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Lasing properties of active medium based on sulforhodamine 101
incorporated into commercial polyurethane compound

S.V. Nikolaev, V.V. Pozhar, M.1. Dzyubenko

Abstract. The lasing properties of polymer matrices based on com-
mercial polyurethane compound activated by sulforhodamine 101
dye are studied. Lasing with an efficiency of 26 % and pulse energy
of 76 mJ is obtained using microsecond transverse pumping at a
wavelength of 587 nm. The service life (time of operation to a decrease
in the output energy by 50 % upon excitation by 0.3 J cm™2 pulses)
amounts to 2500 pulses. A particular attention is given to the bichro-
matic lasing spectra of the samples tested. Based on the experimental
data a model explaining the two-band emission spectrum is proposed
and discussed.
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1. Introduction

The development of new active media for solid-state dye
lasers (SSDLs) is a promising line of research in laser physics.
The main requirements for these media are the high pump
conversion efficiency and a long service life of the active ele-
ment. Many studies on this subject were devoted to the syn-
thesis and improvement of new polymer and hybrid materials
for the solid base of laser elements, which would possess nec-
essary optical and thermophysical properties, and to the
search for the most efficient and resistant dyes to activate
these media [1-8]. Much attention is paid to the development
of techniques for fabricating laser active elements of neces-
sary configuration; studying their optical, spectral, and lumi-
nescence properties; and analysing the energy, spectral, and
resource characteristics of the active elements under different
excitation conditions. It should be emphasised that specifi-
cally excitation conditions, which depend on the width,
energy, and spectrum of pump pulses, determine to a large
extent the requirements for the thermophysical and optical
properties of solid matrices. In particular, to form active
SSDL elements that can efficiently generate high-power
microsecond pulses, one must use polymers that are, on the
one hand, highly elastic and, on the other hand, appropriate
for fabricating matrices of good optical quality. Previous
investigations showed that polyurethane and its derivatives,
for example, polyurethane acrylates [9], satisfy these require-
ments.
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This work continues our previous investigations, which
were aimed at forming new polyurethane-based active media
for high-power microsecond SSDLs [10]. The main purposes
of those studies were to find the most efficient dye—poly-
urethane combinations, improve the techniques for preparing
highly efficient laser matrices, and study their lasing charac-
teristics. The behaviour of a particular dye in a polyurethane
matrix is difficult to predict; therefore, dyes are to be chosen
experimentally. Nevertheless, one can significantly narrow
the field of search by testing dyes that were previously suc-
cessfully used to activate other polymers. One of such dyes is
rhodamine 640. Garcia-Moreno et al. [11] developed highly
efficient and photostable laser matrices by incorporating this
dye into appropriate polymer media. Based on these results, a
similar dye was chosen as an activator of polyurethane
medium, whose lasing properties are the object of our study.

2. Characteristics of the active medium
and experimental technique

The active medium under study was based on the commercial
transparent polyurethane resin T-809 (Italy) with incorpo-
rated dye sulforhodamine 101 (Sigma-Aldrich), which is a
sulfo-derivative of rhodamine 640. During matrix prepara-
tion the resin components were carefully filtered and degassed
to prevent the formation of microinclusions and bubbles in
the active medium. The mixture prepared was poured into a
cylindrical quartz cell with plane-parallel faces, where poly-
merisation occurred. To obtain the best optical quality, the
process was performed at an optimal constant temperature,
which was chosen experimentally.

The normalised absorption and fluorescence spectra of
sulforhodamine 101 in polyurethane compound are shown in
Fig. 1. Note that they are similar to the spectra of this dye in
ethanol [12]; the only difference is some shift of the maxima of
absorption and fluorescence bands. In both cases the spectra
have a pronounced vibrational structure on the short-wave-
length wing of the absorption band and in the long-wavelength
part of the fluorescence spectrum. The maximum extinction
coefficient of sulforhodamine 101 in polyurethane, €., was
found to be 1.31x10° mol™! cm™, a value only slightly below the
extinction coefficient of this dye in ethanol solution (e,,x =
1.39x10° mol~! cm™ for ethanol solution [12]).

