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Fiber-Type Random Laser Based  
on a Cylindrical Waveguide with  
a Disordered Cladding Layer
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& Yun Jiang Rao1

This letter reports a fiber-type random laser (RL) which is made from a capillary coated with a disordered 
layer at its internal surface and filled with a gain (laser dye) solution in the core region. This fiber-type 
optical structure, with the disordered layer providing randomly scattered light into the gain region and 
the cylindrical waveguide providing confinement of light, assists the formation of random lasing modes 
and enables a flexible and efficient way of making random lasers. We found that the RL is sensitive to 
laser dye concentration in the core region and there exists a fine exponential relationship between the 
lasing intensity and particle concentration in the gain solution. The proposed structure could be a fine 
platform of realizing random lasing and random lasing based sensing.

Different from traditional lasers, random lasers (RLs) do not need a resonance cavity with high-quality reflection 
mirrors. Their working principle is based on amplified multiple scattering in disordered systems1–3. Thanks to 
relatively strong scattering, feedback loops of light might be formed, corresponding to special cavities of RLs. In 
this case, random lasing actions will emerge when gain of the laser cavity is larger than its loss. Since the pioneer 
works in 1990s, RLs have been realized with a wide range of materials, such as semiconductor, polymer, liquid 
crystal, biological material/tissue, and optical fiber, covering radiation wavelengths from UV to Mid-infrared2–7.

To enhance the emission efficiency, tailor the output spectrum, or control the emission directions of random 
lasing, gain materials and scatters of RLs were embedded into optical waveguide structures3,8–14, in which light 
amplification and scattering are confined and mediated by the waveguide, giving birth to partially regulated and 
still randomly formed positive feedback loops that support random lasing. Generally speaking, there are two 
ways of generating amplified multiple scattering to form positive feedback loops in RLs, i.e., 1) doping randomly 
distributed scatters into the gain material and 2) forming a random structure adjacent to the bulk gain material.

For the first type of RLs, the gain material and the scatter are mixed together, and they have been reported in 
semiconductor waveguides, filled-core or solid-core optical fibers, etc.8–14. For the second type of RLs, the gain 
material and the scatter are in separate regions and this facilitates controlling of light amplification and scattering 
process separately. The second type has been reported in photonic crystal membrane waveguides with engineered 
disorders, a polydimethylsiloxane waveguide with gain solution in a rough microfluidic channel, and dye solution 
between disordered structures3,15,16.

In this paper, a novel RL of the second type is proposed, making from a fiber-type cylindrical waveguide that 
is formed by coating a disordered dielectric film in the internal surface of a glass capillary, and filling the capillary 
with dye solution. Compared with previous work, the proposed RL is easier to be fabricated because its scattering 
and gain can be simply and separately controlled by changing the concentrations of scatter and gain materials. 
In addition, the proposed fiber-type waveguide with disordered cladding also provides guide/confinement of 
light that assists formation of random lasing modes, and enables random lasing with narrow linewidth and wide 
emission wavelength range. Taking advantage of the sensitive characteristics of RL to small particles17, a method 
of using random lasing to detect the concentration of particles in the dye solution is proposed for the first time to 
the best of our knowledge.
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Experimental Setup
The experimental setup of this work is given in Fig. 1(a). A Nd:YAG laser radiates 532 nm pulse with 10 ns pulse 
width and 20 Hz repetition rate is used to pump a sample of the RL. To guide the pump light, a transparent glass 
plate and a glass mirror is used as reflectors. The transparent glass plate reflects the pump light at both its front 
and back surfaces (i.e., two interfaces between the plate and air) and separates the pump light to two spots (each 
of the spot has a diameter of ~3 mm). Both the spots are reflected by the glass mirror and shine on the sample at 
slightly different regions so that the pumped area is about doubled and the lasing threshold is reduced (Here we 

Figure 1.  Schematic diagram of the experimental setup and the RL structure. (a) Experimental setup, (b) 
RL structure, (c) Scanning electron microscope image of the cross-section of the cylindrical waveguide with 
coating.

Figure 2.  Refractive and light intensity distribution at 595 nm. (a–d) are the refractive index and normalized 
light intensity (in logarithmic scale) distribution of the vertical (parallel) section respectively.
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use this simple method to increase the pump area without using additional components to tune the waist of the 
pump light). Emission of the sample is collected, through a collimator, by a bunch of fibers that are connected 
with an optical spectrum analyzer (OSA), and the acquisition time of the OSA is 1 s (thus, the spectra obtained in 
the successive studies are average outputs other than statistical ones18,19).

