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Abstract. Laser dyes which are commonly used in pulsed laser pumped dye laser (PLPDL)
systems have been investigated. It is shown that photoquenching plays an important role in
the pumping process of all laser dyes, determining the efficiency of the PLPDL. Molecular
parameters, such as absorption cross sections at various pumping wavelengths and
fluorescence lifetimes of the S,(n>1) excited electronic states of laser dyes, have been
determined utilizing the photoquenching technique.

PACS: 35, 42.55, 42.60

The absorption properties of molecular systems are ==
changed when subjected to high-intensity lasers. At
very high intensities stimulated emission from an
unrelaxed excited singlet vibronic state (S,) competes
with the pumping of this level. As a result optical o
bleaching occurs, which is manifested in a violation of
the Beer-Lambert absorption law. This effect is widely
used in Q-switching and mode locking of lasers by k"iE ! sV
saturable absorbers [1]. At moderate laser powers E
stimulated emission rate is too small to compete with
vibrational relaxation rate, k;,, of S;. However, pump-
ing of S; to high-lying singlet states S, (n=2) will

compete with its fluorescence decay (Fig. 1). Conse- %olp 1%
quently, photoquenching of the fluorescent level oc-
curs. This is manifested in a unique intensity depen-
dent fluorescence yield Y(S,) per molecule and in-
tensity dependent quantum yield ¢=Y(S,)/[00:f So
+0,,(1 = f)11,4t, where o, is the absorption cross

Fig. 1. Schematic level diagram for laser dye pumped by an

section for the S, —S, transition, I, is the laser pump
intensity, f is the fraction of molecules at S, and 4t the
laser pulse duration [2]. For large molecules whose
typical fluorescence life times are about 1ns, a steady
state is reached even at ns pulse excitation. For
optically thin samples Y(S,) is given by [2].

Y(S1)=(#o+ 7100110 1xlp) 001 1pAt/(1+1,000,1p
+T10T0100101al ) 5 (1
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intense laser, showing the radiative (—) and non-radiative (~»)
transitions and the photophysical parameters involved in photo-
quenching of the dye fluorescence

where ¢, is the intensity independent quantum yield
reached at I, —0, 5, is the absorption cross section for
the §; — S, transition and 7, is the S, level lifetime, ¢,,
is the quantum yield of the weak S,—S;
fluorescence.

In (1) two factors, bleaching and photoquenching,
contribute to the nonlinear dependence of Y(S,) on I,.
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When photoquenching is not important ¢, =0 and
Y(S,) saturates at high Ip(S)=(0¢,7;0) " '. When this
occurs, the transmission T rises from its low-intensity
value. However, for large o, the situation is different
and one expects T to decrease at higher Ip.

It is obvious that studies of intensity-dependent flu-
orescence intensities and quantum yields are likely to
yield significant information about excited-states pa-
rameters even under steady-state conditions. This
has been demonstrated in many cases [3-15]. In addi-
tion, it was shown that photoquenching plays a crucial
role in determining the gain and performance of
pulsed laser-pumped dye lasers (PLPDL) systems
[4-8].

In the present paper we are concerned with laser dyes
which are commonly used in PLPDL’s. These have
been studied by employing photoquenching methods.
We demonstrate the ease in obtaining molecular
parameters such as 7,,, and o,, by the photoquenching
technique, which otherwise require fast flash-
spectroscopy methods and ps excitation. These pa-
rameters can be used for determination of the opti-
mum pumping conditions for a given PLPDL
system [4, 6].

Experimental

A Nd-YAG laser (Quanta-ray DCR-1) operating at the
second harmonic (532nm), at the third harmonic
(355nm), and at the fourth harmonic (266 nm) was
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Fig. 2a and b. Experimental set up for photoquenching studies
(@) Intensity-dependent fluorescence (b) Intensity-dependent
transmission
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employed. Laser-energy output was measured using an
Ophir Optics 20AQ/20A power meter. Laser-grade
dyes (Exciton and Eastman Kodak) dissolved in
spectrograde solvents ethanol most dyes, p-dioxane for
POPOP, bis MSB, DPS, and PBBO) were used.
Concentrations were kept at a level which ensured
optically thin conditions (O.D.=0.04) for the pump
beam. Fluorescence light was collected unto the slit of
a Durham 0.5m monochromator equipment with
1P28 or Hammamatsu R-777 photomultiplier connec-
ted to a Victoreen VTE 1 electrometer. The 1 x 1 cm?
cell was tilted in order to avoid feedback from the walls
(Fig. 2a). In some control experiments the transmission
T of the pumped dye was probed by split off
2.5x1073% of the pump beam (Fig. 2b).

Results and Discussion

Typical examples of Y(S,) vs. I plots obtained for the
laser dyes employed in this study are shown in
Figs. 3-8. The same features, a nonlinear I, de-
pendence reaching a maximum in Y(S;) at some
pumping laser intensity I(max), are typical of photo-
quenching [7]. All Y(S,) vs. I, plots were analysed
using the photoquenching relation equation (1) [2, 4].
For optically thin samples and for I,<Iy(max) the
following expression is obtained for the laser-dye
fluorescence quantum yield ¢ [2].

