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Singlet excited-state absorption of eosin Y
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The absolute S,-state excited-state absorption cross-section spectrum of eosin Y in methanol has been determined by pico-
second second harmonic Nd:glass laser excitation and time-delayed picosecond light continuum probing- (probing wavelength

region from 400 to 980 nm).

1. Introduction

The excitation of matter using intense ultrashort
light pulses causes a transient change of the optical
constants [ 1-12] (reduction of ground-state absorp-
tion, creation of stimulated emission and excited-state
absorption, transient refractive index changes, opti-
cally induced dichroism and birefringence). The ex-
citation with an intense ultrashort pump pulse and
the probing with a time-delayed ultrashort white-light
continuum allows a time resolved spectroscopic
analysis of transient optical phenomena [10,12,13].
In laser materials the excited-state absorption in the
pump wavelength region reduces the pumping effi-
ciency, and the excited-state absorption in the stim-
ulated emission wavelength region reduces the laser
gain [14,15] and the laser tuning range [16]. If the
excited-state absorption cross section is larger than
the stimulated emission cross section, then no laser
action is possible. In mode-locking dyes the excited-
state absorption reduces the saturable absorber ac-
tion (bleaching efficiency is reduced) [17]. In wave-
length regions where the excited-state absorption is
larger than the ground-state absorption, reverse sat-
urable absorption occurs [17-22]. Time-resolved
measurements of excited-state absorption may give
valuable information on the photochemical dynam-

ics of electronically excited matter [4,5,8].

In this paper we determine the absolute singlet-state
excited-state absorption cross-section spectrum of the
organic dye eosin Y (disodium salt of 2',4',5',7'-
tetrabromofluorescein, structural formula is shown in
fig. 6) in the organic solvent methanol at room tem-
perature. Eosin Y in various solvents has been ap-
plied as laser dye [23]. It is an important stain in
histology [24] and was recently used for optical bi-
stability [25] and in all-optical switching schemes
[26]. A picosecond pump and probe technique
[1,2,10,12] is applied in the experiments using fre-
quency doubled pulses of a mode-locked Nd:glass
laser [27] for excitation and a picosecond light con-
tinuum [28] following the pump pulse for probing.
The excited-state absorption cross-section spectrum
in the wavelength region between 400 and 980 nm is
determined. A comparison of the excited-state ab-
sorption cross-section spectrum with the stimulated
emission cross-section spectrum determines the range
of possible laser action, and a comparison of the ex-
cited-state absorption cross-section spectrum with the
ground-state absorption cross-section spectrum lo-
cates the regions of saturable absorber action and re-
verse saturable absorber action.
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2. Experimental

The experimental pump-probe setup is shown in
fig. 1. An active (acousto-optic modulator Intra-
Action model ML-50Q) and passive (saturable ab-
sorber is Kodak dye No. 9860 in 1,2-dichlorethane)
mode-locked Nd: phosphate glass laser (Schott laser
glass type LG760) generates a train of picosecond
light pulses at a wavelength of 1054 nm. A single pulse
is selected from the pulse train by an electro-optic
shutter [29] and increased in energy in a
Nd:phosphate glass amplifier. Single pulse energies
up to about 5 mJ are generated. The laser may be op-
erated from single-shot up to 0.05 Hz repetition rate.
The second harmonic light is generated in a CDA
crystal [30] (cesium dihydrogen arsenate Cs-
H,AsO,, length 1 cm, noncritical 90° phase-match-
ing at 34°C). Second harmonic energy conversion
efficiencies of 30 to 40% are obtained. The second
harmonic pulse duration is Af; = 5 ps.

Behind the CDA crystal the fundamental laser pulse
and the second harmonic pulse are separated by a
harmonic beam splitter. The fundamental laser pulse
is filtered, passed through an optical delay line, and
focused to a heavy water cell where the picosecond
light continuum is generated [28]. Behind the heavy
water cell the fundamental laser light is filtered off
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(filter F3) and the white light continuum is imaged
to the sample cell S. Part of the light continuum is
directed to the spectrometer SP1 where the input
spectrum is recorded (diode array system DA). The
transmitted light continuum behind the eosin Y sam-
ple is directed to the spectrometer SP2 where the out-
put spectrum is recorded (vidicon system VI). The
input and output spectra are digitized and trans-
ferred to a computer for data analysis.