The sample is prepared in two steps. Firstly, UV-Cured adhesive mixed with TiO2 nano particles (mass ratio 
of the TiO2 particles and the adhesive is 1:4) is injected into a capillary (with outer and inner diameters of 170 
and 100 μ​m, respectively). The filled capillary is then inflated with steady flow of air for 3 minutes, coating a dis-
ordered thin film (i.e., about 3 μ​m thick) on the inner surface of the capillary, as shown by Fig. 1(b,c). To solidify 
and stabilize the coating layer, an ultraviolet light is used to irradiate the capillary. Secondly, Rhodamine B solu-
tion (the concentration of Rhodamine B in deionized water is 1 mol/ml) is filled into the coated capillary as the 
gain material. The coating layer has higher refractive index (~1.5), and the filled core has lower refractive index 
(~1.39). The coating layer with randomly distributed TiO2 particles can scatter light back into the gain region. 
Thus, light localization and positive feedback loops of light might form randomly close to interface of the gain 
region and the coating layer1, giving birth to random lasing actions.

Numerical Analysis
Light distribution in the proposed structure is analyzed through Finite Difference Time Domain (FDTD) 
method20,21. To simplify the simulation, sections vertical to and parallel to the axial direction of capillary are sim-
ulated. Figure 2(a) shows the refractive index distribution of the vertical section. To mimic light emission in the 
radial direction, an electric dipole light source is added at the center of the vertical section. From Fig. 2(b) we can 
find that the emitted light is multiply scattered and partially confined in the core by the coated layer. Figure 2(c) 
shows the refractive index distribution of the parallel section, and four plan wave sources (i.e. with radiation 
direction of 45, 135, 225 and 315 degrees respectively) set at the axis of the parallel section are used to mimic light 
emission in both the radial and the axial directions. Similarly, Fig. 2(d) indicates that, the emitted light will be 
multiply scattered and partially confined in the core. Thus, the proposed structure performs like a fiber that assists 
formation of random laser modes in the core region, and random lasing might be supported if gain mechanism 
is provided.

Experimental Results
To verify our assumption, Fig. 3(a) compares the emission spectra between two different samples under same 
pump conditions. When there are no TiO2 particles doped in the coating layer (Sample 1), the output spectrum is 
wideband amplified spontaneous emission (ASE). Besides, there is no whisper gallery mode (WGM) observed in 
the spectrum, indicating that the coated layer is neither fine enough to support lasing of WGMs nor nonuniform 
enough to provide strong scattering for random lasing17. When the TiO2 particles are doped in the coating layer 
(Sample 2), strength of light scattering is enhanced greatly, and random lasing with narrow linewidth is obtained.

We also repeated the experiment of Fig. 3(a) by irradiating the pump at different axial positions of the samples, 
which is realized by changing the relative position of the samples, while the pump and the collection positions 
keep unchanged. For Sample 1, no lasing action is observed, and the output is still ASE, which further verifies 
that only the waveguide effect is not enough to support laser emission. For Sample 2, lasing at different wave-
lengths has been observed when changing the pumping positions (e.g. from positions 1–4 as shown in Fig. 3(b)). 
Such pump-position-depended output is a typical characteristic of RLs, which corresponds to the formation of 
different cavity modes through multiple scattering at different part of the sample. In our case, the RL wavelength 
can be tuned in a relative large bandwidth, i.e., from ~570 to ~600 nm, without changing parameters of its gain 

Figure 3.  Output spectra of the RL. (a) Output spectra of the samples with and without scatters in the coating 
layer, (b) Output spectra of the RL for different pump positions. The Rhodamine B concentration is 1 mol/l, and 
the pump intensity is 0.645 W/cm2.
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material or scatters. This is because, 1) large length to volume ratio of the RL (i.e., quasi-one dimensional struc-
ture) increases nonuniform distribution of light localization along its axial direction, and 2) the waveguide effect 
of the proposed structure assists/mediates the formation of localized modes apart from random scattering, so 
laser modes within wider wavelength region might be formed with positive net gain. For example, random lasing 
is observed not only at the maximum of the gain profile, because lasing wavelength is determined not only by 
the gain maximum of the dye solution but also by the loss of the randomly formed laser mode (i.e., the filtering 
effect of the waveguide together with the gain mechanism determines the wavelength of maximum net gain). 
In our experiment, we also tested the cases when either one of the two pump spots is blocked, and no random 
lasing is observed. This reflects that the random lasing mode extends in the axial direction of the sample, and the 
waveguide certainly takes effect.

Taking the random lasing action when pump is at position 4 as an example, output characteristic of the RL 
is given in Fig. 4. It is observed that the output intensity increases with the pump intensity, and clearly exhibit a 
threshold behavior when the pump intensity is ~0.36 W/cm2, as seen in Fig. 4(a). The laser spectra corresponding 
to different pump intensities are shown in Fig. 4(b–e). It is observed that lasing peaks around 594 nm start to 
emerge when pump intensity is larger than the threshold. With increase of the pump intensity, more and more 
lasing peaks emerge, which is also one typical phenomenon of random lasing action.

