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The in tens i t y -dependen t t ransmiss ion of p i c o s e c o n d ruby laser pu lses of dif ferent dura t ion 

th rough methano l i c and e thano l i c so lu t i ons of rhodamine B and rhodamine 6 G is ana lysed . The 

t ransmiss ion is af fected by S 0 - S „ t w o - p h o t o n absorp t ion , by s t imula ted emiss ion at the p u m p -

laser f requency , by ampl i f ied s p o n t a n e o u s emiss ion and by exc i ted-s ta te absorp t ion . Va r ious 

parameters i nvo lv ing the t w o - p h o t o n absorp t ion d y n a m i c s are de termined by c o m p a r i n g exper ­

iments w i t h numer ica l s imu la t ions . 

1. Introduction 
The two-photon absorption of dye solutions at elevated laser intensities has been studied previously 

by fluorescence observation [1-14]. Two-photon absorption cross-sectionszyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA G{2) were determined for 

various dyes [1-7]. The fluorescence induced by two-photon absorption has found wide application 

in picosecond-pulse duration measurements [8]. Dye-laser pumping by two-photon absorption was 

achieved [9, 10]. Deviations of the two-photon excited-fluorescence signal from the expected 

quadratic dependence on pump-laser intensity has been observed indicating the simultaneous action 

of additional spectroscopic effects (excited-state absorption, stimulated emission, etc.) [2, 3, 11-15]. 

In this paper the two-photon absorption dynamics of dyes is investigated by transmission 

measurements. The dyes rhodamine 6 G and rhodamine B in methanolic and ethanolic solution are 

studied. The pump laser is a mode-locked ruby laser. The relaxation of the excited molecules 

involves radiationless decay, fluorescence emission, excited-state absorption, stimulated emission at 

pump-laser frequency, amplified spontaneous emission and fluorescence reabsorption. The dynamics 

are simulated with a realistic level scheme. 

2. Theory 
A realistic level diagram for the S 0 -S„ two-photon-absorption dynamics is shown in Fig. 1. The 

two-photon absorption excites molecules from the S 0 ground state (region 1) to a higher excited 

singlet state, Sw lzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA (nl ^ 2, level 2). The molecules in higher excited singlet states relax rapidly to the 

first excited singlet state, Sj (level 3). Direct relaxation from higher excited singlet states to the 

ground state, S 0 , is neglected. Before relaxation to the S! state, excited-state absorption may elevate 

some molecules from S„, to S„4 (level 4). From the first excited singlet state, S, (level 3), the molecules 

return to the ground state by spontaneous emission (indicated by transition to level 7), by radiation-

less decay, by stimulated emission at the pump-laser frequency, v L (transition to level 8), and by 

amplified spontaneous emission (transition to level 9, frequency v A S E ) . Within the S 0 state the 

population of levels 7, 8, 9 thermalize with vibrational relaxation time T v [16-18]. The fluorescence 

emission within the S0-S{ absorption region is partially reabsorbed (transition 7 3). The pump 

laser at frequency v L and the generated amplified spontaneous emission signal at frequency v A S E 

suffer excited-state absorption from S, to Sw 2 and S n 3 , respectively. The intersystem crossing from 
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Figure 1 Level system. 

singlet states to triplet states is neglected because the transmission behaviour of picosecond pulses 

has been studied and on a picosecond time-scale the transfer to triplet states is negligibly small (for 

rhodamine 6G, rate & S i X = 4.2 x 1 0 V 1 [19], for rhodamine B , £ S i T = 1.7 x 10 6 s _ 1 [20]). The 

extremely small fraction of molecules in thermally populated vibrational states or inhomogeneously 

shifted states within the S 0 band is able to populate directly the Sx state (transition 8 3) [21, 22] 

with absorption cross-section cr e m. Laser light scattering (cross-section <xSCA) and impurity absorp-

tion ( ( T , M ) may contribute to the single-photon absorption at the laser frequency. The impurity 

absorption may be bleached at high intensities. The S 0 - T singlet-triplet absorption is negligibly 

small for the rhodamine dyes investigated and is not included in the level scheme ( T J - S Q radiative 

lifetimes: i p h = 1.5 s for rhodamine 6G and t p h = 1.6 s for rhodamine B , solvent ethanol [23]). 

The rhodamine 6G and rhodamine B molecules in methanol and ethanol are treated as single 

species. For the dye concentration used of 0.04moldm~ 3 , a fraction of about 8% of the molecules 

are statistically so close together that they interact mutually (closely spaced pairs) [24]. They have 

a double peaked S 0 - S , absorption spectrum [24] and act as quenching centres in the concentration 

quenching of the fluorescence lifetime [25]. The S 0 -S„ (n ^ 2) absorption of these closely spaced 

pairs is found to be the same as the monomer absorption. The influence of the fraction of mutually 

interacting dye molecules is only taken into account by a reduction of the S{ -state fluorescence 

lifetime. 

The transitions in the level system of Fig . 1 are described by the following system of rate 

equations. The transformation t' = t — nz/c is used, with n the refractive index and c the vacuum 

light velocity. Only isotropic single-photon and two-photon absorption cross-sections are con-

sidered, i.e. absorption anisotropy of two-photon [3, 26] and of single photon processes [27, 28] is 

neglected. The system of equations reads 

dt' 

°{L)(NX - N2) 

2(hvLy Z + 
° M - NS) <JASE(N3 - N9) 

+ —N2 - aREA(N7 #3) 
^ R E A 

/ * V F (1) 
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The initial conditions for the number density (dimension, cm 3 ) of the level populations 

are #,(/ '= - oo, r, z) = JV0, # 2 ( - < » ) = # 3 ( - o o ) = ^ ( - o o ) = N5(-oo) = # 6 ( - o o ) = 0, 

N7(—oo) = Q-JNQ, Ns(—CO) = QSN0, and N9(—co) = Q9N0. g 7 , ^ 8 and ^ 9 are the occupation 

probabilities of the levels 7, 8 and 9 within the S 0 band. The initial light intensities are 

I L{t',  r, z = 0) = I 0L exp ( - f / 2 / t f - r 2/r 0

2), 7 A S E (/ ' , r, z = 0) = 0, and I REA(t\ r, z = 0) = 0. 

f0 = Ar/[2(ln 2) 1 / 2] is half the 1/e pulse width (At F W H M ) and r 0 is the 1/e beam radius of the pump 

pulse (frequency v L ) . Nv and Ny are the ground-state and excited-state level populations, respect-

ively, of the impurity molecules in the dye solution. 