The second harmonic light which passes the har-
monic beam splitter serves as an excitation pulse of
the eosin Y sample. The pump pulse transmission
through the sample is determined with the photode-
tectors PD1 and PD2. The half-wave plate WP is
aligned to adjust the polarization of pump pulse to
the magic angle (6=54.7°) relative to the polariza-
tion of the linearly polarized probe pulse continuum.
The magic angle alignment avoids complications of
anisotropic probe pulse absorption caused by aniso-
tropic molecular orientation due to electric dipole in-
teraction [1,31]. The optical delay line DL in the
probe pulse branch is adjusted to an optical delay of
ta= 30 ps of the probe pulse behind the pump pulse.
This delay time is short compared to the fluorescence
lifetime, and intersystem crossing to a triplet state is
negligible for this short time delay [32]. The probe
continuum transmission is determined only by the S;-
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Fig. 1. Experimental setup. SHG, CDA crystal for second harmonic generation. HS, harmonic beam splitter. F1-FS5, filters. L1-L5,
spherical lenses. CL1, CL2, cylindrical lenses. DL, optical delay line. CON, heavy water cell for picosecond light continuum generation.
S, dye sample. PD1, PD2, photodetectors. A. aperture. WP, half-wave plate for magic angle adjustment. Angle between pump and probe
beam, ax3°. SP1, SP2, 25 cm grating spectrometers with 150 lines/mm gratings. DA, diode array system. VI, vidicon system.
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state population (excited-state absorption and stim- The dye eosin Y in methanol is investigated at room
ulated emission) and the residual Sy-ground state temperature. Eosin Y was purchased from Heraeus
population (ground-state absorption). The S,-state and was purified by recrystallization six times from
population is calculated from the pump pulse trans- ethanol.

mission (see below).

3. Theory

The energy level system of the dye together with the pump pulse and probe pulse transitions and the level
depopulations are shown in fig. 2. The pump pulse absorption dynamics determines the S;-state level population
as a function of time, and the probe pulse transmission allows the determination of excited-state absorption as
a function of wavelength. In a previous paper on intersystem crossing [32] a differential equation system for
the level populations and the light pulse propagations was given. Here, in the following equation system triplet
level population is neglected (delay time of probe pulse is short compared to inverse intersystem crossing rate)
and amplified spontaneous emission is not included since it is negligible for our experimental conditions (see
below).

The equation system for the pump pulse passage through the sample reads [32,33]:
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in S,-state level population by pump puise. (b) Absorption and
emission processes involved in time-delayed probe continuum
la) . (b) passage.
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The transformations ¢’ =¢—coz/n and =’ =z are used, where ¢ is the time, z is the distance along the propagation
direction, ¢, is the light velocity in vacuum, and 7 is the refractive index. The absorption anisotropy of the
electric dipole interaction is considered by the angle dependent ground-state absorption cross section
g.(6) =30, cos?0 [31] where @ is the angle between the transition dipole moment of the molecules and the
direction of the electric field of the linearly polarized excitation light. The weak S,-excited-state absorption of
the pump laser light is approximated by an isotropic absorption, i.e. Gex 1. (8) =0, is used in the equations (for
a discussion see ref. [32]). The generated angularly anisotropic level populations N,(8) relax to isotropic dis-
tributions N; with the molecular reorientation time 7,,. The depopulation of the S, state (2 and 2*) is character-
ized by the fluorescence lifetime 7. The excited Franck-Condon level 2* relaxes to the temporal thermal equi-
librium state 2 in the S, band with the Franck-~Condon relaxation time constant tec. The thermal population
Ny Of the level 2* within the S, band is taken into account by eq. (7) where A is the Planck constant, Ay, ;. is
the frequency difference between the levels 2* and 2, kg is the Boltzmann constant and 8 is the temperature.
Molecules are excited from the S, state to a higher lying singlet state (level 3) by excited-state absorption (ab-
sorption cross section d., 1 ), and they relax back to the S, state with the time constant 7.,.

