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Abstract

Using @-switched Nd:YAG laser excitation, we investigate both theoretically and experimentally
the energy transfer between dyes Pyronin-Y (PY) and cresyl violet (CV) incorporated in a methyl
methacrylate (MMA) matrix. From the absorption and fluorescence spectral data of PY and CV dyes,
we calculate the absorption and emission cross-section of donor and acceptor dye molecules, the cri-
tical transfer radius Ry, the critical concentration Cyp, the half-quenching concentration Cj /2, and the
Foster-type transfer rate ky. We study the influence of donor-acceptor concentration and pump power
on the energy transfer and its mechanism. Both energy transfer phenomenon and the self-absorption
mechanism play a role in laser tunability. We achieve a tuning of the output wavelength (between 580
and 670 nm) by varying the periodic gain modulation generated by a Q-switched Nd:YAG laser.

Keywords: energy-transfer dye laser, solid-state dye laser, wavelength tuning, MMA  polymerization.

1. Introduction

The first solid-state dye lasers, using polymer matrices, were reported around 1960 by Soffer and
McFarland [1] and Peterson and Snavely [2]. Solid-state dye lasers are nontoxic and maintenance-free,
compared with liquid dye lasers [3-5]. Hence, they have been preferably used in solar cells, atmospheric
and underwater sensing, isotope separation, and spectroscopy [6,7]. Solid-state organic polymer-based
lasers give emission from near UV to near IR range, similar to liquid dye-laser emission. It is well known
that organic dyes have a broad energy band and can be easily embedded into the host material, such
as polymers [8,9]. Importantly, flow fluctuation and solvent evaporation are avoided in solid-state dye
lasers [10].

Since the tunability of dye lasers depends mainly on the energy-transfer mechanism in the laser dye
mixture, much research attention has focused on the identification and combinations of suitable dyes.
Energy-transfer dye lasers based on various donor—acceptor pairs have been well demonstrated [11-13].
These have used the distributed feedback (DFB) mechanism to generate subnanosecond pulses [14].
Noticeably, DFB produces a narrow band and frequency-tunable coherent radiation. Together with
the self @-switching technique, laser pulses that are 50-100 times shorter than the pump pulse could be
obtained. The feedback is strongly frequency selective, and the resonant mode for laser oscillation satisfies
well the Bragg condition [15-17]. In such lasers, wavelength tunability can be achieved by changing the
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angle between the two pump beams or by changing the refractive index of the medium, without employing
any frequency-selective element in the cavity [18,19].

Energy-transfer dye lasers based on various pumping schemes have been reported in the literature
[20-22]. The energy transfer between a donor and an acceptor could be modulated via the energy
migration. This modulation of energy transfer depends upon the relative strengths of interaction between
the donor—acceptor () and donor—donor () molecules. The efficiency of the excitation energy transfer
is proportional to the spectral overlap of the fluorescence of the donor and the absorption of the acceptor.
Rhodamine 6G (Rh6G) — cresyl violet (CV) is one of the popular energy transfer systems [22,23]. The
addition of Rh6G was reported to enhance the lasing efficiency of CV [24]. Using this system, Basheer et
al. have reported the pump-power dependence and effect of the acceptor concentration in a prism-type
geometry [14,25, 26].

In this work, we make an attempt to study the mechanism of energy transfer between Pyronin-Y (PY;
donor) and CV (acceptor) incorporated into a solid matrix of methyl methacrylate (MMA) in a prism
dye-cell arrangement. Upon optical pumping, the donor dye molecules absorb the pump energy, are
excited, and release energy to be absorbed by the acceptor dye molecules. The output energy of this
distributed-feedback dye laser (DFDL) was measured at the emission peaks of donor and acceptor dyes
for different pump powers and acceptor concentrations, and its tunability was observed between 580 and
670 nm.
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Fig. 1. Absorption and fluorescence spectra of PY
and CV. Here, PY absorption (curve 1), PY fluores-
cence (curve 2), CV absorption (curve 3), and CV fluo-

Fig. 2. Fluorescence spectra of PY-doped with MMA
film in the absence (solid curve) and presence of
CV (dashed curve).

rescence (curve 4).