NX comprises the total population of the S 0 band. The first term in Equation 1 is responsible for 

two-photon absorption; cr(2) is the orientation-averaged two-photon-absorption cross-section. The 



second term describes the stimulated emission. The third term takes amplified spontaneous emission 

into account. The fourth term gives the S , - S 0 relaxation rate; r F =zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA rj FTrdd is the fluorescence 

lifetime, where t]F is the fluorescence quantum efficiency and T R A D is the radiative lifetime. The last 

term approximates the reabsorption of fluorescence light; a R E A is the reabsorption cross-section. 

Equation 2 contains two-photon absorption, S„,—S„4 excited-state absorption, and S„,-S, relax-

ation. Equation 3 is responsible for the St -state dynamics. The first term gives the level population 

by S„,-S, relaxation. The second and third terms describe excited-state absorption at v L and v A S E , 

respectively. The next two terms depopulate level 3 by stimulated emission at v L and v A S E . The sixth 

term determines the reabsorption of fluorescence light. The last four terms describe relaxations. 

Equations 4 to 6 handle level populations by excited-state absorption. Equation 7 considers 

fluorescence emission into the reabsorption region. The first term gives the filling of level 7. eAREA 

is the fraction of fluorescence falling into the spectral reabsorption region. The second term 

describes the reabsorption of fluorescence, and the third term takes care of thermalization in the S 0 

band. In Equation 8 the first term gives level population by stimulated emission while the second 

term takes care of thermalization. In Equation 9 the first term describes the fluorescence emission 

in the amplified spontaneous emission spectral region. eTASE presents the fraction of fluorescence 

falling into the transparent spectral region (eTASE + eAREA « 1). The second term handles the 

amplified spontaneous emission, and the last term causes thermalization. 

Equations 10 and 11 are included for the discussion of impurity effects. They describe the impurity 

bleaching in a three-level system with fast intermediate state (Fig. lb) [28]. 

The change of pump-laser intensity is described by Equation 12. Two-photon absorption (first 

term), excited-state absorption (second and third terms), stimulated emission (fourth term), light 

scattering (fifth term) and impurity absorption (last term) are included. The generation of amplified 

spontaneous emission is described by Equation 13: the first term gives the seeding spontaneous 

emission in the transparent fluorescence region (nrl/l 2 is the solid angle of efficient amplified 

spontaneous emission; /, sample length), the second term describes the stimulated amplification of 

the fluorescence, the third term takes care of excited-state absorption, and the last term considers 

scattering. Equation 14 describes the reabsorption of fluorescence along the light path: the first term 

gives the spontaneous emission, the second term is due to reabsorption and the last term takes care 

of scattering. 

Because the Sn-Sx relaxation times are short compared to the pulse durations, the steady-state 

solutions of Equations 2, 4, 5 and 6 are used leading to 

N i = W(2)IJN, 

2(hvL)
2 + rna™ll + / * v L T 2 3 < 7 e X ) 2 4 / L - / / v L T 2 3 ( 7 e x , 2 4 / LzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA l(l + A V l , ) <15> 

N < = V " ( 1 6 ) 

1 + 
T 43 °"ex,24 

^ 3 

N> = —-^r  <17> 
i + 

T 53 C T ex,LA. 

N6 = ( 1 8 ) 

1 + 
T63°'ex,ASE-7ASE 

The system of Equations 1, 3, 7 to 18 is solved numerically to analyse the S 0 -S„ two-photon-
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absorption dynamics. In the experiments the energy transmission 

T * = JT [zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA LzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA W, r, IW] Inrdrfc  [ £ W, r, 0 )d / ' ] 2nrdr (19) 

is measured as a function of input-pulse peak intensity / 0 L . Temporal and spatial gaussian input-

pulse shapes are assumed. A comparison of the experimental energy transmission curves with 

calculations allows one to determine the two-photon-absorption cross-section, a{2\ if the other dye 

parameters are known. 

3. Dye parameters 
The dyes rhodamine R dissolved in acidic methanol [29, 30] (0.003 mol d m - 3 HC1 added) and 

ethanol and rhodamine 6 G dissolved in neutral methanol and ethanol are investigated (dyes from 

Kodak). A picosecond ruby laser is used for the two-photon absorption measurements. The dye 

parameters entering Equations 1 to 18 are summarized in Table I. The data are independent of the 

solvent methanol or ethanol within our experimental accuracy and, therefore, only a single set of 

data is listed. If dye parameters are varied in some calculations, the changes are explicitly stated. The 

origins of the data are specified in Table I. Most of the data of Table I are obtained from the 

absorption and emission spectra of Figs 2 to 4. The two-photon absorption cross-sections and some 

excited-state-absorption cross-sections are determined by the present analysis. 

The absorption and emission spectra of rhodamine B and rhodamine 6G dissolved in methanol 

are presented in Figs 2 and 3, respectively. The corresponding absorption and emission spectra for 

the solvent ethanol are within the experimental accuracy identical to the methanolic solutions. Only 

300 400 500 600 700 

WAVELENGTH, X [nm] 

Figure 2 Absorption and emission spectra of rhoda-

mine B in acidic methanol. dA, apparent absorption 

cross-section. <rth, shape of absorption cross-section 

due to thermal level population. dem, apparent emission 

cross-section. Absorption and emission spectrum of 

rhodamine B in <ethanol isjhe same. The deviation 

in the lohg-wavefength absorption spectrum is indi-

cated by the dashed curve. 



T A B L E I Dye Parameters 

Parameter Transition Rhodamine B Rhodamine 6G Comments 

Absorption cross-section 
<r ( 2 )(cm 4-. 4s) 

<rem (cm2) 

^ A S E (cm2) 

aex24 (cm2) 

*ex,L ( C m 2 ) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
^ex,ASE ( C H I 2 ) 

aSCA (cm2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
<TIM (cm2) 

50 
51 
S, 

SM 

Sj-S, 

5, 

S0 (3 - 8) 

S0 (3 - 9) 

• Sw4 (2 -> 4) 

(3 - 5) 

Sn2 (3 - 6) 

0' - 20 

(1.2 ± 0.2) x 10- 4 8 

(1.9 ± 0.2) x 10~17 

(7 ± 1.5) x 10-'7 

(1 ± 0.3) x 10~17 

(1 ± 1) x 10- 1 7 

2.1 x 10~22 

2 x 10~17 

(1.8 ± 0.2) x 10~4! 