Go/®=1+71001.lp. ()
Typical photoquenching plots at all pumping wavel-
engths are shown in Figs. 9-14 for the laser dyes of
Figs. 3-8. The fit of these plots to (2), together with the
known values of 7, , is used to obtain a,,, a parameter
determining the photoquenching properties of the dye.
These values are summarized in Table 1.
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Fig. 3. Typical photoquenching curve, Y(S;) vs. Ip, for the
Stilbene-420 laser dye excited at 266 nm
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Fig. 4. Typical photoquenching curve, Y(S;) vs. Ip, for the
Rhodamine-6G laser dye excited at 266 nm
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Fig.5. Typical photoquenching curve, Y(S,) vs. Ip, for the
Coumarin-450 laser dye excited at 355nm
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Fig. 6. Typical photoquenching curve, Y(S,) vs. Ip, for the
Dichlorofluoresceine laser dye excited at 355 nm
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Fig. 7. Typical photoquenching curve, Y(S,) vs. I, for the
Rhodamine-6G laser dye excited at 532 nm
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Fig.8. Typical photoquenching curve, Y{(S;) vs. Ip, for the
Rhodamine-B laser dye excited at 532nm
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Fig. 9. Photoquenching plots, ¢ vs. I, and @o/¢ vs. I, for the
Stilbene-420 laser dye excited at 266 nm (Fig. 2)
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Fig. 10. Photoquenching plots, ¢ vs. Ip and @,/¢ vs. Ip, for the
Rhodamine-6G laser dye excited at 266 nm (Fig. 3)
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Fig. 11. Photoquenching plots, ¢ vs. Ip and ¢o/d vs. Ip, for the
Coumarin 450 laser dye excited at 355 nm (Fig. 4)
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Fig. 12. Photoquenching plots, ¢ vs. Ir and ¢,/¢ vs. I, for the
Dichlorofluoresceine laser dye excited at 355nm (Fig. 5)
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Fig. 13. Photoquenching plots, ¢ vs. I, and ¢q/¢ vs. Ip, for the
Rhodamine-6G laser dye excited at 532 nm (Fig. 6)
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Fig. 14. Photoquenching plots, ¢ vs. I, and @o/¢ vs. Ip, for the
Rhodamine-B laser dye excited at 532 nm (Fig. 7)

An expression for I,(max) can be derived from (1) to
read (for low ¢,,)

IP(maX)=(601O-1n1:101n1)#1/2' A3)

At the laser intensity range employed a maximum for
Y(S,) was reached for most of the dyes and the
corresponding Ix(max) values could be determined.
Using the o, value obtained from the photoquenching
plots, Figs. 9-14 and (2), the S, bfetime 7,, can be
obtained using (3). The resulis for the photoquenching
parameters o, Ip{max), and 1,, at all pumping
wavelengths, together with t,, literature values
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Table 1. Photoquenching parameters o, Ip(max), and t,, for laser dyes excited by Nd-YAG laser frequencies, together with relevant
photophysical properties for PLPDL systems

Laser dye® Aex Aem Oo1 Tio . Ip(max) Tut
[nm] [10” Y ecm?/mol]® [ns]® [107Y7e¢m?/mol]  [10** photon/em?®s]  [ps]
p-Terphenyl 266 335 16.0 0.95 143.5 12.0 316
p-Quaterphenyl 266 365 0.18 08 320.5 - -
1D-390 266 386 1.00 20 140.0 - -
355 112 336.0 1.10 129
PBBO 266 395 1.52 12 316 - -
355 217 78.3 29.1 56.8
o-NPO 266 395 1.82 2.29 69.0 909 42.1
355 1.06 111.0 29.8 420
S-420 (Silbene 420) 266 407 1.56 20 77.1 23 78.6
355 17.9 501.0 9.6 810
DPS 266 408 0.94 1.1 211.0 - -
355 0.68 204 - -
Bis MSB 266 418 1.83 1.3 340 - -
355 19.3 168.0 20.8 3.53
DiMe-POPOP 266 410 48 1.5 316 - -
355 10.3 214 297 3338
C-450 (C-2) 266 435 2.56 2.0 38.6 - -
355 153 200.0 66.6 1.76
C-440 (C-120) 266 435 374 20 348 - -
355 11.8 26.0 62.0 35.1
C-460 4DMC, C1) 266 445 0.1 32 536 - -
355 0.85 116.0 23.0 79.0
C-490 (C-151) 266 510 0.8 20 619 - -
C-504 (C-314) 266 480 2.23 20 1157 - -
355 0.28 414 - -
C-500 266 490 4.15 20 52.1 - -
355 334 0.37 - -
C-535(C-7) 266 490 307 2.0 65.1 85.6 34.1
355 0.57 342 - -
C-503F (C-307) 266 490 1.03 20 117.0 - -
355 1.91 59.5 - -
C-481 266 504 396 20 17.5 ~ -
355 3.15 36.7 - -
C-540 (C-6) 266 505 2.81 27 337 - -
355 0.54 245 - -
C-515 (C-30) 266 500 148 20 5.0 - -
355 0.78 2.83 - -
C-490 (C-151) 266 510 0.8 20 61.9 - -
355 324 172.0 321 382
Fluoresceine 548 266 512 38 4.0 14.6 - -
(2,7 dichloro- 355 0.26 0.66 - -
fluoresceine)
C-153 266 530 332 2.0 262 - -
355 095 772 372 49.0
Fluoresceine- 266 560 3.78 6.8 6.25 - -
disodium 355 0.94 28.3 982 28.5
532 046 10.3 - -
RB 266 580 3.12 32 52.7 - -
355 1.61 88.8 744 39