2. Theoretical Studies

Applying the rate equations [25] and solving it using the fourth-order Runge-Kutta method, we
study theoretically the behavior of our DFDL. From Fig. 1, the emission spectra of the donor (PY)
are seen to overlap with that of the acceptor (CV). Similarly, donor-donor (DD) or acceptor—acceptor
(AA) transport of excitation energy is evident from absorption and fluorescence spectra of donor and
acceptor dyes, respectively. Hence, both radiative and Forster types of energy transfer have occurred
between the two dyes. The fluorescence spectra (Fig. 2) of the dyes doped with MMA do not reveal
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any new fluorescent peak, and hence there was no complex formation. Since the concentration of donor
and acceptor molecules was less than 5.0 mM, a collisional type of energy transfer was not expected.
Therefore, for the dyes considered in this work, collisional and complexing types of energy transfer were
ruled out under our experimental condition. From the observed absorption and fluorescence spectra of
the dyes, we calculated the spectral parameters using the rate-equation model (presented in Table 1).
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Fig. 3. Variations in the pulse width and peak output power of the donor DFDL (a) and the acceptor DFDL (b) at
fixed donor (Ng = 1.8-10'® cm~?) and acceptor (N, = 0.6-10'8 cm~3) concentrations for different pump intensities.
Variations in the pulse width and peak output power of the donor DFDL (c) and the acceptor DFDL (d) at fixed
donor concentration (Nq = 1.8 - 10'® ¢cm™2) and pump intensity (I, = 0.6 - 10*2 ecm~2-s71) for different acceptor
concentrations.

3. Results

The emission of PY was in the wavelength range of 580-622 nm, with its peak at 593 nm. Similarly,
the emission of CV was in the wavelength range of 583-670 nm, with its peak at 625 nm. We studied the
DFDL output at donor and acceptor lasing peak wavelengths. The threshold of the first pulse and its
starting time and the threshold of other pulses, expressed as a function of the pump power, are shown in
Fig. 3a and b. When a high pump power was applied, the DFDL pulse emerged sooner and with high
output power, although the pulse width appeared smaller. Clearly, an increase in the pump rate had
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Table 1. Spectral Parameters of Pyronin-Y and Cresyl Violet Used in the Rate-Equation Model.

Symbols Meaning of symbol Numerical value
T4 Donor lifetime 2.833 ns
Ta Acceptor lifetime 2.509 ns
Ry Critical transfer radius 34.67 A
Cy Critical concentration 4.97-10'® cm—3
Ci/2 Half-quenching concentration 2.485-10" cm™3
kr Forster-type transfer rate 2.03- 10719 cm3/s
Opd Absorption cross section of donor dye 2.343 - 10716 cm?
at a pumping wavelength of 532 nm
Opa Absorption cross section of acceptor dye 0.336 - 10716 cm?
at a pumping wavelength of 532 nm
Oedl Emission cross section of donor dye molecules at 7.123 - 10716 cm?
the lasing wavelength (A\; = 593 nm) of donor
Oaal Ground-state absorption cross section of acceptor 0.493 - 10716 cm?
dye molecules at the lasing wavelength (A\; = 593 nm)
Oeal Emission cross section of donor dye molecules at 3.05- 10716 ¢cm?
the lasing wavelength (A\; = 593 nm) of donor
Oean Emission cross section of acceptor dye molecules 5.440 - 10716 ¢m?
at the lasing wavelength (\; = 593 nm)
L Length of the transversely excited region 0.9 cm
b Height of the transversely excited region 0.02 cm
c Speed of light 3-10% cm-s7!
n Refractive index of the solvent 1.3628
Ny Refractive index of the prism 1.52
% Visibility of the interference pattern 0.4
S Spectral factor contributing to spontaneous emission 104
Qg Factor determining the fraction of the 1.227-107°
Qg spontaneously emitted photons by excited 0.39-1077
donor and acceptor dye molecules, respectively

resulted in faster buildup of the population inversion. When still more pump power was applied, a second
DFDL pulse emerged. The results suggest that the DFDL emission at the donor wavelength depended
on the acceptor concentration. With increase in the acceptor concentration, the number of DFDL pulses
at the donor wavelength decreased. Also, the output power of a single pulse decreased with increase in
the pulse width and, as a result, the DFDL pulse emerged late (Fig. 3¢). In the case of DFDL emission
at the acceptor wavelength, as the acceptor concentration increases, the number of DFDL pulses and the
peak power were found to increase with decrease of the pulse width, as shown in Fig. 3d.
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4. Experimental