(9 ± 1) x 10-'8 

(7 ± 1.5) x 10~17 

(5 ± 1) 

(1 ± 1) 

2.1 x 10~22 

2 x 10-1 7 

x 10-1 8 

x 10~17 

a 

b 

c 

d 

e 

f 

xL (nm) 694.3 694.3 i 

4 E A (nm) So-S, (7 - 3) 574 556 J 

^ A S E (nm) S,-S 0 ( 3 - 9 ) 646 626 J 

Initial  S0-level populat 
t I k 

Q\ 

Qi 

i 
0.22 0.09 1 

Qi 6 x 10"8 1.6 x 10~9 1 

Q9 3 x 10-4 2.1 x 10-4 1 

Fluorescence contributions 

^ T , A S E 0.125 0.25 J 

E A , R E A 0.875 0.75 J 

Relaxation rates 

?23 (PS) S„, — S, (2 — 3) 0.1 0.1 m 

T 4 3 (ps) S M - S, (4 - 3) 0.1 0.1 m 

T 5 3 (PS) S„2 — S, (5 — 3) 0.1 0.1 m 

*63 (PS) S„3 — S, (6 — 3) 0.1 0.1 m 

*rad (ns) S, - S0 (3 - 1) 4.7 4.7 n 

T F (ps) S, -» S0 (3 - 1) 350 350 0 

* v (ps) S0(v) - S0(0) 4 4 P 

hu (PS) (3' - 1') 10 10 h 

Two-photon saturation intensity 

42) (Wcm"2) 6.7 x 1010 5.5 x 1010 

q 

Concentration 0.04 mol dm 3 , solvent methanol. Data for solvent ethanol are identical, within experimental accuracy. Room 

temperature. Sample length 2 cm, beam radius r 0 = 0.2 mm. 
a From Figs 6 and 7; this work 
b From Figs 2 and 3; aem = dem(XL) 
c From Figs 2 and 3; <7ASE = ffem(AASE) 
d Not relevant because T 2 3 very short 
e From Fig. 8; this work 
f For rhodamine 6G [34, 35]; for rhodamine B assumed 
gThis work 
h Assumed 

'Ruby pump-laser frequency 

j From Fig, 4 
k Level 1 comprises whole S0 band 

•Calculated from Qi = NJN0 = ffA(^)/*emtt) ( s e e F i S s 2 

and 3) 
m Approximate values according to [39-42] 

"For rhodamine B [43]; for rhodamine 6G [25, 33, 44, 45] 

°For rhodamine 6G [25]; for rhodamine B, same value 

assumed 
pTaken from [17]; see also [18] 
q Equation 26 with teff = AtL = 30 ps 

in the long-wavelength absorption wings of the S Q - S J transition are deviations observable, which 

are included in the figures (dashed curves for ethanol). 

The apparent absorption cross-sections aA = —In (T/N0l) [21, 22] are obtained from trans-

mission measurements with a spectrophotometer (T, transmission; A^ 0, total number density of dye 

molecules; /, sample length). Dye concentrations of 10" 4 moldm~ 3 and 0.04 mol d m " 3 have been 

used in the absorption spectra measurements for a > 2 

respectively. 

x 1 0 1 8 c m 2 and a < 2 x 10' 



WAVELENGTH,zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA X [nm] belongs to purified rhodamine 6G in methanol. 

The apparent absorption cross-sections,zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA a(v), differ from the real absorption cross-sections <r(v), 

which enter the system of Equations 1 to 18, by <rA(v) = a(v)/JV0 and aA(v) = a(v)/7V(v), where a(v) 

is the absorption coefficient (dimension c m - 1 ) and N(v) is the number density of interacting 

molecules at frequency v [21, 22]. For v > v A m a x the apparent and real absorption cross-sections are 

thought to be approximately equal, i.e. dA(v) = <xA(v) (all molecules take part in transitions; v A m a x 

frequency of maximum So-Si absorption). For v < v A m a x the real absorption cross-section <xA(v) is 

larger than the experimental absorption cross-section dA, because N(v) < N0 (only inhomogeneously 

broadened and thermally excited molecules take part in the S0-S{ absorption). The dotted curves 

in Figs 2 and 3 indicate the expected long-wavelength decay of the apparent absorption cross-

sections due to thermal population of the states in the S 0 band (<xth(v) = a A (v 0 ) exp [— h(v0zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA — v)/kT] 
because JV,(v) = #i(v0) exp [-h(v0 - v)/kT]). 

The residual absorption in the long-wavelength wings of Figs 2 and 3 above the dotted curves is 

thought to be mainly due to impurity absorption. The rhodamine-6G-methanol solution was 

purified by recrystallization from methanol, resulting in a remarkable drop of the long-wavelength-

absorption edge (dash-dotted curve in Fig. 3). 

Transmission loss by light scattering was analysed by measuring the scattered laser light perpen-

dicular to the direction of laser propagation and comparing the signal with the scattered light in a 

diluted milk solution. The expected transmission due to scattering was found to be TSCA ~ 0.99 for 

all solutions investigated (0.04 M rhodamine 6 G and rhodamine B in 2-cm-long cells). 

The S 0 - T singlet-triplet absorption is estimated from the phosphorescence lifetime t p h to be 

negligibly small K , m a x « ^ ( v A , M A X ) T P H / T R A D « 10~ 2 4 cm 2 [23]). 

The apparent stimulated-emission-cross-section curves of Figs 2 and 3 are calculated from our 



measured fluorescence spectra (excitation source is a spectrally filtered tungsten lamp; backward 

fluorescence is detected with a spectrograph and Tracor D A R R S diode array system) by use of the 

relation [16, 22, 31] 

J e m / F W <U }e mzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA I F(X) A4dl Jabs i 

7 F (A) is the detected fluorescence signal (photons per wavelength unit) at wavelength X. The 

fluorescence integration ranges over the S J - S Q fluorescence band. The absorption integral spans over 

the S 0 - S , absorption band. rj F and rj A are the mean refractive indices of the dye solutions in the 

fluorescence and absorption region, respectively. The determined stimulated-emission-cross-section 

curves are in good agreement with reported spectra (rhodamine B in methanol [32], rhodamine B 

in ethanol [33], rhodamine 6G in methanol [33], rhodamine 6 G in ethanol [32]). In the long-

wavelength region, v < v e m m a x , the apparent and real stimulated-emission cross-sections are 

thought to be equal and identical to the real absorption cross-sections [dem(v) = <xem(v) = C T a ( V ) for 

v < v e m , m a x ] [21, 22]. 

