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Up till now, the spatial and temporal dynamics of transverse mode instability (TMI) in fiber laser oscillator have increasingly attracted a worldwide attention. Here, we develop a high-speed modal decomposition (MD) system to analyze the modal coupling for fiber laser oscillator above the TMI threshold. A set of angular-multiplexing transmission functions (TFs) are designed for simultaneous MD and monitoring the far-field beam profile. The TMI threshold of the deployed fiber laser oscillator is 181 W at a co-pumping power (CPP) of 279 W. As the CPP increases from 318 W to 397 W, the power fluctuations of the output laser become more drastic. The changes of the far-field beam profile and the centroid of far-field spot (COFFS) indicate an increased velocity of energy transfer between modes. The high-speed MD verifies above process and analyzes the modal components, indicating that the single cycle of modal coupling decreases from 11 ms to 4 ms. Otherwise, the strong mode coupling occurs between modes with relatively large weights. The high-speed MD provides a powerful tool to research the TMI effect.
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1 INTRODUCTION
With the remarkable progress of high-power fiber laser (HPFL) in recent years [1, 2], the demands of large-mode-area (LMA) fibers have been increasing. The LMA fibers are commonly referred to as few mode fibers. The V-number of this fiber is normally greater than the cut-off value for single-mode operation (i.e., V = 2.405), since it has a larger core diameter than the single mode fiber (i.e., 8 μm–10 μm) [3]. This leads to an increase weight in the higher-order mode (HOM). Although the HOMs can be reduced by the bending and coiling of optical fiber, the existence of HOMs will cause transverse mode instability (TMI) [4]. When the power reaches a certain threshold, the beam quality degrades [5].
The conventional beam diagnostic methods mainly include the records of spectrum, power and beam quality. However, mode coupling in fiber laser after the occurrence of TMI has not been fully researched. Modal decomposition (MD) is used to analyze transverse mode components in LMA fibers. In recent years, a variety of MD methods have been proposed, involving the spatially and spectrally resolved imaging (S2) [6, 7], low-coherence interferometry [8, 9], numerical analysis [10], wavefront analysis [11], and ring-resonators [12, 13]. The method of S2 and low-coherence interferometry are realized by measuring the interference between different transverse modes according to their different group velocities in the fiber. They are completed by spatial scanning or wavelength scanning, thus consuming several minutes [14]. For numerical analysis, it is mainly based on the iterative optimization algorithm [15]. It takes over hundreds of steps and several minutes due to the large number of optimization parameters. Even though there are several reports based on S2 and numerical analysis with a high-speed, they need off-line data processing [16]. The wavefront analysis relies on the use of wavefront sensors [17]. The method of ring-resonators involves a piezo translator (PZT) [13]. However, the error of these two methods exceeds 10% since the measurement accuracy of HOMs cannot be guaranteed. Compared with other techniques, optical correlation filter (OCF) is suitable for high-speed MD because it only requires straightforward algebraic calculation to obtain the modal weights with a high accuracy above 95% [18]. The implementation of high-speed cameras and high-performance processors using OCF can help to achieve a fast MD.
In this paper, we propose a method of high-speed modal analysis based on OCF, which is beneficial to analyze modal coupling when the TMI occurs. A set of transmission functions (TF)s for the measurement of modal weight and monitoring far-field beam profile are designed and encoded into one computer-generated hologram (CGH). In addition to the use of conventional beam diagnostic methods, the change of modal weight with the increase of pumping power after the occurrence of TMI is monitored.
2 THEORY
2.1 The modes of weakly guiding fibers
The weakly guided fibers commonly used in HPFL systems are step-index fibers (SIFs) with a small refractive index difference between the core and the cladding. In the weakly guiding approximation, the electromagnetic fields can be recognized as linearly polarized (LP) modes system [19]. The optical field of each polarization component can be expressed by using the orthogonal basis functions:
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where [image: image] is the total number of modes supported by the fiber, [image: image] representing the set of LP eigenmodes, and the [image: image] modal coefficient [image: image] is shown below
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with [image: image] denoting the [image: image] modal amplitude, [image: image] representing the [image: image] intermodal phase difference (the phase difference between the HOM and the fundamental mode). [image: image] is a sign for differentiation in the formula of integral. The modal coefficients fulfill the relation [image: image]. Hence, the modal weight can be acquired via the measurement of amplitude based on modal analysis.