The initial conditions of the level populations are N, (6, t' = —o0, z’, r) =N, N»(6, t' = —00, z', r) =Na (6,
'==00,2,r)=N3(0, t' = —c0, z', r) =0. N, is the total number density of dye molecules. r is the radial coor-
dinate. The input pump laser intensity is

\2 2
IL(I’.:.':O, r)=IOL exp[— (:—L) - (;r;) ]9 (8)

where Iy is the input peak intensity, f; =2~ '(In 2) ~'/2 A, is half the 1/e temporal pulse width (A¢, is the fwhm
pulse duration), and r, is the 1/e beam radius.
The energy transmission 7% of the pump pulse is

— J'go rfa—cocll.(t,alyr)dt' dr

Te =
BL= Te = I(t,0,r)dr dar’ : (9
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~ where /is the sample length. The length averaged and orientation averaged level populations at the time position
t4 of probe pulse passage are

I N
Nitta =1 [ Blte, 2, ndz. i=1,2,2%3. (10)
0

For 1, 1., only the levels 1, 2 and 2* possess remarkable populations. ‘

The solution of the egs. (1)-(10) provides the energy transmission Tg; and the length and orientation av-
eraged level populations.

The length and orientation averaged S,-state level population N, /(7, t4) = No (1, t4) + Nas /(r, t4) determines
the magic-angle probe pulse transmission through the sample at time #4. The initial intensity distribution of the
probe pulse spectrum is

2 (4! 2
L(y,r, t',z'=0)=1p,.,(v)exp(-'—2---———-(' ) ) (11)
rg tp ,

where rpis the 1/e probe beam radius, and ¢p is half the 1/e probe pulse duration. The probe pulse energy is kept
small so that population changes caused by the probe pulse are negligible. The angle between the polarization
direction of the probe pulse continuum and the polarization direction of the pump pulse is adjusted to the magic
angle in order to avoid anisotropy effects [31 ]. Under these conditions the probe pulse propagation through the
sample is given by i

%—(;;”—) ={= (V)N /(1 1a) + [0(¥) = Oex (¥) 1Ns1.4(1, ta) (¥, 1, 1)

={=0(V)No+ [0.(¥) + 0 (V) = Gex () I Ny i(, ta) Hp(, 1, 1) . . (12)
The solution of eq. (12) gives the spectrally resolved probe pulse intensity transmission

IP(”9’~ t',l)

TP(”r’vt )= lp(v,r. t-',O)

=T,(v) exp{[0u(¥) +0c(¥) = 0ex (V) I Ns1.1(r, 1)1} , (13)
where T,(v) =exp[ —a,(v)Nyl] is the small-signal transmission of the sample at frequency ¥=co?=co/A. Tp(¥,
r,t') is equal to the time-integrated probe pulse transmission Tqp(¥, 1) =% Ip(¥, 1, t', 1) dt' [ [ 2 Ip(w, 1, V',
0) d’ since the probe pulse does not change noticably the S,-state level population and the probe pulse duration,
Atpx Aty is short compared to the S,-state relaxation constant tg. The spectral energy transmission of the probe
pulse spectrum is

JE 2 Ip(v, v 1Yd' dr _ [§ rexp(=r?/r§)Tmp(¥, 1) dr

Ter )= e b nur, v 0V T & =[5 resp(=riird)ar

=~ To(v) exp{[0,(V) +0c(¥) = Oex (¥) INs1.1(ta) ]} , (14)
with
Nsii(ta)= J& rexp(=r*/r3)Ns/(r, ta) dr _ [& rexp(—r?/r3)Nsi(r, fa)dr (15)

ferexp(—r3/ri)dr - nrd

Nsi.u(1a) is the effective S,-state level population density which is averaged over the molecular orientations, the
sample length, and the radial probe pulse extension. In eq. (14) the approximation is reasonably accurate in
cases of 0.2 5 Tep(v)/Ta(v) <5 (linear expansion of exponential function) or rp/rp 0.3 (Ns; (r, 14) is rather
constant within radial probe pulse extension, see below figs. 4 and 5). The approximation of eq. (14) allows the
direct determination of the excited-state absorption cross section
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In[Tep(¥)/Tu(v)]
Nsi(t4)!

Below eq. (16) is used to determine ., (v) from the measured probe pulse transmission Tg p(¥), the calculated
effective S,-state level population N, /(¢4, Tg1 ), and the known absorption cross-section spectrum o,(») and
stimulated emission cross-section spectrum a.(») [32].

