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We study the dynamics of the emission spectrum of a distributed Feedback Dye Laser in Rhodamine 6G doped polymer films. The optical feedback is provided by Bragg gratings formed in the film by interference patterns created by the pump beams. In this experiment the sample is pumped by two beams in a Lloyd mirror interferometer configuration. Both the delay and the angle between the two beams can be varied. The analysis of the emission spectrum as a function of the delay between the pumps allows measurement of the lifetime of the polarization modulation in the material. The coherent superposition of the pulses produces five laser lines in the emission spectrum. Key words: distributed feedback dye laser, polymer thin film, lloyd mirror interferometer, lifetime measurement



1 INTRODUCTION The past few years, lasers based on polymer materials have attracted a considerable amount of interest. Indeed, the success of organic light-emitting diodes opens the way to electrically pumped organic lasers [1–2]. Moreover, wavelength tunability in polymeric lasers can be easily achieved using Distributed Feedback Dye Lasing (DFDL). Distributed Feedback Dye Lasers were pioneered in 70 by Kogelnik and Shank in liquid dyes. DFDL
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was very broadly used and studied in several organic materials during several decades. Recently this technique was revised with optically excited DFDL dye doped polymer thin films. Many works were focused on the possibility of wavelength tunability. An optically induced periodic change of the refractive index or of the gain is required to obtain DFDL in a waveguide. This grating plays the role of a Bragg spectral filter in the fluorescence line of the dye-doped polymer. There are several ways to fabricate gratings in thin films. The first one consists to create surface relief gratings. They can be obtained by a self-organization of the material on the surface azopolymers, like PMMA-DR1. In this case, the sinusoidal relief grating is obtained by illumination of the sample by an interference pattern [3, 4]. The other possibility to obtain the Bragg spectral filtering is the use of dynamic gratings written during the duration of the pulse [5, 6]. This phenomenon is reversible, the sample returns to its initial state after relaxation. We study the temporal behaviour of several simultaneous Bragg gratings written in the medium. Such dynamics has been extensively studied by direct measurement of the intensity of the diffracted beam by transient gratings [7]. More recently, dual Bragg gratings overwritten in optical fibres have shown an enrichment of the emission spectrum due to refraction index modification in the fibre [8]. Interference pattern with four or six pumps produces several wavelengths in the DFDL emission spectrum [9], opening the way to the fabrication of Dense Wavelength Division Multiplexing (DWDM) polymeric sources for telecommunications. In this paper, we present new results concerning the spectral evolution of the laser emission of a DFDL as a function of the temporal delay between two pump pulses. We propose a model which takes into account all the interactions which can occur in within the coherence time of the laser and which can explain the multi-wavelength emission spectrum. 2 EXPERIMENTAL Laser emission measurements were carried out in thin films composed of a luminescent organic dye (Rhodamine 6G–Rh6G) incorporated into a host polymer matrix (Polymethylmethacrylate, PMMA). Polymer samples were prepared by spin-coating onto 1 mm thick glass plates. The concentration was 150 g/l for the polymer and 4.10−3 M/l for Rh6G in 1,1,2-trichloroethan solvent. The film thicknesses were adjusted as a function of PMMA concentration in the solution and by the spin-coater rotation speed; it was measured using a DekTak profilometer. Typical films thicknesses were small enough to support only the first transverse electric mode (TE0 ). Therefore, we avoid the presence of several laser lines in the emission spectrum reflecting transverse modes of the waveguide [10]. The linear refractive index of our doped-polymer films was typically in the range
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1.47–1.49, just below the value of the glass refractive index. Nevertheless, the propagation of the laser emission can occur in such thin films because the light is guided by the gain. Polymer laser emission can be achieved in the film by using multiple Bragg reflection. A dynamic refractive index grating is optically written in the material with a Lloyd mirror set-up. The period of the grating depends on the incident angle θ between the axis of the incident beam and the normal to the film. The lasing wavelength λ can be related to the incident angle θ and to the period of the transient grating  using the following expression: n eff λ p 2n eff  = (1) m m sin θ where n eff is the effective refractive index, λ p the wavelength of the pump laser, and m the Bragg reflection order. For example, a laser line emission is observed at 565.8 nm while a theoretical value of 565.91 nm is calculated with an incidence angle θ of 44◦ 16 , n eff = 1.485, m = 2 and λ p = 532 nm. The laser line wavelength can be easily tuned by rotation of the Lloyd mirror set-up. However, two pump beams, with different incidence angles, are necessary to create two different gratings in the sample. Figure 1 shows the scheme of the laser configuration with two delayed pumps beams. The Nd:YAG pump laser produces 35 ps duration pulses at a repetition rate of 5 Hz. The pulse energy is about 100 mJ at a wavelength λ=