2.2 The MD based on OCF
The OCF is a powerful technique for modal analysis [20–22]. The core of OCF is TFs by design, which play key roles as matched filters. The TF is composed of amplitude and conjugate phase information related to eigenmode of LMA fiber laser [image: image]. A set of TFs can be superimposed at certain spatial frequencies for simultaneous measurement for multimode. The total TFs are expressed as follows
[image: image]
where, [image: image] denoting a certain spatial carrier frequency, which is induced to realize a spatial separation of each diffraction pattern in the Fourier plane. The total TFs are then converted into a phase-only CGH via certain coding process. This CGH is loaded on a spatial light modulator (SLM). When the laser beam illuminates the SLM, the beam is diffracted according to the CGH. Then, we realize the modulation of laser beam under TFs. Only the light containing the same modes as the designed filters can be diffracted and converge at the specified positions (sub-optical axes r = 0) in the far-field plane. e.g., when LP11o mode passes its filter, LP11o mode will be superposed with the filter containing its conjugate phase. Then, there is a certain intensity on the sub-optical axis of the +first order diffracted light. However, other transverse modes cannot go through LP11o mode filter, and no relevant intensity can be detected at the same position. The ratios of the intensities at sub-optical axes represent the modal coefficients [image: image]. Thus, the modal weight can be directly accessible via a simple intensity measurement to investigate the modal coupling [23].
Since the Ytterbium (Yb)-doped fiber (YDF) of the fiber laser oscillator to be test has a core diameter of 30 μm (NA = 0.064), the supported eigenmodes at an operating wavelength λ of 1,080 nm are LP01, LP11e, LP11o, LP21e, LP21o, LP02, LP31e, LP31o, LP12e, and LP12o. The mode filtering can be realized via certain bending and coiling of fiber [24–26]. After repeated experiments, we find ten eigenmodes can be limited to six by coiling the YDF in a ∞ shape with a minimum bend diameter of 85 mm. The other four higher HOMs of LP31e, LP31o, LP12e and LP12o sustain complete transmission loss. Thus, we design a total TF which can measure the contents of six modes simultaneously. Removing the TFs of non-transmission modes can help to shrink the range of interest (ROI) of far-field camera to increase the computational efficiency. Besides, a mirror-like TF with a tilting phase is added to monitor the far-field beam profile.
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The final TF in our experiments can be expressed as
[image: image]
Then, the final TF is encoded into a phase-only CGH via a coding technique introduced by Arrizón et al. [27].
3 EXPERIMENTAL SETUP
The experimental system mainly involves an all-fiber laser oscillator and beam diagnostic equipment, as shown in Figure 1. The all-fiber laser oscillator is co-pumped via fiber-coupled laser diodes (LDs) with a stabilized emission wavelength of 976 nm. A number of pump LDs are grouped by a co-sided (6 + 1) × 1 pump-signal combiner (Co-PSC) and inject into the laser oscillation cavity. Three pump ports of the Co-PSC are applied, and the central pump port of the Co-PSC is angle cleaved to prevent facet reflection. The remaining three ports are not used in this experiment. The co-pumping light enters the laser cavity through a high reflection fiber Bragg grating (HR-FBG). The gain fiber is a length of ∼20 m YDF with 30/400 μm core/cladding diameters (NAcore = 0.064), which is coiled in a ∞ shape with a minimum bend diameter of about 85 mm. The length, bend diameter and shape of YDF mainly affect TMI threshold and the number of transmission modes in the fiber. The HR-FBG is inscribed on the end of YDF, which provides a reflectivity of ∼99.9% with a 3 dB bandwidth of ∼4 nm around a central wavelength of ∼1,080 nm. The transmitted light goes through an output coupler fiber Bragg (OC-FBG) with a reflectivity of ∼10% and a 3 dB bandwidth of ∼1.7 nm at a central wavelength of ∼1,080 nm. Then, it is received by a length of 3 m delivery fiber (30/400 μm) and the laser beam output via a quartz block head (QBH). A part of the polymer cladding of delivery fiber is stripped and the inner cladding is coated with high refractive index ointment. The entire all-fiber laser oscillator is water-cooled to avoid thermal damage.