It should be noted that a sample is a potential laser medium in the spectral region where T p(¥)> 1, i.e.
0.(v) >0 (v), it is a potential saturable absorber in the region where T, (¥) < Tgp(¥) <1, i.e. 0, (¥) <0, (¥),
and it is a potential reverse saturable absorber in the frequency range where T p(v) < T, (), i.€. Gex (V) > 0, (V).

In the derivation of N, ,(4) the amplified spontaneous emission has not been included. Its inﬂ_uence is esti-
mated in the following. The reduction factor f=Ng; sase (£a) /Ns1,.0(Za) is €qual to Tasg/ Ty, Where N, jase(fa) iS
the S,-state level population at time ¢, including amplified spontaneous emission, N, ;0(Zq) is the S,-state level
population without amplified spontaneous emission, and 7,sg is the S;-state lifetime in the case of amplified
spontaneous emission. The reduction of the S,-state lifetime by amplified spontaneous emission was derived in
refs. [33,34]. It reads

Oex(¥) % — +0,(v)+o.(v). (16)

Tase 1 (17)
TF 1+gr(AQ/47) Te p(Vase) ’

where ¢ is the fluorescence quantum yield, AQ=nr?/I? is the solid angle of effective amplified spontaneous
emission, and v,sg the amplified spontaneous emission frequency (positions of maximum gain T ). For our
experimental situation (rp~ 1 mm, /=1 cm, ge=0.44, T p(Vasg) = 7) We estimate T4se/ 72 0.99.

4. Determination of S,-state population maining  ground-state  population N o, = NpX
exp(—hAv; 2/ ks®) /[ 1 +exp(—hAv,4/ks®)] re-
The spectroscopic parameters of eosin Y in meth- duces the maximum length and orientation averaged

anol which are applied in the calculations are col-
lected in table 1. The pump pulse energy transmis-

sion Tg; and the normalized length and orientation
averaged S;-state level population Ng, ,(r=0, t4=30
ps)/N, versus input pump pulse peak intensity I,
are plotted in fig. 3. At high pump pulse intensities £
(Io,—0) a finite ground-state population N, .= 3 -
Nye oo ® (Ng—N, o) €Xp(—hAv,2/kp¥)  remains é H
because of the thermal population of the excited hed a
Franck-Condon state within the S, band. The re- :'.1_ g

|z$ g
Table 1 g
Parameters of eosin Y in methanol at room temperature %
Parameter Value Reference et R S T I

o w » v

TF 2.0ns [32] INPUT PEAK INTENSITY 1, (Wem?)
::: 33-? :: &LL‘“, (52] Fig. 3. ?ump pulse energy transmission T%,, (dgshed curve,
T 60 fs assumed, [53] AL=527 nm) and nqrmahzed length and orientation .avera;ed
A7y e 240 cm=-" 132] S,-state level popul.auon Ns Ar=0, ty= 30 ps)/No (solid curve)
Oext (3£0.5) % 10~"7 cm? (32] versus pump pulse input peak intensity /o . Curves are calculated

a* 0.44 [32) ll)y solving the equation system | to 5 with the parameters of table
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Fig. 4. Normalized orientation and length averaged S;-state level
population Ng, /(r=0, 14=30 ps)/N, versus normalized radial
pump pulse position r/r.. The curves belong to the indicated
pump pulse energy transmissions Tg;. The curves are obtained
from fig. 3 by using a Gaussian beam profile.
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Fig. 5. Normalized effective orientationally, longitudinally and
transversally averaged S;-state level population N, /(24=30 ps)
versus the ratio of pump pulse to probe pulse beam radius rp/r
for Gaussian beam profiles. The various curves belong to the in-
dicated pump pulse energy transmissions T, .

S,-state level population t0 Ngj max=No/[1+
exp(—hAv; 2./ kgd)].

In fig. 4 the normalized length and orientation av-
eraged S,-state level population N, /(r, 14=30 ps)/
N, is plotted versus the normalized pump beam ra-
dius r/r,_for various fixed pump pulse energy trans-
missions Tg;. In fig. 5 the normalized effective S;-
state level population Ng, ;(43=30 ps)/N, versus the
ratio of probe pulse to pump pulse beam radius rp/r
is displayed for various fixed pump pulse energy
transmission Tg;. This plot is applied in the o,
determination.

