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EXCITED STATE ABSORPTION DYNAMICS OF FAST RELAXING DYE NO. §
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The excited state absorption dynamics of the fast mode-locking dye No. 5 for Nd-glass lasers is investigated. The ex-
cited state absorption cross-section o, for 1.053 um picosecond pulse excitation is determined from energy transmission
measurements, The excited state absorption populates a higher lying singlet state S4. The population lifetime 74 of this
state is determined from two-step excited fluorescence quantum yield measurements. The obtained values are ooy =

(5.5t 1)X 10717 cm? and 74 = 60 + 20 fs.

1. Introduction

The polymethine pyrylium dye No. 5 [1] from
Kodak or Lambda Physik has a favourably short ab-
sorption recovery time of only 2.7 ps [2] when dis-
solved in 1,2-dichloroethane. It was successfully used
as mode-locking dye for Nd-glass lasers and shorter
pulse durations were achieved than with the gener-
ally used dye Kodak No. 9860 [3,4]. The short re-
covery time increases the laser intensity necessary for
bleaching. Therefore, the conventional linear resona-
tor geometry had to be changed to a folded z geom-
etry with four mirrors to obtain a focal region of
high intensity where the dye had to be placed [3].
The excited state absorption of the dye increases the
saturation intensity and reduces the efficiency of
mode-locking (bleaching is reduced). The dye No. 5
was also applied as an infrared laser dye. Laser action
was obtained in a thin cavity with picosecond pulse
excitation [5] and in a traveling-wave dye laser [6].

Here we study the excited state absorption dy-
namics of the dye. The nonlinear transmission of
picosecond light pulses (A = 1.053 um) through the
dye No. 5 is measured. The energy transmission at
high input light intensities allows to determine the
excited state absorption cross-section from level S;
to S4. The population lifetime of the S4-state
(around 530 nm) is determined from S4—S, fluores-
cence quantum yield measurements after two-step
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excitation [7]. The direct single step S;—S, excita-
tion by second harmonic picosecond pulses of the
Nd-glass laser is not applied to avoid complications
by single step excited Sy—S fluorescence of impuri-
ties.

2. Theory
The ground state absorption spectrum of dye No.

5 is depicted in fig. 1. The absorption peaks are la-
beled S; to S¢. From the absorption spectrum the
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Fig. 1. Absorption and fluorescence spectrum of dye No. § in

1,2-dichloroethane. Fluorescence spectrum was excited with

pump pulses of A; = 1.053 um, Jop, =~ 101 W/cm? and

At L =~ 5 ps.
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Fig. 2. Energy level diagram used in calculations.

level system of fig. 2 is derived. The light propagation
through the dye is described by the following equa-
tion system [8]

ON(0)/3t' = —(Bop Iy /hvy)[N(0) — No(8)] cos?0

+ 75 [Ny(0) + N3(0)] + kg1 N 4(0)

T [V 1(0) - Nyl )

AN (8)/0t' = (I /hwy )3cos20 { oy [N1(0) — N(6)]

— 0x [N5(0) — N4©@)NH(6)/ [N0) + N3(6)]] }

~ (rid + 15 INH(0) — 757 [INo(6) — N, )
dN3(0)/0t" = —(Iy /hvy )30y c0s20 [N(0)

— Ny@WN3(0)/ [N5(0) + N3(0)]] + (75 — 15 IV, (0)

+kizNy(0) — 757 [N5(8) — V3] €))
AN 4(6)/0t" = (I /hvy )30, c0s20 [N(0)
+N3(0) — Ny(®)] — k4Ny©) — 75, [N4(8) — N4],
2 C))

N;= f (i=1to4), ®)

0

Ny(@)sin 6 d6,

w2
aly [oz = =3I} f {07 [N1(8) — Ny(0)]

+ 0oy [N5(8) + N5(6)] }cos20 sin 6 df. (6)
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The transformation ¢' = ¢ — nz/c has been used with n
the refractive index and c the vacuum light velocity .
7f is the S;-state lifetime. 7 is the relaxation time
of the populated Franck—Condon state 2 within the
S; band. The relaxation rates of level 4 are k43 and
kqy (kg =771 =kgy +ky3). 7o, is the molecular re-
orientation time. The ground and excited state ab-
sorption cross sections are gy and o, respectively.
The initial number densities of the level populations
are N1(0 rt'=—o z)=Ny= —ln(TO)/(oLl)

