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PICOSECOND DISTRIBUTED FEEDBACK LASER
IN INFRARED -VISIBLE SPECTRAL RANGE
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Abstract - A novel scheme of the picosecond DFB dye laser with a wide tuning range of 2900 A in the visible-infrared
range has been realized. Influence of the pumping pulse energy on DFB laser output temporal properties has been
investigated numerically and the shortening of the first generated pulses with the increasing of pump energy has been
demonstrated.

1. Introduction

In this paper we report on the temporal and spectral characterization of a visible-infrared
distributed feedback (DFB) dye laser. We show that a simple setup can be used to generate
picosecond laser pulses in a wide spectral range. Fine wavelength tuning between 560 + 850 nm
and selection of the central wavelength are done by changing the crossing angle of the pump beams
in an active medium. DFB dye lasers are well known as simple tunable laser sources providing
nearly Fourier-transform limited short-duration pulses [1-3], and usually used for spectroscopic
applications in physics, chemistry, biomedicine, etc. In recent years, the interest in such lasers has
arisen which is connected with development of microchip tunable lasers [4] for creation of
ultracompact devices such as high-capacity wavelength-division-multiplexed optical systems,
optofluidic lab-on-a-chip spectrometers [5], etc. There are two different approaches towards the
fabrication of a DFB laser oscillator: to prepare a permanent DFB structure and to generate a photo-
induced distributed feedback structure for the duration of the pump pulse (dynamic DFB). For the
latter, fabrication of a DFB laser is much easier, since no permanent structure has to be fabricated in
the lasing material. In this approach a pump beam is usually divided in two parts by a beam splitter
and then these parts are crossing in an active medium. In the area of the beams overlapping the
interference pattern is established, where the periodic change of the gain and refraction index is
realized. This photo-induced pattern can be formally considered as a set of semitransparent mirrors
that form a distributed feedback oscillator in the active media. It is worthy to mention that such a
structure is the first realization in practice of the artificial optical media with periodically modulated
optical constants that currently are named “photonic crystals”. The wavelength’s selection in DFB
laser is achieved by Bragg’s scattering and the generation wavelength is given by the relation A =
2nA, where A is the separation of the interference fringes or the period of modulation, n is the
average index of refraction of the active medium. The high order Bragg’s scattering in sinusoidal
modulated structures is low effective [6], and the lasing in practice is realized usually in the first

order of the Bragg scattering. The period of modulation A is determined by pump laser wavelength
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and for the dynamic DFB lasers, where the typical active medium is a solution of organic dye in
ethanol (index of refraction of which is 1.36), the quantity A,/A, is smaller than 1.4, which is a
restricting factor for action of such laser. Therefore, to accord the lasing wavelength with the pump
wavelength both for a wide range of pump wavelengths and laser dyes, usually the entering of the
pump beam into the active medium via prism geometry [7] is used. In this case the laser generation
wavelength is given by the following expression [6]
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where n, is the index of refraction of the prism, # is the index of refraction of the active medium, 2,

is the wavelength of the pump beam, B is the angle of refraction.

Realization of the wavelength tuning in the dynamic DFB lasers by changing the pump beam
incident angle in the active medium is connected with technical difficulties. In order to provide the
crossing of two pumping beams during the lasing in a wide spectral range, it is required to rotate
and correct the position of two mechanically connected mirrors [8] (or prisms [9]) simultaneously,
without of additional adjustment of others optical elements. The problem is in appearance of
significant spatial shift between two crossed pump beams that leads to the destroying of interference
pattern. This situation is illustrated in Fig.1 for case of prism entering and when the incident pump
beam initially was directed normally to the enter surface of the prism (beam 1). During the
wavelength tuning, when the incident pump beam is directed at some angle to the enter surface of
the prism (beam 2), the spatial shift d arises. Such spatial shift is formed in all known schemes of

dynamic tunable DFB lasers and destructively influences the lasing properties.

2

laser medium

Fig. 1. Spatial shift d arising at the changing of the pump beam incident angle in DFB laser with the prism
entering.
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Several research teams have been attempted to optimize the scheme of dynamic DFB by

decreasing this impeding spatial shift [10-14]. The better result was obtained in work [14], where

tuning range of about 350A was demonstrated. In this work the holographic grating was used as the

beam splitter and pump beams, representing the —1 and +1 first-order diffraction rays, are crossing
in the active medium and forming the interference pattern.