[image: Figure 1]FIGURE 1 | A setup of all-fiber laser oscillator and beam diagnostic system.
(OSA: Optical spectrum analyzer; PD: Photodiode; MMF: Multimode fiber; QBH: Quartz block head; PM: Power meter; HR: High reflection; BS: Beam splitter; BQA: Beam quality analyzer; PBS: Polarizing beam splitter; RLR: Residual light receiver; NPBS: Non-Polarizing beam splitter; ND: Neutral density; CCD1: Near-field camera; SLM: Spatial light modulator; CCD2: Far-field camera; CLS: Cladding light stripper; OC: Output coupler; FBG: Fiber Bragg grating; YDF: Ytterbium-doped fiber; Co-PSC: Co-sided pump-signal combiner; LD: Laser diode).
In the experiment, the spectrum, temporal trace, beam quality, and modal content are monitored simultaneously as shown in Figure 1. The collimated beam first passes through a high reflection (HR) mirror. The 99.99% of the light is reflected into the power meter 1 (PM1), and the remaining 0.01% of the light is weaken by the attenuator and then split into two beams via a beam splitter (BS). A beam of light directs to the beam quality analyzer (BQA) to obtain the data of M2, and the second beam of light enters the MD system. The near-field beam profile is monitored by charge-coupled device 1 (CCD1, pixel size: 10 μm, 62.23 fps) for the calibration of the entire optical path before the experiment and the investigation of the beam at a fixed time under test. The specially designed CGH is loaded on the SLM (resolution: 1920 × 1,152, pixel size: 9.2 μm). The beam illuminates the CGH, and then the reflected light is Fourier transformed by a lens. The +first order diffracted light in the far-field plane is recorded via a CCD2 (pixel size: 4.5 μm, 2000 fps) for modal analysis. Besides, the scattered light from the photosensitive surface of PM1 is received by optical spectrum analyzer (OSA), photodetector (PD) and oscilloscope to record the data of spectrum and temporal trace. PM2 and PM3 are applied to monitor the power vibrations of the end-face reflected light and the residual pump light.
4 RESULTS AND DISCUSSION
The spectrum, output power and beam quality are measured in the experiment. Figure 2A depicts that the central wavelength of the output laser at 100 W is around 1,080 nm, and the full width at half maxima (FWHM) is ∼2 nm. Figure 2B shows the change of standard deviation (STD) of the temporal trace with the increase of co-pumping power (CPP). This fiber laser oscillator has a TMI threshold of 181 W under a CPP of 279 W. The power changes of output laser, residual pump light and end-face reflected light with the increase of CPP are depicted in Figure 2C. After the occurrence of TMI, the output power continues to decrease from 181 W to 100 W with the increase of CPP from 318 W to 397 W. The decrease of the output laser results in the increase of residual pump light and end-face reflected light. Compared with drastic vibrations of the output laser and the residual pump light, the change of the end-face reflected light is relatively weak, i.e., only from 0.7 W to 6.2 W. The is because that the central pump port of Co-PSC is cleaved with an angle of 8, which weakens the return light. When there is no TMI, the beam quality remains at 1.55. Figure 2D shows that the beam quality is about 1.81 at the TMI threshold of 181 W.
[image: Figure 2]FIGURE 2 | Laser output characteristics. (A) The spectrum at 100 W. (B) The STD variation of the temporal trace with the increase of CPP. (C) The power changes of output laser, residual pump light and end-face reflected light with the increase of CPP. (D) The beam quality at 181 W.