FIGURE 1 Experimental set-up for two beam pump configuration.
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of 532 nm, obtained by second harmonic generation using a KTP crystal. Intensity of the pump beams are varied by means of a half-wave plate and a Glan-Taylor prism. The pump beam is divided in two parts by a beam-splitter (50/50). A set of two mirrors allows tuning of the incidence angle of the second pump, whereas the incidence angle of the first pump is fixed. We use s-polarization for the pumps with an intensity just above the threshold to obtain only one TE mode [11]. The delay between both pumps can be tuned by moving a mirror over a long distance. In order to improve the lateral confinement we use a 30 cm-focal cylindrical lens which concentrates the pump beam along a narrow line of 80 µm width. The pump beam surface onto the film is typically 2 × 10−3 cm2 . The signal emitted and guided by the film is collected by a polymer optical fibre (0.9 mm core diameter) and directed to the input slit of a spectrometer. The light is then dispersed by a 12 cm focal length monochromator, using a 1200 lines/mm grating, and detected with a cooled charged coupled camera located in the conjugated plane of the input slit. Dispersion of the spectrometer is 0.15 nm per pixel. The first Bragg reflection order is not allowed with a pump wavelength at 532 nm. All the results presented here were obtained with the Bragg order m = 2. The corresponding incidence angles are close to 45◦ and permit to maximize the interference area in the films. The angular angle difference between both pulses must be lower than 2.8◦ to obtain two laser lines in the highest gain region of the ASE spectrum of Rh6G (560–590 nm). The spectra presented in this paper were obtained by a post-addition, pixel by pixel, of all the lines of the image. By this way, dynamics is improved since measurement is carried out on each line of the CCD matrix camera. 3 GRATING LIFETIME MEASUREMENTS The dynamics of the emission was studied by varying the delay between the first and the second pump pulse by moving the prism of the delay line over a long distance. Figure 2 shows the evolution of the DFDL emission spectrum as a function of this delay δ between both pump pulses. The delay varies from 0 (both 35 ps pulses perfectly overlap) to 1 ns. When the delay between both pumps is very large (typically δ > 1 nanosecond), only two laser lines appear in the DFDL emission spectrum and their wavelengths λ1 = 558.2 nm and λ2 = 565.8 nm correspond to the theoretical wavelengths computed with n eff = 1.485 and angles θ1 = 45◦ 03 and θ2 = 44◦ 16 . It is evident that each laser line is due to each pump laser beam and there is no interaction between them. The integration time of the camera (150 ms) allows sequential recording of both successive spectra with different peaks as the two events are completely independent. The pump pulse arriving in
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FIGURE 2 Evolution of DFDL emission spectrum with the delay between the two pulses.



advance on the interferometer creates a grating in the polymer, giving rise to the peak at wavelength λ1 . When the delayed pump pulse arrives on the film, the first grating is “cleared” in the material. This second pulse creates a second Bragg grating with a different modulation period, at the origin of the laser line at wavelength λ2 . If the delay between the two pulses is decreased, then the dynamic index grating created by the second pump pulse is added to the spatially modulated material excited by the first pump beam. The two pulses are not coincident in time and consequently, this incoherent superposition does not result in an interference pattern between the two pulses. A third laser line appears in the emission spectrum at the wavelength λ3 equal to 562.0 nm, which corresponds to λ3 = 1/2 (λ1 + λ2 ). This wavelength is equivalent to those obtained if the doped-polymer sample is excited by one pump with an incident angle θ3 = 1/2 (θ1 + θ2 ). The intensity of the central peak increases when the delay between both pumps decreases. If the delay is small enough, the first grating stored in the material is preserved. This grating gives rise to a polarization pattern and the second pulse produces a spatially modulated population density in the material. If the delay time if lower than a characteristic time T, then the third peak appears in spectrum. Consequently, by measurement of the intensity of the third laser line as function of delay, we assess the lifetime of the polarization grating in the material [12]. The evolution of the intensity of the central peak vs. the delay between both pulses is shown in Figure 3. The dots represent the experimental data
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FIGURE 3 Time dependence of the central laser line intensity: experimental data (dots) and theoretical fit (solid line).



and the decay process is fitted by an exponential function: IC = A + B. exp(t/τs )



(2)



with τs = 229 ps. This decay time τs is three times smaller than the value corresponding to the Rhodamine 6G singlet fluorescence lifetime in liquids [13].