The active elements had a radius of 10 mm and lengths
of 10 and 20 mm. Active media with dye concentrations C =
5%10* and 2.5x10* mol L' were introduced, respectively,
into 10-mm and 20-mm matrices. The SSDL cavity was formed
by planar dielectric broadband mirrors. The highly reflecting
mirror had a reflectance R ~ 99%, and the transmittance of
the output mirror was varied. The matrices were excited trans-
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Figure 1. Normalised absorption (D) and fluorescence (F) spectra of
sulforhodamine 101 in polyurethane.

versely. Two pulse-periodic lamp-pumped liquid dye lasers
(LDLs) were used as excitation sources; they differed in the
cell diameter. The 10- and 20-mm matrices were excited by
LDLs with cell diameters of 7 and 16 mm, respectively. The
active medium of the pump lasers was an ethanol solution of
dye rhodamine 6G. These lasers generated pulses ~ 4 us long
(at the base level) with a wavelength close to 587 nm and ener-
gies up to 350 and 800 mJ, depending on the cell diameter.
The pump beam was focused on the matrix under study using
a cylindrical lens with a focal length of 60 mm. The optimal
lens position with respect to the matrices was determined by
the maximum SSDL energy.

In the experiment we measured the energy and spectral
emission characteristics of the matrices, as well as their service
life, with a change in the pump energy density and variation
in the SSDL cavity parameters. The SSDL pump and lasing
energies were measured by IMO-2N calorimetric energy meters.
Integrated spectra were recorded by a spectrograph based on
a UV-90 camera with a 1200-lines mm™! diffraction grating.
The evolution of the spectra was analysed using a high-speed
SFR photodetector in combination with a 300-lines mm™! dif-
fraction grating.

3. Experimental results and discussion

The lasing efficiency of the active medium under study was
estimated by measuring the lasing energy E, and efficiency 7
for polyurethane matrices, changing the energy density and
SSDL resonator Q in wide ranges. The best results for the
matrices with lengths /= 10 and 20 mm, obtained in the single-
pulse regime, are listed in Table 1. This table contains also the
average pump energy densities £}, and output mirror reflec-
tances R.

A further increase in the pump energy density led to local
thermal fracture of matrices at the points where the excitation
energy was maximum. The measurements showed that, depend-
ing on the pump beam divergence and degree of focusing, the
maximum pump energy density on the matrix surface may
exceed the average value by a factor of 1.5-2.5. Hence, in the
regime of single microsecond pulses this medium can withstand
irradiation with an energy density not higher than 1 J cm™—.

Table 1.

[/mm R (%) E,/Jcm™ E./mJ 7 (%)
10 50 0.6 23.5 20
20 16 0.7 76 26

A practically important characteristic of any solid matrix
is its service life. It is determined by the total effect of the
radiation resistance of the polymer base and the dye photo-
dissociation rate. Taking into account that both these factors
depend on the pump energy density, we measured the depen-
dence of the lasing energy for the matrix with the dye concen-
tration C = 5x10-*mol L' on the number of excitation pulses
n at different pump energy densities. To reduce the effect of bulk
heating of the matrix, the pulse repetition rate was limited by
0.2 Hz. Figure 2 shows the dependences of the service life for
three average values of the pump energy density.
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Figure 2. Normalised dependences of the lasing energy E, on the num-
ber of pulses n at pump pulse energy densities £, = 0.3 (1), 0.45(2), and
0.55Jcm™2(3).

These data indicate that at a pump energy density of
0.3 J cm2, which is about half of limit, the lasing energy
decreases to 50% of the initial value after 2500 pulses. An
increase in the excitation energy density significantly reduces
the laser service life. At pump energy densities below 0.5 J cm 2
the only factor reducing the lasing energy is dye photobleach-
ing, while at energies above this value the excited region in the
matrix exhibits signs of thermal fracture.