5. Determination of S,-excited-state absorption
cross-section spectrum

The ground-state absorption cross-section spec-
trum o¢,(4) and the stimulated emission cross-sec-
tion spectrum o, (1) of eosin Y in methanol have been
determined previously [32]. g,(4) was obtained from
transmission measurements in a spectrophotometer,
and o.(4) was determined from fluorescence quan-
tum distribution measurements. The 6,(4) and g.(4)
curves are redrawn in fig. 7. In the experimental
studies the small signal transmission at the pump laser
wavelength 4, =527 nm was set to To=T,(4L)
=exp(—Nyor/)=0.01 (/=1 cm, 0, =3.2X10""¢
cm?, Ny=1.44x10'cm~3). The wavelength depen-
dent ground-state small signal transmission
T.(A)=exp[—Nyo.(4)!] is shown by the short-
dashed curve T, in fig. 6. The maximum amplifica-
tion T.(4) in the case of total population transfer to
the S, state and in the absence of excited-state ab-
sorption would be T,.(A)=exp[Noo.(4)!]. T.(L) is
displayed in fig. 6 by the short-dashed curve T..

The actual spectral energy transmission T¢p(v) of
the probe pulse continuum is determined by the
spectral probe pulse signals S, () behind the sam-
ple (registered with spectrometer SP2 and vidicon
system VI) and S;,(¥) in front of the sample (regis-
tered with spectrometer SP1 and diode array system
DA). Itis

Tep(v)

- [Som.d(V)"'Sout,b(V)]/[Sin,d(y)_sin,b(V)]
- .[Sout.s(V)"Sout,b(v)]/[Sin,s(")_Sin,b(V)] ’
(18)
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Fig. 6. Spectral transmission curves through eosin Y in metha-
nol. Sample length /=1 cm. Small signal transmission at pump
laser wavelength of Ay =527 nm is To=exp(—Nyop!/)=0.01.
Short dashed curve 7, gives small signal transmission
T.(A) =exp[ —Nyg,(4)/]. Short-dashed curve T, represents
T.(A) =exp[Noo.(4)!]. The solid curves show examples of de-
layed picosecond probe continuum transmissions (#4230 ps) in
different spectral regions. They belong to pump pulse transmis-
sions of (1) Tg;=0.48, (2) Tg,=0.32, (3) Tgr=0.3. The
structural formula of eosin Y is inserted.

where the indices d, s, and b indicate the signals ob-
tained with the eosin Y dye solution, the solvent
methanol, and the background detector signal,
respectively.

The solid curves 1, 2, 3 in fig. 6 show three spectra
obtained in different spectral regions by single laser
shots. The pump pulse energy transmissions for these
three examples where Tg; (1)=0.48, Tg; (2) =0.32,
and Tg; (3)=0.30. The ratio of the beam radii at the
sample position was rp/r  ~0.32. Applying fig. 5 the
effective S,-state level populations at the time ¢4 of
the probe pulse passage are Ng,,(1)=~0.66XN,,
N1 (2)=0.57X N, and Ng,,(3)~0.56XN,. The
corresponding excited-state absorption cross-section
spectra are obtained from eq. (16).

The solid curve o, shown in fig. 7 was obtained by
averaging over three o, (V) spectra obtained by the
single-shot Tgp(v) and Tg; data analysis. In the
wavelength region 400 <1< 520 nm there is no stim-
ulated S,-state emission contribution to the probe
continuum transmission. In the wavelength region
520<A<550 nm (dotted o, curve) an accurate o.,
determination was difficult because of the change
from strong ground-state absorption to strong stim-
ulated emission. The actual transmission Tgp be-
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Fig. 7. Cross sections of eosin Y in methanol at room tempera-
ture. Dashed curves, d,(41) and o.(1). Solid curve and circle.
Oex(A). Dash-dotted curve and dots, a., (7 —7s; ) where 7 is the
probe wavenumber and Js, is the electronic So-S; transition
wavenumber.