532 25.5 59.1 80.2 32
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Table 1 (continued)
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Laser dye® Ao Aem Toy T10 O1n Ip(max) Tu1
[nm] (107" em?/mol]®  [ns]® [107Y7cm?/mol]  [10**photon/em?®s]  [ps]
R6G 266 590 17.2 5.5 113 - -~
355 i 138.6 750 3.7
532 458 25.5 14.0 36
R640 266 600 709 20 48.1 - -
355 334 248.8 11.0 50
532 7.20 749 - ~
CVP 266 625 6.14 35 16.0 - -
355 0455 96.8 232 12.0
532 9.16 1.84 - -
DODC 355 610 1.07 12 4.52 - —
DCM 266 645 4.6 1.31 209 - -
355 6.0 10.8 51.6 40.0
532 53 7.6 68.8 39.6
0X720(0X170) 266 650 7.63 3.0 14.25 - -
355 1.81 51 93 450
532 3.03 521 - -
LD 690 266 660 30 20 6.24 - -
355 0.5 1.94 - -
532 26 251 - -
NB 690 266 670 466 17 10.7 - -
355 372 294 - -
532 1.60 125 - -
0X725(0X1) 266 685 12.3 1.02 8.25 - -
355 2.14 94 - -
532 305 04 - -
LD 700 266 700 40 20 20.5 - -
532 0.24 472 - -
LDS 698 266 700 336 20 351 - -
355 287 539 - -
@yridine 1) 352 9.42 466 496 462
DOTC 266 725 191 12 62 - -
355 0.56 25.6 - -
532 0.15 6.19 - -
HITC 266 750 1.86 13 31 - -
355 1.81 32 - -
532 0.46 8.0 31.1 444

2 Exciton and/or Eastman Kodak commercial names. For correct nomenclature, where available, see Exciton “Laser Dyes” catalog.

Eastman JJ-169 data service publication of laser products and [17]

RB: Rhodamine-B; R6G: Rhodamine-6 G; R-640: Rhodamine-640; CVP: Cresylviolet perchlorate; OX-170: Oxazine 170; NB 690:

Nile blue perchlorate
¥ Determined from low signal spectrophotometer readings

¢ Literature value where available [15-21], otherwise the value 2.0 ns was arbitrarily chosen

[15-21] for all of the laser dyes employed in the present
study are summarized in Table 1. Comparison with g,
values for some of the dyes measured by direct §,—S,
absorption flash spectroscopy { 15,22-27] and with 7,4
values directly measured by picosecond techniques
[15, 28] confirm the validity of the photoquenching
analysis.

The importance of bleaching effects was determined by
measuring the transmission of a highly attenuated
laser probe beam through the irradiated pumped zone
(Fig. 1b). The results shown in Fig. 15 are indicative of
low transmission for intense pumping (reverse satu-
ration) typical of excited state absorption for which
g,>0¢,. Moreover, if bleaching was the dominant
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Fig. 15. Transmission curve for the R6G laser dye at 532 nm, [,
is the transmitted probe intensity (Fig. 1b) relative to the pump
intensity Ip

factor the slope of the ¢,/¢ vs. I line would have been
T10001, the fact that the cross sections obtained by this
analysis differ considerably from o, shows that we are
dealing here with a genuine photoquenching case.
Since in usual laser flash spectroscopy one measures an
effective absorption cross section 6. 4=0,,—0cpm
(0.m-stimulated emission cross section) it is not surpris-
ing that we obtain somewhat larger values for ¢,,. For
obtaining values for 7,; we have to reach high pump
intensities, thus limiting this method to relatively long
7,18 for which this maximum can be reached at the
pumping intensity range employed.

Conclusions

We have demonstrated that photoquenching plays an
important role in the pumping of laser dyes commonly
used in PLPDL systems. Our results (Table 1) enables
one to determine the optimum pumping power re-
quired for a given dye. The actual I(max) in a PLPDL
is higher than the one quoted here due to cavity losses
and stimulated emission depletion of §; population
[6].

The practice of using a low-signal oscillator in an
oscillator-amplifier PLPDL in commerically available
systems, or the use of energy transfer for pumping dyes
[8], will minimize photoquenching effects and increase
the laser efficiency. In addition, we note that the
photoquenching technique provides a convenient
method for determining absorption cross sections for
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excited states without requiring, more sophisticated,
time-resolved excited-state absorption techniques.
Moreover, it provides good estimate for the flu-
orescence lifetime of S, (n=2) state which usually
requires utilization of picosecond techniques.
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