No(t'= —o0) = N5(t' = —o0) = Ny(t' = —0) = 0. The
initial laser intensity is Iy (¢', 7, z = 0) = Iy exp(—¢ 2/1‘0)
exp(—r2/r3). Ny is the total nymber density of dis-
solved dye molecules. T is the small signal dye trans-
mission and / the sample length. The angular aniso-
tropy of ground state and excited state absorption is
taken into account by oy (0) = 30Lc0520 and 0,,(0) =
3oexcosze [8]. 0 is the direction between electric di-
pole transition moment and electrical field strength.
The S;—S; and S;—S, transition dipole moments are
assumed to be parallel to one another. The last term
in eq. (6) includes excited state absorption from level
4 to higher lying states (open system with fixed cross-
section Ogy: Ogy [(Vo(0) + N3(0)] = 04 [V,(0) + N5(6)
— Ny(0)] + 0, [N4(0) — Ng(0)] + ...). The experi-
mentally measured energy transmission T is given by

. WLo ) Jo JZ oIy (r, ', Ddt’ 2mrdr o
E7 wp 3/2,2
™ rotoloL

WLo and Wy are the output and input pulse energies,
respectively. A spatial and temporal gaussian input
pulse shape is assumed. The comparison of measured
Tg(Ioy) values with calculated curves allows to deter-
mine the S;—S, absorption recovery time 7 and the
excited state absorptlon cross-section 0.

The lifetime 74 = k4 of level 4 slightly influences
the energy transmission at high input peak intensities.
This lifetime will be determined by S;,—S, fluores-
cence signal and radiative lifetime ("rad S —So) mea-
surements. The S,-state (level 4) is populated by ex-
cited state absorption (two-step excitation) of plane
polarized picosecond light pulses. The S4—S, fluores-
cence is observed under 90° to the pump pulse prop-
agation without polarizers. The pump pulse is polarized
perpendicular to the observation direction. The influ-
ence of the anisotropy of the S;-state population and
of the angle between the direction of the S;—S,4 and
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the S4—8, transition dipole moments on the influ-
ence signal is neglected. An anisotropy analysis [9,10]
will be given elsewhere{11]. The derived formulas
agree within 20 percent with a more rigorous discus-
sion [11].

The detected S4—S, fluorescence energy Wr s +—So
normalized to the input pulse energy Wy is given by

NS,-S¢ = WE,S4-5o/WL

= (AW /nET 0 5,5 0Ma/ WL (®)
with
oo I oo
My= [ ar' [dz [ 2mrar
—oo 0 0
/2
X [ Ny,z,t,0)sin6 do. ©)
0

My is the time integrated total population of level 4.
AQ is the solid angle accepted by the detection sys-
tem. AQ/nF is the internal acceptance angle in the
sample. ng is the mean refractive index of the solution
in the fluorescence wavelength region. v is the mean
fluorescence frequency. N(r, z, t', 0) is obtained by
solving the equation system (1—6). M,/W; depends
on the input pulse parameters /j; and Aty =

2[In(2)] 1/21‘0 as well as on the dye parameters o,, and
74 The radiative lifetime 7,4 5, s, is obtained from
the S;—S, absorption spectrum and the S,—S fluor-
escence spectral distribution according to the
Strickler—Berg formula [12,13]:

-rjw

1 "E JEQONN o))
Trad,S4—So e ny fE(>\)>\4d)\f (10)

E(\) represents the spectral shape of the S;—S fluo-
rescence spectrum (quantum distribution f[E(A)dX\ =
1). o(A) is the absorption cross-section of the S;5—S,
transition. n, is the mean refractive index of the solu-
tion in the absorption band.

To avoid a determination of ng, g, in absolute
units and to avoid the determination of A2, the
S4—S fluorescence signal is compared to the $,-S,,
fluorescence signal of a dye of known quantum effi-
ciency close to one. The fluorescence of the reference
is excited by single step excitation. Neglecting ani-
sotropy effects the fluorescence energy Wg s, —s, R
of the reference normalized to the input pulse energy
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WL,R is
nS,-So,R = WE,S;-So,R/WL,R

= (AQAwp R/nf: R Traq,s,-So,R) MR/Wr R+ (11)

The picosecond pulse excitation of the reference dye
may be approximated by §-pulse excitation