Along with the energy and service life characteristics, we
investigated the lasing spectra of sulforhodamine 101 in poly-
urethane. The main feature of these spectra was the presence
of two bands. Note that similar bichromatic lasing spectra
were previously observed for a series of dyes belonging to
different classes but having structural luminescence spectra
[10, 13, 14]. In our experiments the long- and short-wavelength
bands were emitted in the ranges of 645-657 and 612—627 nm,
respectively. With a change in the pump intensity and resona-
tor Q the relative band intensity changed, but the number
of bands remained the same. Only at the lowest excitation
energy density and the lowest resonator Q the spectrum con-
tained a single short-wavelength band. The time-base emis-
sion spectra, obtained by a high-speed photodetector, revealed
that both bands are generated almost simultaneously and
coexist throughout the entire pulse. This can be seen in the
typical spectrochronogram in Fig. 3. A similar regularity in
the formation of lasing spectra was observed in [13] for ethanol
solutions of benzopyran dyes.

Simultaneous generation in two spectral bands in the same
volume of active medium can be caused by two reasons. The
first is the presence of emission centres of two types with dif-
ferent spectral characteristics in the active medium. Such cen-
tres can be, for example, different associated forms of dyes,
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Figure 3. Time scan of the lasing spectrum of sulforhodamine 101 in
polyurethane.

whose interaction determines the spectral characteristics of
emission. Specifically this mechanism was considered in some
studies as the main to explain the effect of bichromatic emis-
sion [14].

The second reason is the existence of spaced lasing regions
with different losses (and, therefore, different spectral gain
profiles) in an inhomogeneously excited medium. For dye-based
active media with partially overlapping structural absorption
and luminescence bands these profiles have a peculiar shape,
characterised by the presence of two local maxima, whose
relative intensity depends on the threshold inversion in a given
region [10]. Assuming that pair interactions of molecules may
affect the spectral characteristics of the active medium, we
nevertheless believe the second reason to be more likely.

Upon transverse laser pumping the formation of spaced
lasing regions with different degrees of threshold inversion is
caused by the nonuniform radiation intensity distribution
both over the excitation beam cross section and along the
active medium depth. The intensity is generally maximal on
the beam axis and decreases to the periphery. This leads to the
same nonuniform pump intensity distribution along the major
axis of the focal spot of cylindrical lens. As a result the regions
near the active element faces are pumped less intensively than
the region near the beam axis. The pump radiation weakens
when penetrating the active medium, due to which at a certain
depth the pump intensity near the faces becomes lower than
the threshold value, and the length of the active region decreases
in this layer. Correspondingly, the loss factor increases in this
region and the spectral gain profile becomes blue-shifted. The
tendency to a decrease in the active-region length when pene-
trating the bulk of the active medium is retained up to the
layers where the pump intensity cannot compensate for ele-
vated losses. Note that this effect leads to broadening of the
lasing spectra for dye active media with “structureless” spectra
and to two-band lasing for dyes with a well-pronounced
vibrational structure of the fluorescence spectrum.

It follows from the aforesaid that in a nonuniformly
excited active medium long-wavelength radiation should be
generated mainly at the periphery of the lasing region, while
the short-wavelength part of the spectrum corresponds to the
bulk. To confirm this suggestion, we recorded the spectra of
radiation formed in different excitation regions of a 10-mm
matrix with a dye concentration C = 5x10#mol L™!. To select
a certain lasing region, a mobile slit diaphragm 0.5 mm wide
was placed in the SSDL cavity. This diaphragm was moved

from the external wall of the matrix to its centre using a
micrometer screw. The normalised integrated lasing spectra,
recorded at successive displacement of the diaphragm by a
distance d into the bulk of the lasing region with a step of
0.05 mm, are shown in Fig. 4. To make the data more illustra-
tive, the figure shows also the lasing spectrum recorded without
the diaphragm.
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Figure 4. Integrated lasing spectra for the regions isolated by a slit at a
distance d from the front wall of the matrix (/-5) and the spectrum in
the absence of diaphragm (6).

