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Laser performance of pyrromethene 567 dye in solid polymeric matrices
with different cross-linking degrees
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We report on the laser action of pyrromethene 88VI567) incorporated into copolymers of methyl
methacrylate (MMA) with different methacrylic and acrylic cross-linking monomers:
ethyleneglycol dimethacrylate, trimethylolpropane trimethacrylate, tetraethyleneglycol diacrylate,
pentaerythritol triacrylate, and pentaerythritol tetraacry(RIETRA). The vol/vol proportion of the
different co-monomers in each copolymer formulation was systematically varied, and the effect of
each composition on the lasing properties of PM567 was evaluated. The laser samples were
transversely pumped at 534 nm with 5.5 mJ/pulse from a frequency doQdsdtched Nd:KGW

laser. Lasing efficiencies of up 26% and good stability with a drop of the initial laser output of 30%
after 100 000 pump pulses at 5 Hz ifMMA:PETRA 95:5 were demonstrated. @001
American Institute of Physics[DOI: 10.1063/1.1398598

I. INTRODUCTION One of the main problems encountered upon the use of
The use of solid matrices doped with organic dye mol_these solid matrices is the thermal and/or photodegradation

ecules as an alternative to conventional liquid-solution dyé! the dye, tentatively explained in terms of the poor heat

lasers has been extensively studtethe large volumes re- dissipation in the matrix® In a similar way, Pqpov'recentl){
quired, flammability, solvent evaporation, flow fluctuation, analyzed the dye photodestruction mechanism in a solid-
and toxicity are some of the disadvantages of liquid-solutiorStaté polymeric dye laser and concluded that the increased
dye lasers that would be ameliorated by the use of a solignobility of the excited dye molecules as a result of the heat-
host for the dye molecules. Therefore, solid-state dye lased89 process involved in the optical excitation is an important
could potentially find many applications in various fields in- factor in the dye degradation kinetics. Attempts to reduce the
cluding medicine, remote sensing, and spectroscopy. ReRhotodegradation rate of dye doped polymeric matrices in-
evant features of solid-state dye lasers are a low energy-peflude the systematic variation of the polymeric matrix com-
pulse threshold, a compact and maintenance free system, ap@sition and the covalent binding of the dye to the polymeric
a low cost gain medium. Synthetic polymer hosts have adchain, both actions aimed at increasing the heat dissipation
vantages as compared with other matrices because polymefe’ In this way, we carried out the synthesis of new dye
exhibit good compatibility with organic dyes, high optical molecules based on molecular modifications of rhodamine
homogeneity, and control over medium polarity and vis-6G (Rh6Q that facilitate when copolymerized with adequate
coelasticity in a way similar to conventional solverasiow- monomers the dissipation, along the polymer backbone, of
ing miniaturization and low-cost integrated optical systemthe absorbed energy that is not converted into light
designs. The main drawback of these materials when thegmissior? The photostability reached with the new terpoly-
were initially compared with silica gels was their lower ther-mer with 7:3 molar proportion of the monomers
mal resistance. However, the development of new modifie@-hydroxyethyl methacrylattHEMA) and methyl methacry-
polymers with much improved laser-radiation-damagelate (MMA ) increases by a factor 2.6 the useful lifetime of
threshold* has alleviated this problem, and stabilities inthe solid solutions of Rh6G in the HEMA:MMA
polymeric materials incorporating rhodamine dyes compacopolymer< It is well known from laser efficiency measure-
rable or even higher than those obtained with silica gelsments that the extent of sample degradation changes widely
when used under the same conditions have beefith the matrix composition. Pursuing this idea, we have
demonstrated. The above properties, combined with the also studied the effect of the microscopic rigidity of the poly-
adaptability of polymers to inexpensive fabrication tech-meric matrix on laser operation, which was increased by
niques and the easiness with which relevant properties Qfyoss-linking of the polymer chairffswith Rh6G as the ac-
these materials, such as free volume, chemical compositiofiye molecule, a significant increase of laser efficiency and
molecular weight, microstructure and viscoelasticity, can b&yrapility was obtained in polymeric matrices of HEMA

modified in a controlled wal/ make polymers very attrac- cross-linked with 10% ethyleneglycol —dimethacrylate
tive materials to be used as hosts in solid-state dye |aser5-(EGDMA).

However, further progress in photostability would be
dElectronic mail: iqrfm84@igfr.csic.es necessary before an operational solid-state dye laser was
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bounds, and, finally, PETRA is quadrupole functionalized
(four double bonds The copolymerization of MMA with
these monomers leads to a three-dimensional network. MMA
was chosen as the pivotal component in the formulations
developed because the excellent optical transparency and
(PM-567) relatively high laser-damage resistance of polgthyl-
methacrylatg (PMMA) makes this material an obliged ref-
erence in any strategy directed to improve lasing perfor-
mance in polymeric solid-state dye lasers. The vol/vol
CH,=C—C00—CH,—CH,—00C—C=CH, proportion of both monomers in each copolymer formulation
| | EGDMA . . .
CH; CH; was systematically varied, and the effect of each composition
on the lasing properties of PM567 was evaluated.