Fig. 4 depicts the fluorescence spectra of rhodamine B and rhodamine 6G together with the 

transmission of light through a cell of length / = 2 cm. The dash-dotted curve in Fig. 4b belongs 

to the purified rhodamine-6G-methanol solution. The steep rise of transmission determines the 

wavelength of amplified spontaneous emission A A S E and the fluorescence contribution eTASE to the 

amplified spontaneous emission. The region of low transmission locates the fluorescence reabsorption 

(centre wavelength / R E A ) and the fluorescence contribution e A R E A to reabsorption. 

The excited-state absorption crex A S E for rhodamine 6G is extracted from gain measurements of [34, 

35] where crem A S E — <rex>ASE is measured and from the fluorescence spectrum of Fig. 3 (crem A S E ) . For 
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Figure 5 Experimental arrangement: POL, linear-

polarizer; F, filters; PD1-PD4, photodetectors; HM, 

50% mirror; M, mirrors; TPF, two-photon fluorescence 

cell; CA, camera; OSA vidicon of optical spectrum 

analyser; DA, diode array; TPA, CdS crystal for inten-

sity detection; L, lens; S, sample; IF, interference filter; 

PM, photomultiplier. 

rhodamine B an explicit value ofzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA aex A S E is not available, but from the laser action of rhodamine B 

at v A S E in dye lasers it is known that d e x A S E <| <7 e m , A sE-

4. Experiments 
In the experiments the two-photon-absorption cross-sections, a(2\ and the excited-state-absorption 

cross-sections, < 7 E X L , were determined. The other dye parameters influencing the pulse propagation 

through the dyes have been described in the previous section. The intensity-dependent energy 

transmission of single picosecond ruby laser pulses through 0.04 M methanolic and ethanolic 

solutions of rhodamine B and rhodamine 6 G was measured (sample length / = 2 cm). The trans-

mission behaviour depends on cr ( 2 ) and <xex L . The transmission measurement of a delayed probe pulse 

at frequency v L allows the determination of aex L [36]. 

The experimental arrangement is shown in Fig. 5. A passively mode-locked ruby laser generates 

a train of picosecond pulses. A krytron-triggered Pockels-cell shutter selects single picosecond pulses 

from the generated pulse trains. A ruby laser amplifier increases the energy of the selected pulses. 

A two-photon fluorescence arrangement is used for pulse-duration measurements [8]. Rhodamine 

6G in ethanol (2.5 x 1 0 _ 3 M ) is used as a two-photon fluorescence dye. The beam profile is 

monitored with a diode array D A . 

The energy transmission through the investigated dyes in sample S is detected with the photocells 

PD1 and PD3. The peak intensity of the light pulses is determined by two-photon-transmission 

measurements through a CdS crystal [37] with detectors PD1 and PD2. 

For the determination of the S{-S2 excited-state-absorption cross-section, < 7 E X L , a glass plate is 

inserted behind the sample S in order to reflect a small portion of the laser light back through the 

sample. The transmission of the backward probe pulse is measured with detectors PD3 and PD4 

[36]. The amplification or attenuation of the backward probe pulse depends on the SY -state 

population (determined by o{2)) and the effective cross-section <rem — <rexL (<rem > < 7 E X L , amplifi-

cation; (j e m < <rexL, attenuation). 

Additionally, the forward fluorescence and amplified spontaneous emission is monitored with 

photomultiplier P M . Insertion of a broad-band interference filter IF allows the registration of the 

spectrally integrated fluorescence light. With a monochromator instead of the interference filter, the 

spectrally resolved fluorescence emission is detected. The fluorescence signal at high intensities 

depends on the effective emission cross-section, aASE — <rex,ASE, and the Sj -state level population, 

which is determined by <r(2) and acm — crex L (see below). 
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Figure 6 Energy transmission of ruby laser pump 

pulses through rhodamine-B solutions. Sample 

length 2 cm. Concentration 0.04moldm~ 3. Sol-

vents are acidic methanol ( O ) and untreated 

ethanol (A ) , (a) Pulse duration A f = 3 0 p s 

(FWHM); (b) A f=15ps . The curves are cal-

culated with the data of Table I except as follows. 

Solid curves: (1)zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA aASE = aav A C C = er, 

10; 1 W ; (2) ffeXfASE = <v_ 
= 6 x 1 0 1 7 c m 2 ; (3) no changes (best 

ex,L ~ ° ' 

0' *em = 1 0 - 1 7 

J A S E 

fit curve); (4) tr e m = <r e X ( A S E = 0, <rpv , = 3.5 x 10" 1 8 

J ex ,L " 

J A S E 
= 1 0 _ 1 6 c m 2 , T V = 1 ps; (5) aei ASE 

a e x , A S E " ° ' °ex.L 

(A) (7(2) = 1.2 x 10 

*ex ,ASE = ° ' X 

ffem = ^ A S E 

3.5 x 10 1 8 c m 2 . Dashed curves: 

° A S E = aex,L = 

10~ 4 9 cm 4 ! 

0; (C) (J ( 2 ) = 

4 8 c m 4 s , « 

0; (B) o{2) = 1 x 1 _6~ 4 9cm 4s, IM 

°exX = 0ex ,ASE 

em 

= o, T IM 

5 x 1(T 4 9 cm 4 s, 'c7 e m = a _ 

T I M -0 ; (D) o{2) - 2 x l O ' ^ c m 4 ^ ^ = °. 

aex,L = 0ex,ASE = ° ' T I M 

ff<2) = 0 (bleaching of impurities). 

0, 

em " A S E 

0. Dash-dotted curve: 

5. Results 
The experimental results are shown by data points in Figs 6 to 9. The forward energy transmissions 

of the intense ruby laser pulses are shown in Figs 6 and 7 for rhodamine B and rhodamine 6G, 

respectively. The curves in Figs 6a and 7a are for AtL = 30 ps and those in Figs 6b and 7b for 

AtL = 15ps. The 15ps ruby laser pulses were obtained by passing the pulses through a saturable 

absorber after the amplifier (absorber DDI in methanol, transmission T0 = 10 - 4 ) [38]. The energy 

transmission is independent of the pulse duration within the experimental accuracy. The closed 

circles in Fig. 7a depict the two-photon transmission of the purified rhodamine-6G-methanol 

solution. A t high intensities the energy transmissions of the purified solution approach the energy 

transmission of the untreated solution, indicating the bleaching of the impurity absorption at high 

intensities. The solid curves in Figs 6 and 7 are calculated with the aid of Equations 1 to 19 using 

the parameters listed in the figure captions and in Table I (for discussion of curves, see below). The 

best fits of the calculations to the data points give the two-photon-absorption cross-sections of 

< T ( 2 ) = (1.2 ± 0.2) x 10" 4 8 cm 4 s for rhodamine B and (1.8 + 0.2) x 10- 4 8 cm 4 s for rhodamine 

6G. Our results agree reasonably well with previously reported values of (1.48 ± 0.7) x 1 0 - 4 8 cm 4 s 

for rhodamine B and (3.55 ± 1.7) x 10~ 4 8cm 4s for rhodamine 6 G [3]. 