In our experiment, the gain solution is filled into the coated capillary by a micropump through connection of 
a plastic tube. It is very convenience to change the gain solution using the same coated capillary. Thus, an open 
random microcavity is formed wherein the gain medium is replaceable, offering a promising way for optical 
microfluidic applications based on random lasing.

In the following study, we investigate emission wavelength of the RL by changing concentration of the gain 
solution. It is observed (Fig. 5) that random lasing peaks change from 560 to 600 nm when concentration of the 
gain solution changes from 0.4 to 2 mol/l. This is due to wavelength blue-shift of the gain maximum22.

We also mix polyethylene particles of different concentrations into the gain solution. It is observed that the 
maximum photon counts (i.e., average value of 10 measurements) decreases exponentially with increase of par-
ticle concentration, as seen in Fig. 6(a). Spectra of the RL indicate that the emission wavelengths also vary with 
particle concentration in the gain solution, as shown by Fig. 6(b–d). This is because that the particles added to the 
gain solution will scatter light and change trajectories of light propagation. As a result, the chance to form laser 
cavities with positive net gains is reduced, and different laser cavities might be formed, giving birth to different 
lasing modes with reduced output intensity.

Discussion and Conclusion
It is worth mentioning that the proposed method may be easily applied for RLs using other gain materials/solu-
tions, by replacing the core solutions and the appropriate pump source. Hence it provides a simple and flexible 
platform using microfluid techniques for developing RLs of different gain materials for “on-chip” sensing appli-
cations. The proposed structure can also be incorporated in traditional optical fibers (e.g. adding a random clad-
ding layer to the core), which can provide scattering much stronger than merely Rayleigh scattering in the fiber 
core10–13, and could be an efficient way to reduce threshold and cavity length of traditional random distributed 
feedback lasers. It is worth of noting that the above simulation results indicate that the proposed structure can 
perform like a waveguide to trap most of the light in the core, however, part of the light will be scattered out of the 
core in random directions. When using this structure to make real fibers, stronger scattering is helpful to provide 

Figure 4.  Output characteristics of the RL. (a) Output power versus pump intensity, (b–e) Output spectra for 
pump power of 0.645 W/cm2, 0.529 W/cm2, 0.382 W/cm2 and 0.275 W/cm2 respectively.
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light feedback, but this will also increase loss. Thus, balance between useful and harmful scattering should be 
considered by selecting dimension and refractive of each layer of the fiber.

In conclusion, a fiber-type random laser based on a cylindrical waveguide with a disordered coating layer is 
proposed and demonstrated. The waveguide effect together with the amplified light scattering of the proposed 
structure provide efficient mechanism to form RL modes, and contribute to random lasing with narrow linewidth 
and wide wavelength tunability. The random lasing intensity decreases exponentially with increase of particle 
concentration in the core, providing a potential way of small particle sensing using RLs.

References
1.	 Wiersma, D. S. The physics and applications of random lasers. Nature Phys. 4, 359–367 (2008).
2.	 Andreasen, J. et al. Modes of random lasers. Adv. Opt. Photonics, 3, 88–127 (2010).
3.	 Liu, J. et al. Random nanolasing in the Anderson localized regime. Nature Nanotech. 9, 285–289, (2014).
4.	 Cao, H. et al. Random laser action in semiconductor powder. Phys. Rev. Lett. 82, 2278–2281 (1999).
5.	 Leong, E. S. P., Yu, S. F. & Lau, S. P. Directional edge-emitting UV random laser diodes. Appl. Phys. Lett. 89, 221109 (2006).
6.	 Polson, R. & Vardeny, Z. Cancerous tissue mapping from random lasing emission spectra. J. Optics-UK 12, 024010 (2010).
7.	 Liang, H. K. et al. Electrically pumped mid-infrared random laser. Adv. Mater. 25, 6859–6863 (2013).
8.	 Yu, S. F., Yuen, C., Lau, S. P., Park, W. I. & Gyu-Chul, Y. Random laser action in ZnO nanorod arrays embedded in ZnO epilayers. 

Appl. Phys. Lett. 84, 3241–3243 (2004).

Figure 5.  Output spectra of the RL for different concentration of gain material. The pump intensity is 
0.645 W/cm2.