CH2:(|3—COO—CH2
CHy \
CHy=C—CO0—CHy—— ¢ _CHy—CH, Il. EXPERIMENT
| TMPTMA
CH3 / A. Methods
CHy=¢—C00—CH, The solid laser samples were cast in a cylindrical shape,

Hs forming rods of 10 mm diameter and 10 mm length. A cut

was made parallel to the axis of the cylinder in order to
CH2=CH—COOLLCHZ—CHZ—O}:)C—CH=CH2 TEGDA obtain a lateral flat surface of4l0 mm. This surface was
prepared for lasing experiments by conventional grinding
and polishing. The ends of the laser rods were polished by
CH,=CH—-CO0—CH, hand to obtain reasonably flat surfaces. No attempt to pro-
RMAININZ FETA duce laser grade flat surfaces was made. The dye concentra-
tion was in all cases 1:510 2 M, so that the optical density
of the samples at the 534 nm pump wavelength was about
CH,=CH-C00—CH, 18, for 1 cm optical path.
CH2:CH—C°°—CH7C—CHZ—OOC—CH:CHZ PETRA The air-equilibrated polymer rods were transversely
CH=CH-CO0—CH, pumped at 534 nm with 5.5 mJ, 6 ns full width at half maxi-
FIG. 1. M(_)Iecu!ar structure of PM5_67 dye and the cross-linking m0n-0mersmclij'rlr(]éfl\\llvlggﬂe)r(?\:ésr]e()sc:g?nm;}rg-e;—L)Jear':?é;jeci:f{it:)(ﬁ ?;VthSE?O
selected in this work: methacylidEGDMA, TMPTMA) and acrylic :
(TEGDA, PETA, and PETRA 10 Hz. The exciting pulses were directed towards the lateral
flat surface of the sample with a combination of spherical
(f=50 cm and two cylindrical quartz lenses. The first one,
competitive with liquid dye lasers. To this aim, in this article with f=—15 cm, widened the spherical cross section of the
we study the effect on the lasing properties of pyrromethen@ump beam to illuminate the complete 1 cm length of the
dyes of increasing the rigidity of the polymeric host matrix dye sample; then, the second lens, with15 cm and per-
by controlled cross-linking of the polymeric chains with bi- , pendicularly arranged, focused the pump pulses onto the in-
tri , and tetrafunctional monomers. The pyrromethene familyput surface of the solid sample to form a line of 3 mm,
of dyes, developed by Boyer and co-workers, promised enso that the pump fluence was 180 mXcmhe oscillator
hanced laser efficiency and photostabffity® because they cavity consisted of a 90% reflectivity flat aluminum mirror
exhibit high quantum fluorescence yields owing to their lowand the end face of the solid sample as the output coupler,
triplet absorption losses at the fluorescence emissiowith a cavity length of 2 cm. The cavity was not optimized
wavelength$®’n particular, a pyrromethene-BEomplex  and did not have tuning elements to select the wavelength.
known as pyrromethene 56PM567), the molecular struc- The dye and pump laser pulses were characterized with
ture of which is shown in Fig. 1, exhibits excellent laserthe following instruments: GenTec ED-100A and ED-200
efficiency in both liquid and solid solutioh&®~?°and good  pyroelectric energy meters, ITL TF1850 fast risetime photo-
photostability in polymey?®2428-30host materials. In this diode, Tektronix 2430 digital-storage oscilloscope, CM110
work, the PM567 dye was incorporated into a variety ofmonochromato(CVI Laser Corporatio)y and EMI 9783B
copolymers of MMA with different molar proportions of photomultiplier. In the photodegradation studies, dye and
methacrylic and acrylic cross-linking monomers such agpump laser signals were sampled with boxd&®nford Re-
EGDMA, trimethylolpropane trimethacrylateTMPTMA), search Model 250 All the integrated signals were digitized
tetraethyleneglycol diacrylat@ EGDA), pentaerythritol tria- and processes using a PC computer a Computerboard
crylate (PETA) and pentaerythritol tetraacrylat@®ETRA) DASH-8 Interface’! The estimated error of the energy mea-
(see Fig. 1 for dye and monomer structyrédMA is mono  surements was 10%.
functionalized (one double bond while EGDMA and Absorption and fluorescence spectra of the solid samples
TEGDA are double functionalizedtwo double bonds  were registered from thin disks cut out from the same
TMPTMA and PETA are triple functionalize@three double samples used in the lasing experiments and measured, re-
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spectively, on a Shimadzu UV-265 FS spectrometer and on BBLE I. Laser parametefof PM567 dissolved in MMA cross-linked with

Perkin-Elmer LS-50B luminescence spectrometer different monomefsadded in varous proportions vol/vol. Dye concentra-
) tion: 1.5X10°° M. Nd:KGW pump energy: 5.5 mJ/pulse.