The results obtained are indicative of only long-wavelength
emission [spectrum (/)] near the front wall of the matrix; as
penetrating the excited medium, the short-wavelength com-
ponent in the lasing spectrum increases [curves (2—4)].
Finally, only short-wavelength emission [spectrum (J5)] is
observed in the deepest region. The shape of the spectrum
from the entire volume depends on the total contribution of
all emitting regions. The deeper a region is located, the smaller
its energy contribution. Under our experimental conditions it
is the long-wavelength component that dominates in the
resulting spectrum [curve (6)]. Thus, we believe this experi-
ment to confirm the decisive role of excitation inhomogeneity
in the two-band lasing in active media based on dyes with
structural fluorescence spectra.

4. Conclusions

We developed and tested a solid laser-active polyurethane
medium with incorporated dye sulforhodamine 101. The energy,
service life, and spectral characteristics of radiation from
cylindrical solid matrices based on this medium were investi-
gated.

Transverse laser pumping of a 20-mm long matrix by ~4 us
pulses made it possible to obtain a lasing energy of 76 mJ with
a conversion efficiency of 26 %. The service life of the matrices
was estimated for different excitation energy densities. It was
found that at a pump energy density of ~0.3 J cm2 the lasing
energy decreases to 50% of the initial level after 2500 pulses.

The specific features of the formation of two-band lasing
spectra of sulforhodamine 101 in polyurethane were studied.
It was shown that both spectral bands may arise almost simulta-
neously and coexist during the entire large pulse. It was suggested
and experimentally confirmed that the two-band spectrum is
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mainly caused by the presence of spaced lasing regions with
different spectral gain profiles, which are formed as a result of
inhomogeneous excitation of the active medium. This effect
explains bichromatic lasing in any active media based on dyes
of different types with partially overlapping structural absorp-
tion and fluorescence spectra.

Acknowledgements. We are grateful to V.V. Maslov for his
assistance.

References
1. Costela A., Garcia-Moreno 1., del-Agua D., etal. Opt. J., 1, 1
(2007).

2. Alimov O.K., Basiev T.T., Orlovskii Yu.V., et al. Kvantovaya
Elektron., 38, 665 (2008) [ Quantum Electron., 38, 665 (2008)].

3. Kopylova T.N., Mayer G.V., Solodova T.A., et al. Kvantovaya
Elektron., 38, 109 (2008) [ Quantum Electron., 38, 109 (2008)].

4. Garcia-Moreno 1., Costela A., Martin V., et al. Adv. Funct.
Mater., 19, 2547 (2009).

5. Fan Rong, Li Xiao, Xia Yuan, et al. Chin. Phys. Lett., 25, 1881
(2008).

6. Chen D.Y.,Jiang Y.G., Fan R.W., et al. Laser Phys., 19, 1877
(2009).

7. Al-Shamiri Hamdan A.S., Kana Maram T.H., Abou Azzouz I.M.
Opt. Commun., 283, 1438 (2010).

8. Garcia-Moreno 1., Zhang D., Costela A., et al. J. Appl. Phys.,
107, 073105 (2010).

9. Ishchenko A.A. Pure Appl. Chem., 80, 1525 (2008).

10. Nikolaev S.V., Pozhar V.V., Dzyubenko M.I., Doroshenko A.O.
Kvantovaya Elektron., 39, 789 (2009) [ Quantum Electron., 39, 789
(2009)].

11. Garcia-Moreno 1., Costela A., Pintado-Sierra V., et al. J. Phys.
Chem. B, 113, 10611 (2009).

12. DuH., Fuh R.A., LiJ,, et al. Photochem. Photobiol., 68, 141 (1998).

13. Maslov V.V., Nikitchenko V.M. Zh. Prikl. Spektrosk., 73, 401
(2006) [J. Appl. Spectrosc., 73, 454 (2006)].

14. Alvarez M., Costela A., Garcia-Moreno 1., et al. J. Appl. Phys.,
101, 113110 (2007).