4.1. Materials

Dyes Pyronin-Y (PY, C.I. 45005, Pyronin) and cresyl violet (CV, C.I. 42555, triarylmethane) (che-
mical structures in Fig. 4) were purchased from Sigma Alrich, Mumbai, India. Spectroscopic-grade
ethanol was used as a solvent. The absorption spectra of the dyes were recorded using a UV-VIS
spectrometer (Perkin Elmer-1.S25), and their fluorescence spectra measured using a fluorescence spec-
trometer (Perkin Elmer-L.S45). Fluorescence lifetimes of the dyes were obtained using a single photon
counting spectrometer. For pumping, the second harmonic of a 6 ns Nd:YAG laser (model LAB-170-10;
Quanta Ray) of 10 Hz repetition rate was used.

H3C. 7

N,CH3

a) ] b) I

Fig. 4. Molecular formulas and chemical structures of PY and CV with molecular formula C;7H;9N>OCI and
molecular weight 302.8 g-mol~! (a), and molecular formula Ca5H39N3Cl and molecular weight 407.98 g-mol~! (b).

4.2. Polymer Matrix Preparation

The polymer matrix was prepared by the bulk polymerization method. First, dyes in concentration
as small as 1073 M was taken, because a high concentration of dyes could reduce the photostability of
the host material or lead to aggregation of dye molecules to form dimers. The monomer (MMA) and the
ethanol were taken in the ratio of 4:1. A dye mixture containing a 3 mM solution of Pyronin-Y and 1 mM
solution of cresyl violet was prepared. The dyes were dissolved in ethanol. To eliminate impurities from
the monomer (MMA), it was mixed with aqueous sodium hydroxide, filtered, and distilled thrice. Benzyl
peroxide (3 g/1) was used to initiate polymerization. Polymerization was carried out under controlled
temperature conditions (70°C) using a constant temperature bath. The thickness of the dye-doped
polymer film so obtained was 45.57 pm, as measured by FE-SEM.

4.3. Experimental Setup

The sides of an isosceles right-angled quartz prism (BCDE) were coated by the dye-doped polymer
using the spin-coating method (Fig. 5a). The distributed-feedback dye laser (DFDL) was obtained using
the quartz prism. The prism dye-doped film set-up was used for the creation of the interference pattern
on the surface of the dye cell. The pump beam (532 nm) was focused by a cylindrical quartz lens (focal
length 5 cm) into a line image using a @-switched Nd:YAG laser and made incident on the hypotenuse AB
of the prism. Light transmitted by the hypotenuse of the prism was totally reflected from side AC of the
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Nd: YAG Laser Beam DFDL Cylindrical Lens
(532 nm) Output .
Beam Splitter
‘ Ne:YAG Laser _ _
532 nm Prism Cell with
Input Dye Lase Film
Power
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Fig. 5. Schematic diagram of the prism dye cell (a) and the experimental setup of DFDL (b).

prism and formed fringes on the dye cell, producing periodic modulation of the refractive index and also
the gain. The DFDL output was obtained from side BC of the prism as shown in Fig. 5b. These beams
were made to interfere with the dye cell at different angles by rotating the dye cell set-up (donor—acceptor
angles). Feedback was obtained via Bragg reflection due to a periodic structure incorporated throughout
the active medium. For a pump beam of wavelength A, at angle 6 on the medium, the DFDL wavelength
is given by [27]

nAp

ADFDL = —,
ny, sin 0

where n and n,, are the refractive indices of the dye solution and the prism material, respectively.