B. Materials Material Nmax (NM) AN (nm) Eff (%)
1,3,5,7,8-pentamethyl-2,6-diethylpyrromethene-difluoro- PMMA 567 7 12
borate (Pyrromethene 567, laser grade from Excjtavas P(MMA:EGDMA 95:5) 566 5 10
used as received. The purity of the dye was found to be gmmggggm ng;g; ggi ‘7‘ g
>99%, as determined by spectroscopic and chromatographicl;,(,v"\,lA;T,v'PT,\,IA 95:1) 563 5 21
methods. The dye was dissolved in the different polymeric pmma:TMPTMA 98:2) 563 5 23
matrices following the methods described below. P(MMA: TMPTMA 95:5) 564 5 19
Methyl methacrylate(Merck) was washed three times PMMA:TMPTMA 90:10) 565 4 14
with 10% vol aqueous sodium hydroxide to remove the in- WWQTEASEX@E?@QO) ggé 2 ig
hibitor and then twice with distilled water. The monomer, E((MMA;TEGDA 90;1)0) 570 6 19
dried over anhydrous MgSQwas then distilled under re-  pnmMA:TEGDA 80:20) 566 6 3
duced pressure before use. Ethyleneglycol dimethacrylateP(MMA:PETA 95:5) 568 5 21
(EGDMA), supplied by Merck, tetraethyleneglycol diacry- PMMA:PETA 90:10 570 5 26
late (TEGDA), pentaerythritol triacrylat¢dPETA) and pen- P(mmfﬁgﬁ,f%sp) ggg 2 ﬁ
taerythritol tetraacrylatéPETRA), supplied by Aldrich, and S(MMA;PETR A 98;;)) 562 6 13
trimethylolpropane trimethacrylat@ MPTMA), supplied by P(MMA:PETRA 95:5) 564 6 18
Solrac, were all used as received. P(MMA:PETRA 90:10 563 5 25
P(MMA:PETRA 80:20 563 4 22

Preparation of polymer dye samples
. B\ max: Peak of the laser emissioA\ ,,: FWHM of the laser emission; Eff:
Freshly purified monomers were used to prepare theenergy conversion efficiency.

samples. The adequate amount of PM567 dye was dissolvédiMA:methyl methacrylate; EGDMA; ethyleneglycol dymetacrylate;
in mixtures with different volume/volume proportions of TMP_TMA: trimethylolpropane trimethgcrylate; TEGDA: tetraethylenegly—_
. . col diacrylate; PETA: pentacrythritol triacrylate and PETRA: pentaerythri-
MMA and the corresponding cross-linker monomer, and the,, tetraacylate.
resulting mixtures were placed in an ultrasonic bath until
complete dissolution of the dye. After further addition of
0.015 glliter of 2,2-azobigisobutyronitrile (AIBN), used as
free radical initiator, the mixture was again sonicated. AIBN
is the thermal polymerization initiator of choice, since it
leaves UV-transparent end groups on the copolymer. The r
sulting solutions were filtered into appropriate cylindrical
polypropylene molds using a 0.46m pore size filter fol-
lowed by a 0.2um pore size filtefWhatman Lab., polytet-

. . : The lasing efficiencies of PM567 in the different poly-
rafluoroethylene disposable filterg\fter careful deaeration . : X )
. . meric formulations under study, defined as the ratio between
by bubbling dry argon for 10 min, the molds were sealed. An

inert atmosphere avoids the well-known oxygen inhibition ofthe energy of the dye laser output and the energy of the pump

. o o . laser incident on the sample surface, are tabulated in the third
radical polymerization. Polymerization was performed in the

dark at 40 °C over a period of two days and then at 45 °C forcOlurnn of Tablg l. For comparison, the laser parametgzrs of
. o PM567 doped in PMMA homopolymer pumped under iden-

about one day. The temperature was then raised to 60 °C arn) : . . .
) o . - tical experimental conditions are also included in Table I. In
increased slowly up to 80 °C over a period of several days, in ... . .
. . addition, and to put these numbers in proper perspective,
order to decompose residual AIBN. Finally, the temperature . o .
was reduced in steps of 5 °C per dav until room tem eratur(r_:‘neasurements were made of the lasing efficiency of a static
P P Y P solution of PM567 in ethyl acetate, solvent that mimic the

