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Picosecond pulse generation in longitudinally pumped dye laser generators and 
amplifiers is studied experimentally and theoretically. Frequency-tunable pulses 
between 720 and 940 nm are generated with a picosecond ruby laser pump source. The 
amplification of spontaneous emission and of seeding pulses in the generator and 
amplifier cells is investigated. Stimulated emission cross-sections and excited-state 
absorption cross-sections are determined by computer simulations. The coherence 
properties of the generated radiation are analysed. Resonance Raman contributions are 
resolved. 

1. Introduction 
Frequency-tunable picosecond light pulses may be generated in mode-locked dye laser 
oscillators [1-3], in distributed feedback dye lasers [4], in dye laser generators [5-10] and in 
parametric generators [11-13]. Pulsed dye laser amplifiers [14-16] and parametric amplifiers 
[11, 12] are used to raise the laser signals to high power levels. 

In this paper intense frequency-tunable picosecond light pulses in the spectral region 
between 720 and 940 nm are generated in picosecond laser pumped dye cells. Either the 
fluorescence light is amplified (amplified spontaneous emission, A S E [17]) or weak, 
parametrically generated light continua [18] are amplified [19] (seeding pulse amplification, 
SPA [20]). Single picosecond light pulses of a passively mode-locked ruby laser are used as 
the pump source. The amplification of fluorescence light starts in a longitudinally pumped 
dye cell (laser generator) and is continued in a series of longitudinally pumped dye cells 
(laser amplifiers). The picosecond light continuum is generated in the ruby laser amplifier 
by parametric four-photon interaction. 

2. Dyes 
The experiments were performed with six different dyes in the spectral region between 720 
and 940 nm. The relevant spectroscopic data of the dyes are listed in Table I. The ground-
state absorption cross-section spectra, the S } -S 0 stimulated emission cross-section spectra, 
and S,-S n excited state absorption cross-section data are presented in Figs 1 to 6 for the dyes 
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T A B L E I Generator-amplifier parameters. Length of generator and amplifier cells are / = 1 c m . For parameters see Fig. 23. Pump laser: wavelength 
XL = 694.3 nm, pulse duration AtL = 30 ps, pump pulse diameter d = 0.8 mm. Observation angle A©' = 6° 

Dye/solvent 

D D I / M E Rh800/ME HITCI/ME HDITCI /EG-DMSO Styril 9/DMSO IR 140/EG-DMSO 

oL (cm2) 7.6 x K T 1 6 2.65 x IO­16* 3.1 x 10~16 2.2 x IO"1 6 3.9 x IO' 1 7 1.15 x 10~16 

<4 (cm2) (5 + 1) x K T 1 7 CS ± 2) x i o - 1 7 (8.5 + 2) x 10"17 (8.5 + 1.5) x i o - 1 7 (6 + 1) x IO"17 (1.15 + 0.25) x IO"16 

agEN (cm2) (6 ± 2) x 10~'7 (1.3 + 0.5) x IO"17 (1.3 + 0.3) x 10~16 (1.1 + 0.2) x i o - 1 6 (1.2 + 0.5) x 10~16 (7 + 2) x IO"17 

T f (ps) 17 + 3 540 + 70 460 ± 60 220 + 10 390 + 40 240 + 20 
Trad (ns) 4.2 9.65 3.75 3.9 7.75 5.1 

0.004 0.16 0.12 0.057 0.05 0.047 
TFC1" (Ps) 0.7 0.7 0.7 0.7 0.7 
*«* (ps) 0.1 0.1 0.1 0.1 0.1 0.1 

(PS) 0.1 0.1 0.1 0.1 0.1 0.1 

T V

G E N § (PS) 
4 411 4 4 4 4 

ASE data for two sets of concentration 

Cone, (M) 10~4 2 x 10~3 7.7 x 10~5 5.1 x IO"5 2.5 x IO' 4 3.7 x IO"5 

A A A S E (nm) 16 40 14 20 32 15 
^ASE,max ( n m ) 748 780 788 828 837 868 
A @ A S E (rad) 4.4 x 10-2 6 x 10-2 4.4 x IO"2 4.4 x 10~2 6 x IO"2 4 x 10~2 

A ' A S E (Ps) 24 + 5 85 + 10 40 + 5 35 + 5 65 + 10 90 + 10 
A0 A S

M
Ep (rad) 2.6 x 10-3 1.7 x 10~3 2.4 x IO"3 3 x IO"3 2.4 x IO"3 1.9 x IO - 3 

A*A M P (ps) 20 + 5 34 + 5 24 ± 5 53 + 5 39 + 5 32 + 5 

Cone, (M) 2 x 10-4 5 x 10-4 5.6 x IO"4 7.9 x 10~5 5 x IO"4 

AAASE (nm) 16 15 20 27 19 
^ASE.max W 755 720 813 840 895 



Seeding pulse amplification data 

Cone, (M) i o - 4 1 x K T 3 5.6 x I O " 4 7.9 x I O " 5 2.5 x I O " 4 5 x I O " 4 

A A S P A (nm) 

^SPA,max ( n m ) 

A © S P A (rad) 