The backward energy transmission of a reflected weak probe pulse (frequency v L , distance 

between end of sample and reflection glass plate 1.2 cm, reflection factor 0.04) as a function of input 

pump-pulse intensity (duration AtL = 30 ps) is shown in Fig. 8a for rhodamine B in methanol and 

in Fig. 8b for rhodamine 6 G in methanol. A t low input intensity the backward transmission is equal 

to the small signal forward transmission (ground-state absorption, no Si -state population). With 



INPUT INTENSITY, 

Figure 7 Energy transmission of ruby laser pump 

pulses through rhodamine-6G solutions. Sample 

length 2 cm. Concentration 0.04moldm" 3. Solvents 

are methanol (o) and ethanol (zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA ) . Closed circles 

belong to purified rhodamine 6G in ethanol. (a) 

Pulse duration Af = 30ps; (b) A f=15ps . Solid 

curves give best-fit (data of Table I). Dash-dotted 

curve, (j ( 2 ) = 0 (bleaching of impurities). Dashed 

curves, data of Table I except as follows: (A)zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA oem = 

° A S E 

KT 4 9 cm< 

(C) ff<2> = 

<7ov . = 0, 

J e x , A S E 

A s, ffPm = 

Jex,L = o, 

em 

5 x 1 0 
~ GASE ~ 0ex,ASE 

4 9 c m 4 s , ^ f i m 

= 0; (B) <j<2> 

= <7ov , = 0, Ti 

1 

uex,L ' 

^ A S E 

IM 0; 
ex, ASE 

y A S E y e x , A S E 

0; (D)zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA G{2) = 4 x 1 ( r 4 8 c m 4 s , aem = 

*ex ,L = 0, T I M = 0. M M 

increasing input intensity the backward transmission slightly rises. For the purified rhodamine-6G-

methanol solution the backward transmission rises above 1 (amplification). This fact indicates that 

the excited-state-absorption cross-section, < 7 E X L , is less than the stimulated-emission cross-section. 

The rise of transmission is similar for untreated and purified solution. This behaviour indicates a 

fast absorption recovery time of the impurity molecules (bleached impurity molecules return to the 

ground state within the delay time of the probe pulse). A n absorption recovery time of T i m = lOps 

is assumed in the calculation. The backward probe pulse transmission curves of Fig. 8 are calculated 

by use of the transmission formula TB = exp {-<xEX,L $l

Q N3(z) dz + < 7 E M [N3(z) - Ns(z)] dz} [36]. 

N 3 and N% are determined by solution of the system of Equations 1 to 18 with the data of Table I. 

In Fig. 8a (rhodaminezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA B), curve 1 represents the best-fit (aexX = 1 x 10~ 1 7 cm 2 , a e m = 1.9 x 

10~ 1 7cm 2), curve 2 belongs to < 7 E X X = <rem = 1.9 x 10" 1 7 cm 2 . In Fig. 8b (rhodamine 6G), the 

best-fit TB curve 2 (er e x L = 5 x 1 0 _ 1 8 c m 2 , crem = 9 x 10~ 1 8cm 2) and the curves for <rexL = 0, 

(j e m = 9 x 10~ 1 8 cm 2 (curve 1) and <rexL = < 7 E M = 9 x 10" 1 8 cm 2 (curve 3) are shown. The dash-

dotted curve belongs to purified rhodamine 6 G in methanol (same parameters as curve 2). 

The intensity dependence of the forward spontaneous emission and amplified spontaneous 

emission is shown in Fig. 9a and b for rhodarnine B and rhodamine 6G, respectively (A^ L = 30 ps). 

The experimental data give no indication of an increase of fluorescence by amplified spontaneous 

emission. The fluorescence signals are only measured in arbitrary units and they are adjusted to the 

theoretical curves of Fig. 9 in the intensity region I 0L < 109 W c m - 2 . 

The influence of crem and crex L on amplification of spontaneous emission is illustrated in Fig. 9a. 

A n increase of crem or an increase of aexL reduces the effect of amplified spontaneous emission, 
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Figure 8 Energy transmission of weak ruby laser 

probe pulse retro-reflected through the dye sample 

from a glass plate at a distance of 1.2 cm behind the 

end of the sample cell. The dashed curves indicate 

the length-integratedzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA ST -state populations gener-

ated by the pump pulse, (a) Rhodamine B in acidic 

methanol. Solid curve 1, best-fit to experimental 

data (<je X f L - 1 0 ~ 1 7 c m 2 , <rem = 1.9 x 10 1 7 c m 2 

see Table I); curve 2,zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA oev, =<j o m = 1 .9x 1 0 _ 1 7 c m 2 

ex,L "em 

(b) Rhodamine 6 G in ethanol. Solid curves belong 

to parameters of Table I except as follows: (1) 

uex,L 
0, 9 x 1 0 l 8 c m 2 ; (2) best-fit to 

' o em 

9 x 1 0 " 1 8 c m 2 . 

experimental data (<rex L = 5 x 10 

9 * 1 < r 1 8 c m 2 ) ; (3)<rexX = oem 

Dash-dotted curve belongs to purified solution 

(same parameters as curve 2). 

because crem as well as cr e x L reduces the S! -state population. The suppression of amplified spon-

taneous emission is more pronounced for shorter relaxation times T v in the S 0-band (dashed curve 

compared with curve 3) because fast depopulation of level 8 reduces the SY -state population 

(reduction of bottleneck effect, see below). In Table I, T v = 4ps is listed [17]. Relaxation from the 

high-lying level 8 may be considerably faster than 4 ps, which represents the recovery time of the 

ground-state absorption [17]. 