was reached, and only then were the samples unmolded. T ; ; X .
o ! MA monomer present in the solid formulations tested in
procedure was essential in order to reduce the buildup of . R : . -
) this work. For this liquid solution, a lasing efficiency of 33%
stresses in the polymer samples due to thermal shock. . L
was reached under the same experimental conditions as the
solid samples(same optical density as that of the solid
sample and using the end face of the 1 cm optical path dye
Broadband laser emission with beam divergence of %ell as the output couplerTwo notes of caution are needed
mrad and pulse duration of 5 ns FWHM was obtained fromwhen analyzing the efficiency obtained in liquid and solid
all the materials under study. Laser emission maxima were isolutions. In the first place, the reflectivity of the output cou-
the range 560—570 nm, depending on the composition of thpler in the oscillator cavity has not been optimized for laser
polymer matrix, with oscillation bandwidths of 4—7 nm, operation in any case. Our main concern in this work is not
much narrower than the fluorescence spectral widths. Theo much to optimize the laser output as to study the photo-
particular values of both parameters for each of the compostability and relative efficiency of operation in different poly-
sitions tried are listed in Table I. The absorption and fluoresmeric materials under otherwise identical conditions. Sec-
cence spectra as well as the spectral profiles of the stimulatezhd, as indicated in the experimental section, the finishing of

emission registered for PM567 are very similar for all of the
materials studied in this work, with small shifts in the posi-
tion of the maximum of the laser emission which are corre-
Tated with shifts in the fluorescence spectrum. The minimum
pump energy producing laser emission was of the order of 50

ud.

IIl. RESULTS AND DISCUSSION
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the surface of the solid samples relevant to laser operatiol
was not laser grade. Thus, improvements in lasing efficiency
are to be expected in these samples with enhanced optic:
quality of their surface. Although our materials exhibit good  #
optical homogeneity, it is unlikely that the sole effect of the
poor polishing of the samples surfaces could explain the im-
portant differences in efficiency between solid and liquid so-
lutions. A more important source of distortions could be the
thermal lensing effect experienced at the solid-state gain me
dia under our hard excitation regirie. 20
From the data reported in Table | it is clear that both the
proportion and the nature of the cross-linking monomer play ¢ : , : . : : :
an important role in the effectiveness of laser operation. With 0 20000 40000 60000 80000 100000
the exception of the monomer EGDMA, the increase of the Number of puises

”gldlty of the polymerlc matrix by CI’OSS-llnklng Improves FIG. 2. Normalized laser output as a function of the number of pump pulses

the lasing efficiency with respect to that exhibited by thefor pM567 dissolved in MMA:PETRA 98:2 and RMMA:PETRA 95:5).
PM567 embedded in the linear PMMA. This laser parametebye concentration: 1:610™% M. Pump energy and repetition rate: 5.5 mJ/

first increases monotonically with the amount of the crossPulse and 5 Hz, respectively.

linking monomer present in the matrix reaching, for a certain

molar proportion of each monomer, an optimum value: 23%

for MMA:TMPTMA 98:2); 19% for RMMA.TEGDA  30% was obtained, under identical experimental

90:10; 26% for RMMAPETA 90:10, and 25% for conditions?® Laser emission from PM567, incorporated into
P(MMA:PETRA 90:10. These improvements can be attrib- different polymeric materials, has also been investigated by
uted to the decrease of the polymer free volume that inducesther authors. Jonest al>3 reported a lasing efficiency of
a significant reduction of the rotational and vibrational mo-~24% for PM567 dispersed in a copolymer of MMA and
lecular freedon.As a result, nonradiative decay of excited lauryl methacrylatéLMA ) pumped the sample with 100 mJ
dye molecules is prevented leading to a significant increasi; microsecond pulses at 490 nm. Rahn and Kiraptained
of the emission quantum yield of the dye. For a certain conefficiencies of ~7.5% with PM567 incorporated into a
centration of the cross-linking monomer, the free volumenitrogen-saturated matrix of modified PMM@®MMA with
available within the polymeric matrix will be completely oc- low-molecular weight additives, such as ethanaind of
cupied by the dye. Increasing the concentration beyond this-4.5% when the matrix was air saturated. On the other hand,
point will result in the dye molecules being partially ex- by incorporating PM567 in a named but not described
cluded from the shrinking free volume, and formation of “modified acrylic plastic” matrix of unknown composition,
dimers and higher aggregates, with their deleterious effect oRlermeset al® reported slope efficiencies as high as 77%
laser operation, will be forced. In order to lend support towith pump energies of up to 150 mJ at 532 nm. Alikal*
this tentative conclusion, a more detailed study of free vol-obtained slope efficiencies of 50% when the PM567 dye was
ume holes and their distribution inside the matrix is currentlydissolved in a so-called high temperature plastic matrix and
in progress. pumped at 532 nm with energies of up to 50 mJ. Ahmad,
Taking into account the lasing efficiency, it seems thatRahn, and Kingf reported a slope efficiency of 65% for the
the addition of acrylic monomers to PMMA results in a ma- PM567 dissolved in PMMA with pump fluences up to 1.9 J/
trix for PM567 dye better than those based on methacrylicn?. Modification of this polymer with a triplet quencher
ones. Furthermore, to optimize the laser action, these lattdperyleng yielded energy conversion efficiencies up to 71%.
monomers have to be added in much lower molar proportiorit should be noticed that in all the referred cases pumping
(5% and 2% for EGDMA and TMPTMA, respectivglthan  was longitudinal and the reflectivity of the output coupler
the acrylic ones(10% for TEGDA, PETA and PETRA  optimized.
which could be related to a slower increase of the glass tran- The evolution of the laser output as a function of the
sition temperature of the matrices based in acrylic mononumber of pump pulses in the same position of the sample
mers. Notwithstanding, the behavior that both series ofvas studied for the different materials at a repetition rate of
monomers induces is similar in that improvements in lasindl, 5, and 10 Hz. In Fig. 2 the evolution of the laser output of
efficiency are reached as the number of double bonds of eadM567 dye with the number of pump pulses is shown
monomer increases. In fact, the presence of tifédPTMA  graphically for the matrices based on MMA with 2% and 5%
and PETA and four (PETRA) double bonds in the same of PETRA as cross-linker monomer. In Table Il are listed the
carbon atom leads to an overgrown network polymer, whichntensities of the laser output afterpump pulses referred to
results in the best laser performance of PM567 dye. the initial intensity of the laser emissidn ,(%)=(I,/1)
Some of the laser efficiency values reached in this workx 100, wherel is the initial intensity. When the samples
improve our previous results obtained when PM567 was diswere pumped at 1 Hz repetition rate, the number of pump
solved in MMA with different lineal comonomers, with the pulses registered was 5000 and 10 000. In the experiments
exception of the results obtained when the dye was embedarried out at 5 and 10 Hz, the data tabulated correspond to
ded into FMMA:TFMA 7:3), in which case an efficiency of 10000 pulses and to a number of up to 100 000 pump