Note that for realization of the ultrashort pulse generation, the small length L of DFB structure

is required, since the resonator length mainly determines the pulse duration: t< Ln/c. There is a

minimal length of DFB structure that is determined by the minimal value of the gain in active

medium for reaching the lasing threshold. In general, the gain G is given by the expression

InG= GEJ. n(x)dx, 2)
where o, is the effective cross section of emission, n(x) the population density of excited level.
However, to except significant destruction of needed sinusoidal exited state distribution in DFB

structure, only the one-third part of the total population N should be excited: In(x)dx ~ NL/3 and

even taking into account this limitation, the subpicosecond pulses with duration in the order of
hundreds femtoseconds can be generated in DFB dye lasers [14]. For generation of pulses of
picosecond duration, the length of DFB structure should be of the order L ~ 1-2 mm, but such
compact DFB structure is sensitive even to a very small spatial shift arisen between the crossing
pump beams.

In our previous work we have presented the picosecond DFB dye laser scheme that provides a
wide tuning range of 90 nm in the 560—650 nm visible spectral range, using rhodamin 6G and 6
aminofenolenon organic dyes solution in ethanol [15]. In the present paper we present a new
scheme of picosecond DFB dye laser proposed for operation in ultrawide visible-infrared spectral

range.

2. Experimental setup

DFB dye laser experimental setup is shown in Fig. 2.

One part of the pump beam is reflected by semitransparent mirror 1 and directed by totally
reflecting mirror 3 to the active laser medium, while the other part is totally reflected by mirrors 2
and 4 and, also directed to the dye cell. The two parts of the beam form an interference pattern in
the active medium. Dye cell is immobile and located at the place that concave with the axis of the
rotating disk D. Mirror 4 is also stationary located. Mirror 3 is rotating and located on the disc D
that is mechanically connected with the mirror 1. Thus two synchronously rotating mirrors 1 and 3
direct one part of the pump beam to the center of the disk. Such geometry of DFB scheme allows us

to completely except the spatial shift between the pump beams and conserves the quality of
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interference pattern at the tuning in ultrawide spectral range. In addition, this scheme can operate
with prism entering of the pump beam into the active medium. In experimental setup the prism
material - fused silica is chosen because of convenience of it’s index of refraction to provide the
generation. within the gain profile of the several laser dyes, overcoming the visible-infrared range
of the spectrum. The wavelength of a photo-induced DFB-dye laser can be easily tuned by changing
the angle of the incident pump beam in the active medium by rotation of the disk D that is
mechanically connected with the mirrors 1 and 3. In the present experiment a tuning range of the
wavelength from 560 to 850 nm is obtained. Laser generation in 2900A tuning range of the visible-
near infrared spectrum without intermediate subalignment of optics is obtained. Starting at 560 nm,
the visible green-red laser generation is realized with rhodamine 6G, 6 aminofenolenon and oxazine
laser dyes. The laser generation in the 710-850 nm near-infrared range is obtained with 4424 and
5166 polymethyne dyes. A very important parameter of DFB dye lasers is the ratio of the
amplitudes of laser generation and amplified spontaneous emission (ASE). Note that in the known
schemes of DFB dye laser, the level of ASE is equal to the level of laser generation at the edges of
tuning range, even if only one laser dye with tuning range about 30—40 nm is used. Such a high
level of ASE is undesirable for spectroscopic studies. Figure 3 demonstrates the altitudes of laser
generation and ASE in our scheme, when tuning of wavelength in the spectral range of two laser
dyes is realized. The ASE level is about two orders less than the level of laser generation on the

edges of the tuning range that additionally indicates the high quality of DFB structure.

Pump beam

Fig. 2. The scheme of DFB dye laser. 1 — semitransparent mirror; 2—4 — total reflection mirrors, 5 — active
medium with prism entering.
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Fig. 3. The laser generation and ASE levels at the wavelength tuning with the rhodamine 6G (1) and
6 aminophenolenon (2) laser dyes.