5. Results and Discussion

5.1. Thermal Stability of the Dye-Doped Polymer Film

Thermogravimetric analysis (TGA) and differ- 0T
ential thermal analysis (DTA) were performed to o - 1500
identify the thermal stability of the dye-doped 5] I
polymer film using a NETZSCH STA409C ana- > ] A i
lyzer in nitrogen atmosphere at the heating rate of = ] ! ‘\‘ - 1000
10°C/min and temperature up to 800°C (Fig. 6). In ¢ 107 J ) 3868Cel S
the TGA curve, the weight losses occur at 386.8°C, '5 ] \‘-3\0'92 W [ )
which coincides with the DTA curve. This indi- -15-: b [o00 =
cates that the material can retain its texture up to I
386.8°C. 20 Lo
5.2. DFDL Output Measurements 0 200 400 600 800

Temperature, °C

A Q-switched Nd:YAG 'laser was useq as a Fig. 6. TGA and DTA of the Pyronin-Y and cresyl
pump source. To sense the input power being re- ;1.4 dye doped with MMA.

flected from the beam splitter, a sensor (model
J10LE YAG; sensor head-I) was connected to the power meter (EPM 2000; Coherent Molectron). As-
suming the total DFDL output power to be equal on either side of the dye cell, we measure the DFDL

536



Volume 35, Number 6, November, 201/ Journal of Russian Laser Research

output energy from only one end, using a sensor (model J50 MB YAG; sensor head IT) connected to the
power meter. Emission spectra were viewed using an OSM2 spectrometer. The DFDL output energies
expressed as a function of the input pump power and donor—acceptor concentration were computed and
are shown in Figs. 7 and 8. The experimental values (points) show good agreement with theoretical

curves.

1.5
0.5 ]
JA
— - 3
:: 0.4 4 = ]
@ é 1.0 -
D 03+ o ]
L > <
— L
3 -
o 024 3 054
5 g
O o1]® o
o
PR i A .
O.D—"_'_"""‘,-"""“‘ T & r 1 0.0 T T T T T T
1.6 1.7 1.8 1.9 2.0 0.2 0.4 0.6 0.8 1.0 1.2
Input Energy, pJ Acceptor Concentration, 10'%cm
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gies as functions of the acceptor concentration for fixed
pump power (I, = 0.8 10?2 cm~?s™!) and donor con-
centration (Ng = 1.8 - 10'® cm™3), where the theoretical
results are shown by the corresponding solid and dotted

put energies as functions of the pump energy for fixed
donor (Ng = 1.8 - 10 c¢m™3) and acceptor (N, =
0.6 - 1018 cm™3) concentrations. Here, theoretical re-
sults (dashed and solid curves) and experimental re-

sults (stars and filled circles). curves.
680 680
o o b)

6704 W~ 670 W~
£ X5 £ N
< 660 N a) < 660 %
< N £ N
D 650 : D 650 :

S ko) ~

© 640 O O 640 - AN
g ~ s ~
< 630 s < 630 S

620 - e 620 - )

T T Ll

T T T T T T

45 46 47 48 49 50
Angle of Interference, degree

Ll T T

45 46 47 48 49 50
Angle of Interference, degree

Fig. 9. Tunabilities of the donor (PY) DFDL (a) and the acceptor (CV) DFDL (b) as functions of the angle of
interference 6. Here, theoretical results are shown by filled squares and experimental results, by circles.

5.3. Wavelength Tuning

We studied the wavelength-tunability potential of the title dyes singly and in combination.

PY

solution (3 mM) alone was taken and tunability of the DFDL was evaluated. By varying the angle of
interference 6 of the pump beam between 49° and 55°, we found the peak DFDL emission at 53°. When
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the experiment was repeated with the dye mixture (3 mM PY and 1 mM CV) by varying the angle of
interference between 45° and 50°, we found the peak DFDL emission at 50°. From spectrometric readings,
the tunability range for PY (DFDL) only was between 580 and 622 nm, but for the dye mixture, the
tunability extended up to 670 nm. Figure 9 shows the experimental and theoretical values of tunability

of both DFDLs.

6. Conclusions

Organic PY and CV dyes were doped with MMA by the spin-coating method, and their energy
transfer from the donor (PY) to the acceptor (CV) has been observed. We studied the effect of the donor
and acceptor concentration and the pump power on the energy transfer and analyzed its mechanisms.
The tunable range was found to be from 570 to 680 nm, which is greater than 90 nm.
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