100

P(MMA-PETRA) (95:5)

60

P(MMA-PETRA) (98:2)

Laser output (%)
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TABLE Il. Influence of the pumping repetition rate on the useful lifeffroe PM567 dissolved in MMA with
different cross-linked monomers added in different vol/vol molar proportions. Dye concentration1D.5
M. Nd:KGW pump energy: 5.5 mJ/pulse.

1Hz 5Hz 10 Hz
Material ls00d%)  l1000d%) l1000d%)  1n(%)°  T1000d%)  1n(%)°
PMMA 85 70 50 5 1
(15000
P(MMA:EGDMA 95:5) 90 90 47 15 26 11
(18 000 (17 000
P(MMA:EGDMA 90:10) 60 45
P(MMA:EGDMA 80:20) 45 25
P(MMA:TMPTMA 99:1) 80 35 40 40
(50 000 (50 000
P(MMA:TMPTMA 98:2) 90 20
(30 000
P(MMA:TMPTMA 95:5) 20 40 50 20
(18 000 (28 000
P(MMA:TMPTMA 90:10) 40 10
(30000
P(MMA:TMPTMA 80:20) 10 2
(17 000
P(MMA:TEGDA 95:5) 65 50
P(MMA:TEGDA 90:10) 100 100
P(MMA:TEGDA 80:20) 60 45
P(MMA:PETA 95:5) 100 100 84 65 50 20
(28 000 (25000
P(MMA:PETA 90:10 75 70
P(MMA:PETA 80:20 50 35
P(MMA:PETRA 99:1) 50 20
(20000
P(MMA:PETRA 98:2 80 60 80 30
(35000 (20 000
P(MMA:PETRA 95:5 95 70 80 80
(100 000 (45 000
P(MMA:PETRA 90:10 75 18
(28 000
P(MMA:PETRA 80:20 20 10 2
(20000

4ntensity of the dye laser output afterpump pulses referred to initial intensity; 1,(%)=(1,/1)*100.
PIntensity of the dye laser output after the number of pulses indicated within parenthesis.

