aperture of 0.22. The spectrometer end was configured with SMA connector and linear fiber alignment to match the geometry of the entrance slit of the spectrometer. The laser end was also preconfigured with SMA connector. The Raman-probe end was not preconfigured and consisted of seven loose single fiber ends.


    This Y-fiber bundle was shipped to Omega Optical Inc. for coating of the fibers. For the details of the technology of the deposition of optical filters at the tip of individual fibers it can be referred to the work of Barton, et al. [25]. The six detection fibers were coated with a > 785 nm long pass filter with an optical density of minimum 3 @ 785 nm on both ends; the already preconfigured spectrometer leg end and the loose end of the sample leg. Coating both ends of the detection fibers guarantees an optical density of minimum 6 @ 785 nm and ensures efficient blocking of the elastically scattered light. The excitation fiber was coated with a < 786 nm short pass filter only on the loose Raman probe end in order to block the laser-light-induced fiber background at wavelengths exceeding 785 nm [26].


    The coated fiber bundle probe was then shipped back to Art Photonics for the final finishing/bundling of the Raman probe end in an SMA connector. The excitation fiber was situated in the center, surrounded by the six detection fibers. It is advantageous to skip the usage of glue for assembling the already coated fibers, simply because glue residues cannot be polished from the already coated fiber tips without destroying the filter-coating. Therefore, Art Photonics used aluminum-coated fibers, which can be efficiently assembled by a glue-less sintering process.


    Experimental Result


    The Y-fiber bundle probe with individually coated fibers was tested for its performance at Technische Universität Bergakademie Freiberg, Germany, using as excitation source a tunable diode laser (Sacher Lasertechnik Group) operated at 785 nm and with 150 mW. For signal detection we used a QE-Pro Ocean-Optics spectrometer equipped with a 100 μm slit and operated with a signal integration time of 100 ms. The Raman probe end of the fiber bundle was connected to an assemble of two one-inch lenses aligned in a tube, for focusing the excitation laser into the probe volume and for detecting the scattered light in the vicinity of the laser excitation focus (see Figure 2b). We took a cuvette filled with liquid ethanol as sample and recorded the Raman spectrum of ethanol.


    Figure 3 shows a sketch of an also self-engineered free-beam Raman probe. It served as a reference, as the excited volume (excitation beam focus) and the detected volume (volume imaged onto the detection fiber interface) can be aligned congruent, because of what very efficient signal detection is guaranteed. The short-pass filter in the excitation path and the long-pass filter in the detection path are integrated in the free-beam paths. The excitation light and the detected light paths are combined and separated using a dichroic mirror. The excitation fiber features a core diameter of 200 μm and a numerical aperture of 0.22. A round to linear fiber bundle (six-around-one) is used for guiding the detected signal from the free-beam Raman probe (round alignment of detection fibers) to the spectrometer (linear alignment of detection fibers), where each fiber of the bundle features a core diameter of 200 μm and a numerical aperture of 0.22.


    The two Raman probes we compare here, the Y-fiber bundle probe with individually coated fibers and the free-beam Raman reference probe, are both operated with the same laser and laser settings, and with the same spectrometer and spectrometer settings. The numerical aperture of both probes is 0.22, limited by the numerical aperture of the fibers used.


    Figure 4 shows raw Raman spectra of liquid ethanol acquired with the fiber bundle probe with individually coated fibers and with the free-beam Raman reference probe. The grey spectrum shows the red-shifted part of the laser-induced background of the 2m long excitation fiber of the free-beam Raman reference probe. It can be acquired when detecting the outcome of the demounted excitation fiber with the free-beam Raman reference probe. Then, the excitation beam does not pass the short-pass filter and the long-pass filter blocks the excitation wavelength itself and the blue-shifted (with respect to the excitation wavelength) part of the laser-induced background spectrum.


    As the pattern of the excitation fiber background is not visible in neither of the spectra acquired with the two Raman probes, we conclude that the short-pass filter efficiently suppresses the fiber background and transmits the excitation wavelength. Obvious differences of both spectra are that the reference probe detects more (but not significantly more) signal, which is expressed by the larger peaks, and also is capable of detecting the ethanol Raman peak at approximately 480 cm-1. The long-pass filter coating of the fiber bundle probe suppresses this peak but transmits the remaining peaks. The shapes of the peaks and also the course of the background are similar. Considering the excitation power of only 150 mW and the signal integration time of only 100 ms, the performance of both probes is very good, which is expressed in quasi noise-free spectra, with the performance of the fiber probe with individually coated fibers being in the range of the performance of the free-beam Raman reference probe. However, in free-beam Raman probe, the need for external filters at the end of the excitation and detection fibers hinders miniaturization of Raman probe due to added extra bulk to the Raman probe.


    Conclusion


    We conclude that the fiber bundle probe with individually coated fibers shows a performance similar to the free-beam Raman reference probe. As described above, the fiber bundle probe with individually coated fibers can be extended to a version suitable for various excitation wavelengths (see Figure 1a). Then the Raman fiber bundle has to contain two excitation fibers, each coated with the corresponding short-pass filter and two types of detection fibers, one type coated with a long-pass filter for one excitation wavelength and the other type coated with a long-pass filter for the other excitation wavelength. Furthermore, fiber bundle probes can be miniaturized much easier than a free-beam configuration, as no dichroic mirror and no tools for aligning the beams along the optical axis are required. This makes the fiber bundle probe with individually filter-coated fibers interesting for applications were small and robust sensors are required, such as for example for endoscopic tissue characterization in medicine or for minimal invasive process diagnostics in chemical engineering.
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      Figure 1: a) Sketch of a concept of a fiber bundle Raman probe with individually filter-coated fibers for two excitation wavelengths; b) Sketch of a state-of-the-art fiber bundle Raman probe for one excitation wavelength (adopted from [22]). The lens (system) for signal generation and detection are not shown. View Figure 1

    


    
      Figure 2: a) Sketch of half-finished Y-fibre bundle, prepared by Art photonics, with spectrometer and laser legs pre-configured with SMA connectors. The Raman-probe end (sample leg) consists of seven loose single fiber ends; b) Sketch of lens (system) consisting of two one inch lenses for focusing the excitation laser light into the probe volume and for collecting the emerging signals in back-scattering direction. View Figure 2

    


    
      Figure 3: Sketch of the free-beam Raman probe which served as reference. View Figure 3

    


    
      Figure 4: Raw Raman spectrum of liquid ethanol acquired with the Raman fiber bundle with individually filter-coated fibers (green line) and the free-beam reference Raman probe (black line). Fiber background is shown as grey spectrum. View Figure 4
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