The influence of <rASE — trex A S E on amplified spontaneous emission is studied in Fig. 9b. Large 

° " A S EzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA — °"ex,ASE values (curve 1, T v = 4ps) result in a strong increase of the forward fluorescence 

signal as soon as N3 > N9. For o"ASE = < 7 E X A S E (curve 3), amplified spontaneous emission and 

excited-state absorption compensate each other and the forward fluorescence emission is approxi-

mately equal to the forward spontaneous emission (slight difference because N6 # N9). For 

°ex,ASE > ® A S E (curve 4) the forward signal falls below the spontaneous fluorescence signal because 

ol absorption of spontaneous emission along the light path. 

The dynamics of the S 0 -S„ two-photon absorption is illustrated by theoretical calculations. In 

Figs 6 and 7, energy transmission curves are calculated for various parameters of the two-photon-

absorption cross-section, o{1) (dashed curves, crem = <rexL = crA S E = (T e x A S E = 0, T I M = 0) and 

single-photon cross-sections <rem, <rASE, a e x L and <xex A S E (solid curves). The dashed curves in Figs 6b 

and 7b show the decrease in energy transmission with increasing a ( 2 ) value. The solid curves in Fig. 

6a illustrate the influence of the single-photon cross-sections: dominant stimulated emission 

°em > 0 " E X , L raises the energy transmission (curve 1 compared to dashed curve, tTem = 10" 1 7 cm 2 , 

°"ex,L = 0 A S E = °ex,ASE = 0). The effect is more pronounced for longer pulse durations (no curve 
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Figure 9 Forward fluorescence emission as a function 

of input peak pulse intensity. The experimental points 

are adjusted to the curves in the intensity region 

/ 0 L < 10 9 Wcm~ 2 . (a) Rhodamine B in acidic metha-

nol. Influence of aem and er e x L on amplified spon-

taneous emission is studied. Curves belong to data of 

Table I (<rASE = 7 x 10~ 1 7 cm 2 , <7 e x A S E = 1 0 _ 1 7 c m 2 ) 

except: (1) <7zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAem
 = <WzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA = 0; (2) ( 7 = 0 , ae x L = 

1 0 " 1 7 c m 2 ; (3) a e m = 1.9 x 10~ 1 7 cm 2 , <rex L = 

10" 1 7 cm 2 ; (4) <7em = 5 x 10~ 1 7 cm 2 , <rex L = 0. Dashed 

curve, as solid curve 3 except T v = 1 ps (experimental), 

(b) Rhodamine 6G in methanol. Influence of aASE and 

°ex A S E o n amplified spontaneous emission is studied. 

Curves belong to data of Table I (<rem = 9 x 1 0 " 1 8 c m 2 , 

(7 e x L = 5 x 1 0 " 1 8 c m 2 , T v = 4ps) except: (1) <xASE = 

7 x 10" 1 7 cm 2 , a e x A S E = 1 x 1 0 " 1 7 c m 2 (experimental); 

(2) <xASE = 3 x 1 0 - 1 W , c e x A S E = 10" 1 7 cm 2 ; (3) 

' A S E = V A S E = 10~ Icnf£ <4> ' A S E = 7 x 1 0 - 1 7 c m 2 , 
V A S E = 1-3 x i 0 - 1 6 c m 2 . 

shown). Additional amplified spontaneous emission <rASE — crex A S E > 0 reduces the effect of stimu-

lated emission at high intensities due to depopulation of the S, state (curve 2, <rem = 10" 1 7 cm 2 , 

a e X ) L = 0, crA S E = 6 x 10" 1 7 cm 2 , < 7 E X A S E = 0). Dominant excited-state absorption < 7 E X L > cr e m 

lowers the energy transmission (curve 5 compared to dashed curve, <rem = 0, atxX = 3.5 x 10" 1 8 

cm 2 , <rASE = <jex A S E = 0). The reduction of transmission increases with pulse duration (no curve 

shown). Additional amplified spontaneous emission reduces the effect of excited-state absorption at 

high intensities because amplified spontaneous emission depopulates the S,-state (curve 4, <rem = 0, 

aexL = 3.5 x 10" 1 8 cm 2 , <rASE = 6 x 10" 1 7 cm 2 , < 7 e x , A S E = 0)- Curve 3 represents the best fit to 

experimental data. The transmission is slightly higher than calculated by neglecting the single-

photon effects in the Sj state. 

The intensity-dependent level populations at the middle of the pump pulse (time position 

/ = Ops; pulse duration Af = 30ps) are illustrated in Figs 10 to 15. 

In Fig. 10 the situation crem = <rexL = 0 is considered. A t the cell entrance (solid curves) the 

ground-state population is somewhat depleted at high pump intensities. The population accumu-

lates in the S, state. Amplified spontaneous emission has no influence. Towards the end of the cell 

(dashed curves) the pump pulse is attenuated and no ground-state depletion is observed. In the case 

of dominant amplified spontaneous emission ( < 7 A S E > o- e x A S E , long-dashed curves) the S t-state 

population is limited by amplified spontaneous emission. This effect is reduced by populating the 

terminal level 9 of the amplified spontaneous-emission transition (bottle-neck due to finite thermal-

ization time T v ) . The short-dashed curves belong to <rASE ^ crex A S E . If there is no difference between 

° " A S E ^ V A S E and ( 7 A S E > <7 E X A S E , then only the long-dashed curves are shown. 
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Figure 10 Level population as a function of input 

pulse peak intensity at cell entrance (solid curves) 

and cell exit (dashed curves). Data are for rhodamine 

B in acidic methanol (Table I) except<7em = aexL = 0. 

Time position t = 0 (middle of pump pulse). Pulse 

duration At = 30 ps. At cell entrance, curves are 

independent of <rASE and ffex,ASE- At cell exit, long-

dashed curves are for <rASE = 6 * 1 0 ~ 1 7 c m 2 and 

°ex,ASE = 0- The short-dashed curves are for <rASE -

W S E < ° -

The case of aem = 0 and < 7 E X L > 0 is illustrated in Fig. 11. The S,-state level population N 3 is 

reduced compared to the previous case because the excited-state absorption absorbs pump-laser 

photons without elevating molecules from the ground state. The ground-state depletion at high 

pump intensities is reduced. The effect of amplified spontaneous emission towards the end of the dye 

cell is reduced because of the weaker -state population (long-dashed curves). 

The situation of crem = crex L = 10~ 1 7 cm 2 is studied in Fig. 12. The stimulated emission populates 

the terminal level 8 in the S 0 state. A t high intensities 7V8 approaches 7V3 (bottleneck effect due to finite 

T v value; i v = 4ps used). The S,-state level population is reduced because the Sj level populates the 

terminal level 8 in the S 0 band. The ground-state depletion (N{ comprises 7V7, 7V8, A^9) is reduced. 