pulses, depending on the material, as is indicated in Table better insight into the photostability of these materials, their
within parenthesis. For the sake of clarity, the experimentaluseful lifetime was determined pumping the samples at 5 and
results corresponding to=10 000 and 1 Hz repetition rate 10 Hz repetition rates. When the pump repetition rate in-
are also represented in Fig. 3. creases, the degradation rate in the studied materials in-
Initially, the photostability of PM567 embedded into creases significantly. Thus, after 10 000 pump pulses, the
polymeric matrices of MMA with cross-linked acrylic emission from the dye doped intod MMA:EGDMA 95:5)
(TEGDA and PETA and methacrylidEGDMA) monomers  remains 90%, 47%, and 26% of its initial value at pumping
was analyzed at 1 Hz repetition rate. It was observed that theepetition rate of 1, 5, and 10 Hz, respectively. Following the
intensity of the laser output decreases with the number ofame behavior, the laser emission induced in PM567 dis-
pump pulses, the rate of this decrease depending on the comelved in FMMA:TEGDA 90:10) drops completely after
position of the polymeric matrix. As seen in previous work 10 000 and 4 000 pulses, when the pumping repetition rate
with rhodamine dye§,in the majority of these materials increases from 5 to 10 Hz. It seems that at high repetition
there is an apparent relationship between lasing efficiencyate, the dissipation channels of the energy released to the
and photostability: the higher the efficiency, the lower themedium as heat are not fast enough, and as a result the ther-
rate of degradation. For all the selected monomers, there israal degradation of the dye is enhanced. These results are in
degree of cross-linking5% of EGDMA, 10% of TEGDA, good agreement with our recent study on the effect of the
and 5% of PETA that improves the photostability exhibited heat load on the stability of polymeric dye lasers. In that
by PM567 into the PMMA homopolymer. This effect is spe- study® the capability of each material to dissipate the heat
cially remarked for the materials(MMA:TEGDA 90:10) generated in the sample as a consequence of the pump en-
and RMMA:PETA 95:5), where no sign of degradation is ergy excitation was characterized by photothermal deflection
observed after 10 000 pump laser pulses. In order to gain spectroscopy. Recent experimental results obtained with this
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FIG. 3. Dependence with the percentage of the cross-linking monomers

EGDMA, TEGDA and PETA added to MMA of the stability of the laser
output after 10 000 pump pulses referred to the initial intenkjtpf the 100
laser emissior{1,(%)=(l,/1,X100]. Dye concentration: 1810"° M.
Pump energy and repetition rate: 5.5 mJ/pulse and 1 Hz, respectively. . 804
X |
‘g 60
techniqué® evidenced that the accumulation of heat into the 3
material increased significantly for pumping repetition rates g 40
higher than 1 Hz. @
The laser photostability not only improved by optimiz- = 20
ing the polymer free volume by cross-linking, but also by
increasing the number of polymeric chains cross-linked 0 T T y T T
by each monomer. Thus, the best performance was 0 5000 10000 15000 20000
reached when the dye was embedded into the matrix Number of pulses

P(MMA:PETRA 95:5), in which case the laser emission re-

: : FIG. 4. Irregular behavior with strong oscillations observed in the laser
0, 0
mained at 70 /((5 HZ) and 80 /0(10 HZ) of its value after output of PM567 dissolved itA) P(IMMA:TMPTMA 99:1) and (B) P(M-

100 000 and 45000 pump pulses, respectively. When dyga-TMPTMA 95:5) as a function of the pump pulses at 10 and 5 Hz
PM567 was dissolved in(RIMA:PETA 95:5) the laser out- repetition rate, respectively. Dye concentration: X153 M. Nd-KGW

put dropped by 35%5 Hz) and 80%(10 Hz) after 28 000  pump laser energy: 5.5 mJ/pulse.
and 25 000 pump pulses, respectively.

As can be seen in Fig. 4, the laser emission of PM567
dissolved in matrices based on methacrylic monomers, esp@ent, the laser output exhibits a more regular behavior, with
cially in TMPTMA, exhibits an irregular behavior, with a drastic reduction of both width and frequency of the oscil-
strong oscillations over several thousand pump pulses resuliations, without decreasing the lasing efficiency. At was ex-
ing in the laser emission going down to near zero, only topected, this effect is especially noted in the matrix with
near fully recover afterwards. Taking onto account that thénigher proportion of the cross-linking monomer. In addition,
glass transition temperaturé ¢) increases significantly with the lasing photostability of PM567 dissolved in the thermally
the cross-linking degree of the material, inducing changes ipostcured AMMA:TMPTMA 95:5) significantly improves
the local movements of polymer chains which leads to largehe previous results obtained with this material since it re-
changes in a number of physical properties, the oscillationsains at 88% of the initial laser output after 20 000 pump
in the laser output could be related to gradient of temperaturpulses at 5 Hz. These results are reflecting that the supple-
produced under irradiation conditions in samples where themental thermal treatment is inducing the total polymerization
mal diffusion could be partially hindered. In addition, this of the residual double bonds. In fact, after the postpolymer-
irregular behavior could be reflecting the presence of residuakation treatment just described no residual monomer could
free double bonds that remains into the matrices due to thee detected, neither by IR absorption spectroscopy of sample
soft thermal conditions selected to carry out the polymerizafilms nor by gravimetric monitoring after exhaustive treat-
tion. ment of the samples under high vacuum conditions at 50 °C.