Figure 6.  Output characteristics of the RL with polyethylene particle in the gain solution. (a) Maximum 
photon number of emission versus concentration of the polyethylene particles. (b–d) Output spectra for 
polyethylene particles concentration of 0, 50, and 150 mg/ml, respectively.



www.nature.com/scientificreports/

6Scientific Reports | 6:26473 | DOI: 10.1038/srep26473

9.	 Matos, C. J. S. et al. Random fiber laser. Phys. Rev. Lett. 99, 153903 (2007).
10.	 Turitsyn, S. K. et al. Random distributed feedback fiber laser. Nature Photon. 4, 231–235 (2010).
11.	 Churkin, D.V. et al. Recent advances in fundamentals and applications of random fiber lasers. Adv. Opt. Photonics 7, 516–569 (2015).
12.	 Hu, Z. et al. Coherent random fiber laser based on nanoparticles scattering in the extremely weakly scattering regime. Phys. Rev. Lett. 

109, 253901 (2012).
13.	 Zhang, W. L., Rao, Y. J., Yang, Z. X., Wang, Z. N. & Jia, X. H. Low threshold 2nd-order Random lasing of a fiber laser with a half-

opened cavity. Opt. Express 20, 14400–14405 (2012).
14.	 Zlobina, E. A., Kablukov, S. I. & Babin, S. A. Linearly polarized random fiber laser with ultimate efficiency. Opt. Lett. 40, 4074–4047 

(2015).
15.	 Bhaktha, B., Bachelard, N., Noblin, X. & Sebbah, P. Optofluidic random laser. Appl. Phys. Lett. 101, 151101 (2012).
16.	 Consoli, A. & López, C. Decoupling gain and feedback in coherent random lasers: experiments and simulations. Sci. Report 5, 16848 

(2015).
17.	 Song, Q., Xiao, S., Xu Z., Shalaev, V. M. & Kim, Y. L. Random laser spectroscopy for nanoscale perturbation sensing. Opt. Lett. 35, 

2624–2626 (2010).
18.	 Antenucci, F., Crisanti, A. & Leuzzi, L. The glassy random laser: replica symmetry breaking in the intensity fluctuations of emission 

spectra. Sci. Rep. 5, 16792 (2015).
19.	 Ghofraniha, N. et al. Experimental evidence of replica symmetry breaking in random lasers. Nat. Comm. 6, 6058 (2015).
20.	 Sullivan, D. Electromagnetic Simulation Using the FDTD Method, (IEEE Press, New York, 2000).
21.	 Li, X. F., Yu, S F. & Kumar, A. A surface-emitting distributed-feedback plasmonic laser. Appl. Phys. Lett. 95, 141114 (2009).
22.	 Kumar, G. A., Thomas, V., Jose, G., Unnikrishnan, N. V. & Nampoori, V. Energy transfer in Rh 6G: Rh B system in PMMA matrix 

under cw laser excitation. J Photoch Photobio A 153, 145–151 (2002).

Acknowledgements
The authors would like to thanks Prof Xiaofeng Li at Soochow University for the help of numerical simulation. 
This work was supported in part by the National Natural Science Foundation of China under Grants 61575040 & 
61106045, the PCSIRT under Grant IRT1218, the 111 Project under Grant B14039, and the open research fund of 
Jiangsu Key Laboratory for Advanced Optical Manufacturing Technologies under Grant KJS1402

Author Contributions
W.L.Z. conceived this work and analyzed the results, Y.J.R. organized and guided this work, M.Y.Z. and R.M. 
conducted the experiment and the numerical simulation, C.Y.G. and Z.J.Y. helped to improve the experiment, 
G.D.P. provided suggestions to improve this work.

Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Zhang, W. L. et al. Fiber-Type Random Laser Based on a Cylindrical Waveguide with a 
Disordered Cladding Layer. Sci. Rep. 6, 26473; doi: 10.1038/srep26473 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	Fiber-Type Random Laser Based on a Cylindrical Waveguide with a Disordered Cladding Layer

	Experimental Setup

	Numerical Analysis


	Experimental Results

	Discussion and Conclusion

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Schematic diagram of the experimental setup and the RL structure.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Refractive and light intensity distribution at 595 nm.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Output spectra of the RL.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Output characteristics of the RL.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Output spectra of the RL for different concentration of gain material.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ Output characteristics of the RL with polyethylene particle in the gain solution.



 
    
       
          application/pdf
          
             
                Fiber-Type Random Laser Based on a Cylindrical Waveguide with a Disordered Cladding Layer
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26473
            
         
          
             
                Wei Li Zhang
                Meng Ya Zheng
                Rui Ma
                Chao Yang Gong
                Zhao Ji Yang
                Gang Ding Peng
                Yun Jiang Rao
            
         
          doi:10.1038/srep26473
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep26473
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep26473
            
         
      
       
          
          
          
             
                doi:10.1038/srep26473
            
         
          
             
                srep ,  (2016). doi:10.1038/srep26473
            
         
          
          
      
       
       
          True
      
   