The DFB dye laser was pumped by the second harmonic radiation of the picosecond passively
Q-switched and mode-locked Nd:YAG laser. The pulsed output of the picosecond laser (4 = 1064
nm) was frequency-doubled in a KDP crystal. A bandpass filter was used for the separation of the
532 nm beam from the fundamental. The pump laser typically generates pulses with a duration of

30 ps at 532 nm and a repetition rate up to 10 Hz.

3. Temporal characterization of the DFB laser with picosecond pumping
In this section DFB resonator rate equations that were proposed by Bor and Miiller [11] for
case of organic dye as a four-level lasing medium are used by us to analyze the temporal behavior

of the generated DFB-laser pulses:
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In these equations N(¢) describes the density of dye molecules in the first excited singlet state,

O(t) the density of DFB photons, 7. is the average lifetime of the photons in the DFB resonator, and
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Py is the output power of the DFB laser. N, is the density of dye molecules, /, -the spatially
averaged pump photon flux per unit area, 6, the absorption cross section at the pumping wavelength
for the ground state, G, -the absorption cross-section at the DFB laser wavelength from the first
excited singlet state to the second one, G. the stimulated emission cross section at the laser
wavelength, and 7r the fluorescence lifetime of the first excited state. Here ¢ is the light speed in
vacuum, L the length of the pumped space, a the penetration depth of the pump light into the dye
layer, b the height of the excited space, V the visibility of the interference fringes and n, the index
of refraction of the dye layer; Q determines the fraction of the spontaneous emission, which
propagates into the angular and spectral ranges of the DFB-laser beam, and /4 is Planck’s constant.
Temporal behavior of DFB dye laser at nanosecond nitrogen and subnanosecond (540 ps)
YAG:Nd pumping was analyzed in works [4, 11], respectively. In the present work we studied the
case with picosecond pumping that agreed with our experimental conditions. The pump pulse was
considered as a Gaussian-shaped single pulse of 30-ps duration and length of DFB structure of 1.6
mm. The results of simulations for pump energy value 0.09 wJ, which is near to lasing threshold, are
shown in Fig. 4. The generation of a single pulse with the duration 25 ps and 200-300 ps after
excitation has been obtained. The analogous laser generation duration was obtained at the changing

of the pump pulse duration in the range from 10 ns to 50 ps.
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Fig.4. Temporal profile of DFB dye laser at Epmp,= 0.09 .
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At the pump energy Epump = 54 WJ the simulation predicts generation of two laser pulses. The
first pulse with the duration At = 23 ps is formed at the 200-300 ps after the excitation. The second

pulse with the duration At = 65 ps is emitted at 3750—-4050 ps after the excitation.
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Fig.5. Temporal profiles of DFB dye laser at E,,m, = 54 pJ.

Below Fig. 6. illustrates DFB laser temporal properties with further increasing of pump
energy. The generation of the train of laser pulses and shortening of firsts emitted pulses with

increasing of the number of generated pulses was observed.
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=72 wJ, generation of three pulses
=108,

generation of five pulses is predicted: first pulse At=17 ps, second pulse At =40 ps, third pulse At=40 ps,
forth pulse At=41 ps, fifth pulse At=42ps.c. £, = 225, generation of nine pulses is predicted: first pulse

Fig.6. DFB laser temporal properties at high level of pump energy. a. E

pump

is predicted: first pulse At=22 ps, second pulse At=350 ps, third pulse At=52 ps. b. E

pump

At =17 ps, second pulse At =28 ps, third pulse At=28 ps, ninth pulse At= 70 ps.

For the considered last case E,, =495 ul, generation of the 18 pulses is predicted and

duration of first laser pulse is shortened up to value of 14 ps.
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Fig7. E,,, =495 pJ, the 18 pulses are generated. Duration of the first pulse: At=14 ps, duration of the last
pulse: At =74 ps.

It is concluded that the laser generation of widely tunable pulses in the visible-infrared

spectral range and with high contrast lasing/ASE ratio in novel picosecond distributed feedback dye

laser can be realized. The numerical study of DFB dye laser temporal properties on picosecond

pump energy demonstrates the single-pulse and multi-pulse generation modes, as well as the

shortening of the first generated pulses with increasing of the pump energy.
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