To confirm this hypothesis and in a further attempt toHowever, further increase of the postcure temperature up to
improve the stability of the laser output, some samples werd&15 °C during two days leads to a partial destruction of dye
subjected to a postpolymerization thermal treatment in ordemolecules, reflected in a drastic decrease in both lasing effi-
to reach the total polymerization of the residual doubleciency and photostability. Thus, after this final thermal treat-
bonds. This thermal treatment consisted basically of a smathent, the PM567 dye dissolved ifNPMA: TMPTMA 95:5)
increase of the temperature, from 80 to 95 °C, during seveexhibits an efficiency of only 12%, with a drop of the initial
days, and then decreasing it from 95 °C to room temperaturkaser output of 80% after 8000 pump pulses at 5 Hz repeti-
at a rate of 5 °C/h. As can be seen in Fig. 5, after this treattion rate. Consequently, the development of solid-state dye
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was air saturated. In the studies carried out by Jened>3

1004 the laser output of PM567 in(RIMA-LMA ) dropped to
10% of the initial value after 1000 shots. In all the above
801 referred cases pumping was longitudinal at 10 Hz repetita-
3 tion rate.
75’ 60 The results presented in this work together with those
& 1 reported in our previous studies on solid-state dye lasers con-
; 401 firm that the best dye/host combination is specific for each
& 1 dye molecule and that there is not a universal polymeric
- 20+ A matrix to develop efficient and stable solid-state dye lasers:
1 the photophysical and photochemical properties of each dye
0 ' T . T . T . ; . require a proper adjustment of the polymer structure compo-
0 10000 20000 30000 40000 sition in order to obtain optical, thermal, and mecano-
dynamical properties of the matrix which optimize its laser
100 action. In addition, the rigidity of the matrix results to be of
uppermost importance to optimize the laser performance of a
80 given dye. Work in progress is directed to evaluate the free
. ) volume and its distribution inside the polymer systems se-
& 604 lected as hosts for organic dyes, as well as its relationship
‘(:; | with relevant properties of the dye either dissolved or co-
§ 40 valently bonded to the polymer. This information would be
5 of great value in the search for strategies to improve the
& 1 material’'s photostability.
- 204 B
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FIG. 5. Influence of the postpolymerization thermal treatment on the laser
output of PM567 dissolved infA) PIMMA:TMPTMA 99:1) and (B)

1 ,
P(MMA:TMPTMA 95:5) as a function of the pump pulses at 10 and 5 Hz A Costela, I. Gara-Moreno, and R. Sastrelandbook of Advanced Elec-
repetition rate, respectively. Dye concentration: X11H3 M. Nd-KGW tronic and Photonics Materials and Devicedited by H. S. Nalw#Aca-

. demic, San Diego, 2001Vol. 7, pp. 161-208.
ump laser energy: 5.5 mJ/pulse. )
pump 9y P 2A. Costela, |. Gar@-Moreno, J. Barroso, and R. Sastre, J. Appl. PBgs.

650 (1998.

. . . 3@. M. Dyumaeyv, A. A. Manenkov, A. P. Maslyukov, G. A. Matyushin, V.
lasers based on cross-linked matrices requires a very carefuk’ Nechitailo, and A. M. Prokhorov, J. Opt. Soc. Am9B143 (1992.

optimization of the thermal conditions selected to carry out*T. H. Allik, S. Chandra, T. R. Robinson, J. A. Hutchinson, G. Sathyamoor-
the final polymerization of the material in order to avoid the _thi. and JI H. Boyer, Mater. Res. Soc. Symp. Pi@9, 291 (1994. |
; ; . Costela, I. Gar@a-Moreno, J. M. Figuera, F. Amat-Guerri, R. Mallavia,
presence of residual monomer and free double bonds wnhout’&l D. Santa-Maria, and R. Sastre, J. Appl. P§&. 3167 (1996
inducing the thermal _degrz_:\datlt_)n of the dye m9|eCU|es- ®A. Costela, F. Florido, I. GaratMoreno, R. Duchowicz, F. Amat-Guerri,
The results obtained in this work clearly improve the J. M. Figuera, and R. Sastre, Appl. Phys. B: Lasers 6@t383(1995.

photostabilities reported for PM567 derivative in our previ- 'R. Sastre and A. Costela, Adv. Mat@. 198 (1995.
ous work where the laser emission from the dye dissolved in,S: FOPOY: APpl. Opt37, 6449(1998.
i . . . y F. Amat-Guerri, A. Costela, J. M. Figuera, F. Florido, and R. Sastre,
Ilngal matrices of MMA with different co-monomers re-  chem. Phys. Let209, 352 (1993.
mained 20% of the initial value after 10 000 pump pulses at°T. G. Paviopoulos, M. Shah, and J. H. Boyer, Opt. Comnitf). 425
1 Hz repetition raté? Photostabilities higher than those ob- 11392?1- N L Seona. L T Walford. 3. H. Bover. . R