When TMI occurs, the near-field beam profile is captured via CCD1. Figure 3A extracts ten frames of the pictures during 132 m at 318 W. Even the low-speed of 63.2 fps can catch the beam fluctuation. The far-field beam profile is recorded via CCD2 with a speed of 2000 fps. Figure 3B depicts the variation in the first 5 ms at multiple CPPs (318 W, 357 W, 377 W, and 397 W). It can be clearly seen that the velocity of energy transfer is accelerated with the increase of CPP. Especially when the CPP is 397W, the far-field beam profile is obviously split from one lobe to two lobes. This implies intense modal couplings between fundamental mode and higher-order modes.
[image: Figure 3]FIGURE 3 | The beam profiles of near-field (A) and far-field (B) captured from CCD1 and CCD2.
To clearly investigate beam fluctuation above the TMI threshold, we compute the centroid of the far-field spot (COFFS) at each CPP, as shown in Figure 4. At the beginning of TMI, the area of COFFS is only within one pixel (Figure 4A). Then, it is mainly distributed within seven pixels (Figure 4B) and nine pixels (Figure 4C) at the CPP of 357 W and 377 W. As the CPP reaches 397 W, it is further broadened to ten point five pixels (Figure 4D). This gradual expansion implies an intensified strength of the multimode coupling.
[image: Figure 4]FIGURE 4 | The fluctuation of the COFFS at the CPP of (A) 318 W, (B) 357 W, (C) 377 W, and (D) 397 W.
To analyze the change of modal component, we carry out a high-speed MD with a rate of 2 kHz.The MD results are shown in Figure 5, and the accuracies are about 98%. The modal coupling reflects the energy transfer between multimode and it clearly shows periodic change within the selected 50 ms window at multiple CPPs. At the onset of TMI, modal coupling is mainly among LP01, LP11e, LP11o, and LP02, while LP21e and LP21o are relatively stable (Figure 5A). As the CPP increases from 318 W to 397W, the single coupling cycle shortens from 11 ms to 4 ms, indicating an increased velocity of energy transfer (Figure 5A–D). More modes (LP21e and LP21o) are involved in the coupling process from 357 W. The MD results demonstrate the modal coupling becomes complex with the increase of CPP. Otherwise, there is a drastic modal coupling between modes with large modal weights (LP01, LP11e, LP11o, and LP02), while those with less modal weight (LP21e and LP21o) have relatively weak coupling. Thus, it is inferred that TMI can be suppressed by mainly breaking the coupling between modes with large modal weight.
[image: Figure 5]FIGURE 5 | MD results in 50 ms windows at the CPP of (A) 318 W, (B) 357 W, (C) 377 W, and (D) 397 W.
Furthermore, the rate of MD depends on the performance of far-field camera and processors. The high-performance processors in current system are based on FPGA with a bandwidth of 100 kHz. To realize a faster MD for investigating TMI with even faster coupling speed, multi-element PD with pin-holes can be used to replace the far-field camera. Each beam of + first diffracted light with modal information illuminates on a photosensitive surface. Then, the intensities on the sub-optical axes are collected by the multi-element PD with pin holes, and they are transmitted to the FPGA for the calculation of modal weights. Then, the performance of this MD system can be improved to∼100 kHz with current processors. However, it is complicated to calibrate the optical path and locate the modal detection point, since the beam profile cannot be viewed via the multi-element PD. Besides, the power of diffracted light behind the hole is weak to a few nanowatts and hard to be detected, thus an extra system for weak opto-electrical signal processing is needed.
5 CONCLUSION
In summary, we present a high-speed MD to characteristic modal coupling properties above the TMI threshold. A set of angular-multiplexing TFs is designed for simultaneous MD and monitoring the far-field beam profile. The TMI threshold of the deployed fiber laser oscillator is 181 W at a CPP of 279 W. We find the velocity of energy transfer accelerates with the increase of CPP from 318 W to 397 W. The high-speed MD demonstrates this and analyzes the change of modal components. The MD results show the single cycle of modal coupling decreases from 11 ms to 4 ms. The strong modal coupling occurs mainly between modes with relatively large weight. The characteristic of modal coupling obtained from high-speed MD is conducive to evaluate the effect of TMI mitigation in fiber lasers.
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