comes very sensitive to the actual S,-state level pop-
ulation Ns,, Additionally the absolute stimulated
emission cross section o.(v) is not known exact
enough to give exact g, (¥) data. The light scattering
at the pump laser wavelength 4; =527 nm aggrevates
an accurate d., determination around A,. At A, the
S,-state excited-state absorption cross section has
been determined previously by intensity dependent
pump pulse transmission measurements Tg; (for)
[32]. The obtained ., (4, ) value is shown by a circle
in fig. 7. In the long-wavelength region 12 550 nm
the actual probe continuum transmission measure-
ments determines g.(A) — ., (1), and the accuracy of
0. (A) depends on the accuracy of o.(4). The error
bars shown on the o., (1) curve indicate the standard
deviations of the three measurements. The mini-
mum of o., around 620 nm would be less pro-
nounced if g.(4) would be slightly larger than shown
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in fig. 7. For 12 700 nm the stimulated emission cross
section becomes small and T p becomes determined
by 0. The measured probe continuum transmis-
sions give g.,.<10~'" cm? in the wavelength region
720<A <980 nm which is not shown in fig. 7 (the
spectra of ten laser shots were analysed ). At A=1054
nm the excited-state absorption cross section has been
determined by measuring the transmission of the
strongly attenuated time delayed fundamental laser
pulses through the eosin Y sample after second har-
monic light excitation instead of the transmission
measurement of the light continuum. The obtained
averaged energy transmission was 7 =0.973+0.017
for Tg1~0.2 (rp/r.=x0.3, Ng,,(14) 0.50, average
over 20 shots, result shown by the cross in fig. 6).
The corresponding excited-state absorption cross
section is 0., (1054 nm) = (3.8 +2.4) X 10~ '8 cm?.

6. Discussion

The singlet excited-state absorption originates from
the thermally relaxed population distribution in the
S, state at a frequency vg, =cols; =Co/As;. The dash-
dotted curve in fig. 7 presents the frequency shifted
excited-state absorption cross-section curve o, (7 —
Vs, ) versus 7. The absorption maxima of the fre-
quency shifted dash-dotted o, (¥ — 75, ) curve and the
absorption maxima of the short dashed ground-state
absorption cross-section curve o,(#) coincide rea-
sonably well and correspond to the same higher ex-
cited singlet states S, (n>2). In the displayed fre-
quency range the S,-S,, excited-state absorption cross
sections are smaller than the Sy-S, ground-state ab-
sorption cross sections.

A comparison of 6., (4) with g,(1) and g.(4) shows
that eosin Y in methanol may be used as a reverse
saturable absorber in the wavelength region of
400 <4 <450 nm (0..> g,, the short-wavelength range
probably extends to 300 nm ), as a saturable absorber
in the region 450<A<550 nm (6..<0,), and as a
laser gain medium in the wavelength range
530<4<670 nm (o0.,<0.). The use of eosin Y in
methanol as a laser medium may be restricted to short
pump pulse excitation (ps to ns) and subpicosecond
to subnanosecond laser pulse generation [35] like
travelling-wave amplified spontaneous emission la-
sers [33.35-40], distributed feedback lasers [41,42],

quenched cavity lasers [43,44], spectro-temporal
selection lasers [45,46], or short cavity lasers [46-
50], because of the large quantum yield of triplet state
formation [32].

7. Conclusions

The absolute singlet excited-state absorption cross-
section spectrum of eosin Y in methanol has been de-
termined in the wavelength regions 400 <A<520 nm,
550<54<980 nm, and at A=527 nm and A= 1054 nm.
A picosecond pump (second harmonic pulses of a
mode-locked Nd: glass laser) and probe (picosecond
light continuum generated in D,0) technique was
applied. The S,-S, excited-state absorption cross-
section spectrum is found to be roughly a factor of
three weaker than the Sy-S,, ground-state absorption
cross-section spectrum. A comparison of the S;-ex-
cited-state absorption cross-section spectrum with the
So-ground-state absorption cross-section spectrum
and the S, stimulated emission cross-section spec-
trum allowed the localization of the spectral regions
where the dye solution may be applied as a reverse
saturable absorber (laser induced absorption en-
hancement ), a saturable absorber (laser induced ab-
sorption reduction), or a laser gain medium (gain’
dominates over absorption).
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