. . . . . Shah, K. Thangaraj, M. L. Soong, L. T. Wolford, J. H. Boyer, I. R.
tame‘? in the present arFICIe have t?ee” r?ported by Allik Politzer, and T. G. Pavlopoulos, Heteroatom. Ch&n889 (1990.
et al.” for PM567 doped in an undefined high temperaturet2t G, paviopoulos, J. H. Boyer, M. Shah, K. Thangaraj, and M. L. Soong,
plastic material, in which case 78% of the initial lasing effi- ,,Appl. Opt. 29, 3885(1990. _
ciency was retained after 95 000 pump pulses. In addition, ipﬂl- '?%’teg 6“‘-3';'22?1'9’\3-])'-- Soong, K. Thangaraj, and T. G. Paviopoulos,
Ahmad’_ Rahn, nd Kiny _reported high photost_ab|llty for a7y, Boyer, A. M. Haag, G. Sathyamoorthi, M. L. Soong, K. Thangaraj,
PM567 in pure PMMA with 270 000 pulses emitted before and T. G. Paviopoulos, Heteroatom. Chet39 (1993.
the conversion efficiency fell to half its initial value for a *°W.P. Partridge, N. M. Laurendean, C. C. Johnson, and R. N. Steppel, Opt.

i Lett. 19, 1630(1994.
pump fluence of 0.16 J/cinWhen PMMA was modified 16T, G. Pavlopoulos, J. H. Boyer, K. Thangaraj, G. Sathyamoorthi, M. P.

with 1,4-diazobicyclf2,2,2loctane singlet oxygen quencher,  gpan and M. L. Soong, Appl. Op8l, 7089 (1992

the longevity increased to 550 000 pump pulses. In a previt’m. p. Oneil, Opt. Lett18, 37 (1993.

ous article, Rhan and Kik§had reported a drop on the laser **R. H. Hermes, T.H. Allik, S. Chandra, and J. Hutchinson, Appl. Phys. Lett.
output to 60% of the initial value after 7000 pulses from 192?" (?.Yé(ljlg?;(?ﬁheimer 3. H. Boyer, K. Thangaraj, M. Shah, M.L. Soong
PM567 in a nitrogen-saturated MPMMA matrix and @ drop anqg T. G. Paviopoulos, Appl. Op82, 3942(1993. T '

to 10% of the initial value after 3000 pulses when the matrix?°m. D. Rhan and T. A. King, Appl. Opt34, 8260(1995.

Downloaded 23 Feb 2010 to 161.111.180.191. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



3166 J. Appl. Phys., Vol. 90, No. 7, 1 October 2001 Costela et al.

21M. Canva, P. Georges, J.-F. Perelgritz, A. Brun, F. Chaput, and J.-P. Boilo°M. D. Rahn, T. A. King, A. A. Gorman, and |. Hamblett, Appl. O3,

Appl. Opt. 34, 428(1995. 5862(1997).
22M. Faloss, M. Canva, P. Georges, A. Brun, F. Chaput, and J.-P. BoiIot,31M- Rodriguez, A. Costela, |. GaMoreno, F. Florido, J. M. Figuera, and
Appl. Opt. 36, 6760(1997). R. Sastre, Meas. Sci. Techn@l.971(1995.
23D, p. Pacheco and H. R. Aldag, Proc. SBE25 2 (1998. 2F, J. Duarte, A. Costela, |. GaeeMoreno, R. Sastre, J. J. Ehrlich, and T.
24G. Jones Il and D.P. Pacheco, Proc. SBE25 51 (1998. S. Taylor, Opt. Quantum Electro9, 461(1997.

33G. Jones Il, J. Morais, J. Jimenez, D. P. Pacheco, and H. R. Aldag, in
Proceedings of the International Conference on LASERSe@fed by V.
J. Corcoran and T. A. Goldmai$TS, McLean, 1997 pp. 293-300.

34M. Ahmad, M. D. Rahn, and T. A. King, Appl. Op&8, 6337(1999.

35R. Duchowicz, L. B. Scaffardi, A. Costela, I. GameMoreno, R. Sastre,

25Y, Assor, Z. Burstein, and S. Rojenwaks, Appl. ORT, 4914(1998.
2F, Lopez Arbeloa, T. Lpez Arbeloa, |. Lpez Arbeloa, |. Gara-Moreno,

A. Costela, R. Sastre, and F. Amat-Guerri, Chem. PBg§, 331(1998.
27E. Yariv and R. Reisfeld, Opt. Matet3, 49 (1999.

28M. Ahmad, M. D. Rahn, and T. A. King, Appl. Op88, 6337(1999. and A. U. Aclra, Appl. Opt.39, 4959(2000).
29A. Costela, I. Gar@-Moreno, J. Barroso, and R. Sastre, Appl. Phys. B: 3R, Duchowicz, L. B.Scaffardi, A. Costela, |. GameMoreno, R. Sastre,
Lasers Opt70, 367 (2000. and A. U. AcUra (unpublishegl

Downloaded 23 Feb 2010 to 161.111.180.191. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