4 FIVE-LINE DFDL EMISSION When the delay between the two pulses decreases and becomes lower than the pulse duration (35 ps), there is temporal overlap between the beams. The superposition of the two pairs of beams becomes coherent and their interaction produces a more complex emission spectrum. Figure 4a shows the spectrum obtained with a coherent superposition of the two pulses. Two new laser lines appear (lines 4 and 5) on both side of the central laser line (line 3). The wavelengths of these two new laser lines are given by λ4 = (λ1 + λ3 )/2 = 560.1 nm and λ5 = (λ2 + λ3 )/2 = 563.9 nm. The duration of these new peaks correspond to the pulse duration of the pump (Figure 5). The experimental data are fitted by a Gaussian function:   (3) I = A + B exp − [(t − τ/2)/t]2 where A and B are constants, τ is the zero-shift Gaussian function, and t the full width at half maximum (FWHM) pulse duration. We obtain a fit parameter t = 52.78 ps, in good agreement with the pump pulse convolution product.
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FIGURE 4 Emission spectrum with coherent superposition of both spatially shifted pulses (left) and wave vector arrangement in the sample (right).



With the Lloyd interferometer configuration and with only one pump beam, two symmetric wave vectors k1 and k1 interact in the film (where k1 represents the direct wave vector to the polymer and k1 represents the wave vector after reflection on the mirror, see Figure 4b). These two waves are superimposed in the medium to produce an interference pattern. The grating vector (q) of this interference pattern is given by q = ±(k1 − k1 ) and its modulus is directly linked to the period of the interference pattern  with  = 2π/q. With a Bragg order m = 2, the wavelength selected by this grating is proportional to λ p /2. Another point of view is to consider the interaction of four wave vectors. In this case, the resulting wave vector is given by R = k1 + k1 − k1 − k1 and the grating vector is q = R/4, that gives an emitted wavelength λ = n eff .λ/(2 sin θ ). The geometrical construction with different wave vectors interacting in the polymer explains the spectrum obtained from a dual coherent pump excitation. Two laser beams (k1 and k2 for direct waves and k1 and k2 for



FIGURE 5 Time dependence of forth and fifth laser line intensity: experimental data (points) and theoretical fit (solid line).
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the reflected waves, see Figure 4b) are superimposed in the medium to produce an interference pattern. With the four wave vector approach, many interactions occur within the material. For example, the interaction between the four wave vectors k1 + k2 − k1 − k2 gives a grating vector compatible with the central laser line (Line 3). For another example, both interactions k1 + k2 − k1 − k1 and k1 + k1 − k1 − k2 give rise to the grating wave vector R = k(3 sin θ1 + sin θ2 ) with k = 2π/λ p . The associated wavelength is given by: λ4 =



2n eff λ p 3 sin θ1 + sin θ2



(4)



where θ1 and θ2 are respectively the incidence angle of the first and the second pump beam. The theoretical wavelength λ4 = 560.06 nm computed with n eff = 1.485 and angles θ1 = 45◦ 03 and θ2 = 44◦ 16 is in a good agreement with the measured value (560.1 nm, laser line 4). By taking account of all interactions with four photons and by taking only the solutions obtained inside the ASE spectrum of the Rh6G dye, we have calculated a histogram with five different wavelengths corresponding to the observed spectrum. The same approach with the third order Bragg reflection (m = 3) shows a spectrum with 7 laser lines, and the corresponding wavelengths were experimentally verified. Then it is possible to describe the number of laser lines which can be obtained in the DFDL emission spectrum, according to the Bragg diffraction order and the number of pump beams.



5 CONCLUSION We have demonstrated a new configuration using a two pump beam excitation in dye-doped polymer thin films to study the dynamics of the DFDL emission. When a second pulse is delayed with respect the first one, the polarization modulation due to the first pulse was measured. This is a new way to access the lifetime of polarization gratings in the material. When both pump pulses superpimpose in the polymer, a coherent interaction occurs and produces fives laser lines in the DFDL emission spectrum. The multi-peak formation can be described by a four wave interaction in the material.
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