(At < 7R, R) leading to a S state population density
ost (r,z,t)= Ns (r, z)exp( t/'rFR)fort >0
and Nsl(r z,t)=0 for t'<o0. MR/WL R is given by
(see eq. (9))

Mg [Z.dt f{) dz f;; 21rrﬁsl(r, z,t)dr
WLR WL R

_TFR flo dz 21rrdrﬁsl(r, z)

WL r
= (15 R/WL R Wabs/AVL R
=1p,R(1 = Tor)/hvy R - (12)

In eq. (12) the relations f]Vsl dv= Wabs/hVL,R and
Wabs = Wi r(1 — T ) have been used. Insertion of
eq. (12) into eq. (11) gives

= vp RAQqE R — To R r7E R, (13)

where gp R = Tp R/Trad,8,-8,,R 18 the fluorescence
quantum efficiency of the reference dye.

The ratio of S4—S, fluorescence yield of the in-
vestigated saturable dye to the S;—S, fluorescence
yield of the reference dye is found from egs. (8) and

(13)

NS,4-So/MS,—Sg,R

NS, -So,R

2
n hy 14 M
F,R"”L,R"F 4 (1 )

2 1%
NET1ad,S4—SoVF,RIF,R(I —Tor) "L

M, /W is obtained from eq. (14) by measuring all
other quantities. The dependence of M,/Wy on 74
is used to determine the S4-state lifetime.

3. Experiments

The experimental set-up is shown in fig. 3. Single
picosecond light pulses from a mode-locked Nd-phos-
phate glass laser are used. The energy transmission
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Fig. 3. Experimental setup for energy transmission and 5 4 )
S4—S¢ fluorescence measurement. BS, beam splitters; 2 ouk- Y, 4 ey 3 P
L1-L3,lenses (L1: f=70cm,L2: f=5 cm,L3: f= 10 cm). é ) / i P -
DC, dye cell for intensity detection. S, sample; IF, inter- / b
ference filter; PD1-PD3, vacuum photodiodes; PM, photo- et - VoA
multiplier. & Yy
& Yy <
02t S 8
through the dye sample S is measured with photode- //
tectors PD1 and PD3. The input peak intensity is ob- L /G -
tained by energy transmission measurement through £Z
the saturable absorber cell DC (dye No. 9860, T = ) s S B VST HE Y
10 10

0.173) [14]. The fluorescence signal is gathered un-
der 90° with lenses L2 and L3 and directed to a pho-
tomultiplier. A broad band interference filter or spec-
trometer are used for spectral selection. The laser
pump pulses were polarized perpendicular to the ob-
servation direction. For the S;—S, fluorescence mea-
surements of the reference the second harmonic was
generated with a KDP crystal behind the amplifier
(polarization rotated by 90° with half wave plate)
and the sample cell S was filled with rhodamine 6G
dissolved in ethanol (T g = 0.9). The second har-
monic pulse was attenuated in order not to bleach the
reference dye.

4. Results

Fig. 4 depicts the measured energy transmission
data of dye No. S together with calculated energy
transmission curves. The laser parameters used in the
calculations are Af; =5 ps and A = 1.053 um. The
dye parameters are listed in the figure captions. The
depopulation of level 4 is assumed to proceed via
level 3,ie. 74 = k;l = kZ31, k41 = 0. The solid curves
exhibit the influence of excited state absorption
cross-section 0, (74 = 10~135). The dashed curves

show the influences of 74 (g, = 6 X 10717 cm?). For
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Fig. 4. Energy transmission through dye No. 5. Laser param-
eters Aty =5 ps, frequency vy = 9497 cm™!. Dye parameters
To=0.01,7E=2.7 ps, o =3 X 10716 cm?, 7 = 150 ps.
Solid curves: 74 = k3" = k43 = 10713 s and S—S transition
dipole moment parallel S;—S4 transition dipole moment, (1)
Oex =0,(2) 00y =3 X 10717 cm?, (3) 0., = 6 X 10717 cm?,
(4) 0gy = 1.2X 10716 ¢m2. Dotted curve: 74 = k43 = 107135,
0ex = 6 X 10717 cm? isotropic value. Dashed curves: o4y =

6 X 10717 cm? (ogyll op), (a) T4 = k23 = 107125, (b) 74 =

k25 = 10714 5. Structural formula of dye No. 5 is inserted.