Towards the end of the cell the pump pulse is attenuated and the Sj-state population is too low for 

an observable amplified spontaneous emission effect (curves with <rASE > <xex A S E and <rASE ^ aex ASE 

are identical). 

The level populations in the case of < 7 E M > 0 and o~exL = 0 are shown in Fig. 13. The terminal 

level 8 is populated as in the case of (j e m = aexL / 0. The Sj-state population reaches slightly higher 

values because no excited-state-absorption loss is present. The ground-state depletion is small. The 

pump pulse is less strongly attenuated in its pass through the sample (see curve 1 in Fig. 6a). A t 

high pump intensities amplified spontaneous emission builds up in the case of C T A S EzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA — <rex A S E > 0 

(long-dashed curves) and limits the S,-state population towards the end of the sample (bottleneck 

effect for terminal level 9). The short-dashed curves belong to aASE — cjex ASE ^ 0. 

The influence of the thermalization time T v on the level populations is illustrated in Fig. 14. The 

populations in the middle of the cell are shown (z = 1 cm). The solid curves belong to T v = 4 ps and 

the dashed curves to T v = 1 ps. The influence on amplified spontaneous emission is shown in Fig. 
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Figure 11 Level populations as a function of input 

pulse peak intensity at cell entrance (solid curves) and 

cell exit (dashed curves). Data are for rhodamine B in 

acidic methanol (Table I) exceptzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA <rem = 0, oexL = 

10~ 1 7 cm 2 . Time position t = 0, At = 30 ps. Curves as 

in Fig. 10. 

14a and the influence of stimulated emission is depicted in Fig. 14b. The bottleneck effect is shifted 

to higher pump intensities for shorter T v values. 

The level populations for the experimental situation of rhodamine 6 G in methanol are plotted in 

Fig. 15 (best-fit parameters used; timezyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA t = 0, pulse duration At = 30 ps). The ground-state 

depopulation is negligibly small over the experimental intensity region. Amplified spontaneous 

emission does not occur. 

The influence of the two-photon absorption dynamics on the temporal pulse shape is analysed in 

Fig. 16. The pulse shapes I L(t\ r = 0, / ) / / L ( f , r = 0, z = 0) are shown. In Fig. 16a pulse deforma-

tion in the rhodamine-6G sample is shown for various input pulse intensities (best-fit parameters 

used in calculations). With increasing input pulse intensity the transmitted pulses are broadened. In 

Fig. 16b the influence of various dye parameters on the output pulse shape is analysed 

(/ 0 L = 4 x 1 0 - 1 0 W c m - 2 ) . Seven different situations are considered: 

(i) In the case of <rem = <rex L = 0 (no stimulated emission) and <rASE — crex A S E ^ 0 (no amplified 

spontaneous emission) only two-photon absorption occurs (curve 3). Pulse broadening due to 

two-photon absorption is observed. The ground-state depopulation at very high intensities causes 

a slightly asymmetric pulse formation due to reduced losses towards the end of the pulse. 

(ii) The situation of crem = <jexL = 10" 1 7 cm 2 and <JA S E - aexASE ^ 0 is shown by curve 4. The 

shape is similar to case (i) only the transmission is slightly lower because of excited-state absorption. 

(iii) For crem — aexL < 0 (dominant excited-state absorption) and crA S E — crex A S E < 0 (no ampli-

fied spontaneous emission) the absorption in the trailing part of the pulse is enhanced. The pulse 

broadening due to two-photon absorption is reduced (curve 5). 

(iv) In the case of dominant excited-state absorption at v L and additional amplified spontaneous 
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emission at v A S E (o- e m - trexr < Oand 

° A S E — °"ex ,ASE > 0) both effects enhance the absorption in the 

trailing part of the pulse and slight pulse shortening may be achieved (curve 6). 

(v) If < 7 E M — o~ex L = 0 (no stimulated emission) and <TA S EzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA — crex A S E > 0 (amplified spontaneous 

emission) ground-state depopulation is hindered. The two-photon absorption broadens the pulse 

shape (as in curve 4). 

(vi) Dominant stimulated emission (<rem — <rex L > 0) reduces the two-photon absorption losses. 

A t high pump intensities the stimulated emission saturates around the pulse maximum because of 

filling of level 8 (Fig. 15b). In the trailing part the pulse is amplified as the population of level 8 

decays (for T V -* 0 no amplification occurs, i.e.zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA I out(t)/I in(t) ^ 1 for all /)• The situation is illustrated 

by curve 1 where no amplified spontaneous emission is present (<xASE — tTex A S E ^ 0). 

(vii) In the case of simultaneous stimulated emission at vL(cr e m — acxL > 0) and amplified spon-

taneous emission at v A S E (cr A S E — crex A S E > 0) both processes deform the pulse shape (curve 2). The 

amplification in the trailing part of the pulse is reduced by the amplified spontaneous emission 

(reduction of S, -state population). 

6. Analytical estimates 
Concentrating on two-photon absorption and non-bleachable single-photon absorption Equation 

12 simplifies to 

£ < 2 1 > 

Here ground-state depopulation is neglected. The absorption coefficient a = — In (T)/l takes care 

of the small-signal absorption of the sample (contributions from impurities and scattering 
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Figure 14 Level populations as a function of input 

pulse intensity in the middle of cell (z = 1 cm). Time 

position t - 0, pump pulse duration At = 30 ps. (a) 

Influence of S0-state thermalization time T v on amplified 

spontaneous emission. Curves are for data of rhodamine 

B in methanol (Table I) except: aem = 10" 1 7 cm 2 , <7ASE = 

6 x 10~ 1 7 cm 2 , fffixL

 = ^ A S F = ff*vASF = 0. T w = 4ps 

(solid lines); o{ em 

= 0, 

10" 
A S E 

= 6 x 1 0 

[W cm'] 

aex,LzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA = V A S E
 = U ' Tv = 1 P s (dashed lines), (b) Influ-

ence of S0-state thermalization time T v on stimulated 

emission at laser frequency v L . Curves are for data of 

rhodamine B in methanol (Table I) except: <xem = 10~ 1 7 

, V A S E = ffex,L = ^ ' T v = 4 P S ( S O , i d , i n e S ) ' 

T A S E = V A S E = V L = 0, T V = 1 ps 

UASE 

• 10" 

(dashed lines). 
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A2VLa 

The energy transmission T E is given by Equation 19. Using the best-fit parameters ( T ( 2 ) of Table I, 

the energy transmissions give the same results as the solutions of the system of Equations 1 to 18 

for C T _ 

= ° A S E = °"exL = °*exASE = 0 a n d T I M 0 ( n o impurity bleaching). Using Equation 22 to 
fit the experimental points would underestimate the true cr(2) values by 30%. 

The S 0 ground-state depopulation by two-photon absorption may be estimated by calculating the 

Sj-state populationzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA {Nx ~ N0 — N3). Three different situations are considered: (i) the Sx-state 

population declines by radiative and non-radiative decay (time constant t F ) ; (ii) the Sl -state 

depopulation is dominated by stimulated emission at the pump laser frequency, v L ; (iii) the Sj-state 

population is mainly reduced by amplified spontaneous emission. 

(i) In the case of dominant Sx -state depopulation by spontaneous emission and nonradiative decay. 

Equation 3 reduces to 

dJV3 _zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA a«\N0 - N}) T2 N, 

The first term describes the level population by two-photon absorption and fast relaxation from S n l 

to S,; the second term gives the relaxation from Sx to S 0 . Formal integration of Equation 23 leads 



Figure 16zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA Pulse deformation by two-photon absorp-

tion dynamics. Dashed curves represent input pulse 

shapes, (a) Intensity dependent deformation. Solid 

curves belong to best-fit data of rhodamine 6G in 

methanol (Table I). The input peak intensities / 0 L 

are (1) 1.5zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA x 10 7 Wcm~ 2 (intensity reduction is 

due to linear losses), (2) 1 x 10 9 WcrrT 2 , (3) 

6 x 1 0 9 W c m " 2 , (4) 4 x 1 0 1 0 W c m ~ 2 . (b) Influence 

of various parameters on pulse shape. The curves 

belong to best-fit data of rhodamine B in acid metha-

nol (Table I) at 7 0 L = 4 x 1 0 1 0 W c m " 2 except: (1) 

V = 10~ 1 7 cm 2 , <TA S E = a e x A S E - ffeXfL = 0 (influ-

ence of stimulated emission); (2) aem = 10 1 7 cm 2 , 

oAQP = 6 x 10~ 1 7 cm 2 , <xftir_ASE = o- f txL = 0 (influence 

^ A S E = 

= V LzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA =
 U ' W °<™ = ff« ' = 10 1 7 C m Z ,zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA f J A 

Y A S E ~ U " , V ' V A S E 

of amplified spontaneous emission); (3) <7emzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA = GA 

V A S E = V L
 = (4) V =

 V L = 10" 1 7 cm 2 , <rASE 

V A S E < ° ' (5) V = ^ A S E = V A S E =zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
 °> V L = 1 ° " 

J cm 2 (influence of excited-state absorption); (6) <rem = 0, 

V L 
6 x 1 0 " 1 7 C y e x , A S E 

= 0 

(combined effect of excited-state absorption and ampli-

fied spontaneous emission). 

W = to) = " (24) 

to 

<T™[N 0 - N3(t0)]l2LteS 

feff is approximately the minimum value of AtL and T f . Solving Equation 24 to N3(t0) results in 

N3(t0) 

No 
(25) 

Equation 25 indicates that for I 0L -> oo the S,-state population tends to N3 ->• N0. The saturation 

intensity 42) for bleaching the ground-state population to N3/N0 = 1/2 (i.e. N3 = Nx = N0/2) is 

h ~ [ < T u , / e f f ] 1 / 2 (26) 

These two-photon saturation intensities for rhodamine B and rhodamine 6 G are included in Table 

I (feff = AtL = 30 ps is used). 

(ii) If < 7 E M — <rex L > 0, the stimulated emission limits the S! -state population. Equation 3 reduces 
approximately to 

dN3 _ gV>(N0 - N3) r 2 <rem(N3 - 7V8) T N3 

df ~ 2(hvLy
 / L ivL

 / L ~ T F

 ( 2 7 ) 

cr e x L does not appear in Equation 27 because the molecules excited to level 5 are thought to relax 

immediately back to level 3. Ns is given by Equation 8. The pumping of level 3 via two-photon 



absorption and the depopulation of level 3 by stimulated emission are assumed to form an 

equilibrium within the pump pulse duration, i.e.zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA dN^/dt = 0 and dNs/dt = 0. Under these con-

ditions Equation 8 solves to 

N + Q s ( N o _ N 3 ) 

Ns = ; (28) 

and Equation 27 gives 
hvL 

M  = M 2 K 1 + T v O - e m / L / / * V L 

3 ° °{2)hzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA , + ft) , hvL

 ( 2 9 ) 

2/zv L 1 + T V < 7 e m / L / / n > L T F / L 

The filling of level 3 by two-photon absorption is lowered by the stimulated emission, which brings 

molecules back to the ground state. This effect reduces the effect of amplified spontaneous emission 

(see Fig. 9a). For I LzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA oo, N3 approaches N0 because the two-photon absorption dominates at high 

intensities (cr ( 2 )/L > crem for high enough intensities). In case of <rem = 0, Equation 29 reduces to 

Equation 25 with teff = T F . 

(iii) If amplified spontaneous emission becomes important the spontaneous fluorescence signalzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA 7 s p 

becomes exponentially amplified according to [27, 28] 

j _ T exp [ ( C T A S E - O V A S E W ] - 1 

Y A S E ~zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA 7

s p 7 x A r , 

( ^ A S E ~ ^ A S E ) ^ ' 

For a crude estimate 7 A S E is thought to approach the absorbed pump-pulse intensity when 

^ A S E / ^ PzyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA — exp (12). This amplification is achieved for 

^ ~ T r, (3i) 
l ^ A S E — ^ e x , A S E / * 

Equation 31 gives an upper limit for the S, -state population, and Nl = N0 — N3 gives the minimal 

ground-state population. 

If the limited 7V3-value due to amplified spontaneous emission is small compared to 7V3 of 

Equation 29, then the effect of stimulated emission at the pump-laser frequency is weakened. 

7. Conclusions 
The two-photon absorption dynamics of picosecond ruby laser pulses in rhodamine B and rhoda-

mine 6G have been studied and the two-photon-absorption and excited-state-absorption cross-

sections involved have been measured. The influence of excited-state absorption, stimulated emission, 

and amplified spontaneous emission on the pump-pulse transmission, temporal pump-pulse 

deformation and the dye level population has been investigated. The theoretical discussion has 

considered, in general, the dynamics of two-photon absorption, including various absorption, 

emission and relaxation processes. 
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