T4 <3 X 10—14 5 the energy transmission becomes
practically independent of 74. The dotted curve is
calculated for isotropic excited state absorption
Oex(0) = 0o = 6 X 10~17 cm? [8]. The experimental
points fit better to solid curve 3 than to the dotted
curve indicating a nearly parallel orientation of
Sp—S; and S;—S, transition dipole moments.

The normalized fluorescence spectrum resulting
from S, —S, transitions is included in fig. 1. It was

. detected with a spectrometer in front of the photo-

multiplier of fig. 1 (without a polarizer in fluorescence
path). The S4—S and S;—S, fluorescence are clearly
indicated. The Ss—S, fluorescence indicates S4—Ss
excited state absorption which is included in our cal-
culations by the open level system of fig. 2. Calcula-
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tions with an open S-level system (S state explicitly
included) and equal S;—S, and S4—S; excited state
absorption led to the same T and My/W; values as
shown in figs. 4 and 5. The S5 level population was
found to be about 10 percent of the S, level popula-

tion at /y; = 1010 W/em? and 74 = 75 = 1013 5, Varia-

tion of the S,—S absorption cross-section by a factor
of two has negligible influence on the o, and 74 de-
termination.

Fig. 5 depicts experimental ratio points M,/W; ob-
tained from fluorescence yield measurements (eq.
(14)). The used reference data are ng g =137,

qp,r =0.88 [15], g g = 17600 cm~! and T  =0.9.

The S4—S, radiative lifetime of dye No. 5 is calcu-
lated from the absorption and fluorescence spectrum
of fig. 1 (vp = 17500 cm~1). A value of 7,4 S4—S¢ =
(9.2 + 0.5)ns is found. The refractive index of the dye
solution in 1,2 dichloroethane is np = 1.45. NS4S
and NS, -So,R were measured with an interference.
filter in front of the photomultiplier. The curves in
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Fig. 5. S4-state lifetime determination from plot of Ma/Wy,
versus Jof . Experimental points derived from eq. (14). Solid
curves: ogy = 6 X 10717 cm?, k4 values are (1) 1012571, (2)
3% 1012571,(3) 1013571, (4) 3x 1013571, (5) 1014 571,
Dashed curves: k4 = 103 s™ and (a) 0y = 1.2 X 10716 cm?,
(b) 6oy =3 X 10717 cm?.
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fig. 5 are calculated by use of eq. (9) where NV, is de-
termined from the differential equation system 1—6.
The solid curves belong to various 74 values (0, =

6 X 1017 cm?2). The dashed curves indicate the in-
fluence of 0, (14 = 10713 5). From figs. 4 and 5 we
deduce 0, = (5.5 + 1) X 10~17 cmZ and 74 = (6 + 2)
X 10-145,

The polarization degree P = (I — I )/(Iry + IFL)
was detected with a dichroitic polarizer in the fluor-
escence path. Ps,_s, =0.17 +0.04 was found indi-
cating a preferable parallel orientation of S;—S, ab-
sorption and S,—S, emission dipole moments [9]. In
case of rhodamine 6G, Ps, _s, = 0 was measured indi-
cating isotropic fluorescence emission (reorientation
time short compared to fluorescence lifetime).

5. Conclusions

The excited absorption dynamics of the dye No. 5
by 1.053 um picosecond pulse excitation was studied.
An §,-S, excited state absorption cross-section
Oy = 5.5 X 10716 cm2 and an S state lifetime
74 = 60 fs were found. The dyes No. 5 from Kodak
and Lambda Physik give the same results. Care must
be taken if S,-state lifetimes are tried to be measured
by single step excitation. In our case we obtained
74 = 14 ps for the Kodak dye and 74 = 0.2 ps for the
Lambda Physik dye. The long apparent lifetime of
the dye from Kodak is due to impurity fluorescence.
Dye degradation with time rises the single-step excited
fluorescence signal (fluorescence from photo-products).

The transmission behaviour of dye No. 5 compli-
cates its use as mode-locking dye. The peak spike in-
tensity slightly above laser threshold hardly reaches
the mode-locking threshold in conventional oscilla-
tors. To use the advantage of short S absorption re-
covery time for shortening the duration of picosecond
light pulses we applied dye No. 5 and 9860 together
(single path transmission of each dye about 88%)
either in separate cells or mixed together. The pulse
duration could be shortened from about 5 ps in case
of Kodak 9860 to about 2.5 ps.
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