A / S P A (ps) 

A0Sf P (rad) 
A / A

P M A

p (ps) 

746 
14 
1.4 x K T 4 

12 + 5 
2.2 x 1(T3 

22 + 3 

720 
55 
1.4 x 10~3 

14 + 5 
2.2 x I O " 3 

24 + 3 

813 
20 
1.4 x I O " 3 

13 + 5 
1.9 x I O " 3 

22 + 3 

840 
27 
1.4 x I O " 3 

13 ± 5 
2.2 x 10~3 

22 + 3 

834 
49 
1.4 x I O " 3 

14 + 5 
2.2 x 10~3 

25 + 3 

894 
20 
1.4 x I O " 3 

14 + 5 
2.0 x I O " 3 

22 + 3 

DDI = lj'-diethyl^^'-dicarbocyanine iodide, Rh800 = rhodamine 800, HITCI = Ur^^^'^'-hexamethylindotricarbocyanine iodide, HDITCI = 1,1',3,3,3',3'-
hexamethyl-4,4,,5,5,-dibenzo-2,2/-indotricarbocyanine iodide, Styril 9 = 2-(6-(/>-dimethylaminophenyl)-2,4-neopentylene-1,3,5-hexatrienyl)-3-methylbenzothiazolium 
Perchlorate, M E = methanol, E G = ethylene glycol, DMSO = dimethyl sulphoxide, E G : DMSO =1:1 volume mixture of ethylene glycol and dimethyl sulphoxide. 
* * L = * e m [27, 28]. 
t Assumed [66]. 
J Assumed [33]. 
§ Assumed [67]. 
^ iy = 4ps assumed [67]. 

CO 
CD 
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Figure 1 Absorption and emission cross-section spectra of DDI in methanol. The excited-state absorption 
cross-sections of pump pulse (circle) and the generated light (triangle) are included. The spectral widths of 
the generated light are indicated for 1CT 4 M DDI (horizontal bars for 1/2- and 1/10-width). The structural 
formula is incuded. 



t i I i i i i i i i i i i i i i i i i i i i J i i r~i i i i i i i i i i r 

WAVELENGTH, X [nm] 

Figure 3 Absorption and emission cross-section spectra of HITCI in methanol. For explanation see Fig. 1. 
Horizontal bars for dye concentration of 7.7 x 1 0 " 5 M. 
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Figure 4 Absorption and emission cross-section spectra of HDITCI in 1 :1 volume mixture of ethylene glycol 
and D M S O . For explanation see Fig. 1. Horizontal bars for dye concentration of 5.1 * 1 0 " 5 M. 

(see footnote to Table I for abbreviations) D D I in methanol, rhodamine 800 in methanol, 
H I T C I in methanol, H D I T C I in 1:1 (vol.) mixture of ethylene glycol and D M S O , styril 9 
in D M S O , and IR 140 in 1:1 (vol.) mixture of ethylene glycol and D M S O , respectively. The 
structural formulae of the dyes are included in the figures. 

The absorption cross-section spectra, o"abs(A), were measured with a spectrophotometer. 
Concentration-dependent absorption cross-section changes were not observed up to the 





highest applied concentrations (no remarkable dimerization contributions [21]). The 
stimulated emission cross-section spectra are derived from the absorption cross-section 
spectra and from the normalized fluorescence quantum distributions, E{X) (J e m E{X)dX = 1), 
by [22, 23] 

X4E(X) 
Snnlc0Trjd 

and [24, 25] 

'-rad 

87t«3

Fc0 L E{X)MX_ , 
1*A1 Jal 

s(A) 
» a J e m E(X)X*dX J«<» A 

d/l 

(1) 

(2) 

where nF and nA are the average refractive indices of the solutions in the S,-S 0 emission and 
the Sq-S1 absorption band, respectively. The integrations extend over the Sj—S0 emission 
band (em) and the S0-SL absorption band (abs). The normalized fluorescence quantum 
distributions were determined using a home-made spectrofluorimeter [23]. The dotted 
curves in Figs 8 and 9 are proportional to E(X) (see below, Equation 3). 

The excited-state absorption cross-sections at the pump laser frequency were determined 
by fitting computer simulations to energy transmission measurements [26-28]. The energy 
transmission through D D I dissolved in methanol was reported previously [29]. The energy 
transmissions of the five other dyes are depicted in Fig. 7. The excited-state absorption 

Figure 7 Non-linear transmission through 
dye solutions. Curves in (a) to (d) are cal ­
culated by use of level diagram of Fig. 23a 
[26, 33]. Curves in (e) belong to level dia­
gram of Fig. 23b [27, 28]. Solid curves 
include absorption anisotropy. (a) IR140. 
Initial transmission T0 = 0.02. a^x = aL = 
1 . 1 5 x 1 0 ' 1 6 cm 2 , (b) Styril 9. T0 = 0.0195. 
Curve 1, <7̂ X = (T l = 4 x 1 f j - 1 7 c m 2 ; curve 2, 
( 4 = 1 x 1 0 " 1 6 c m 2 . (c) HDITCI. T0 = 
0.032, oL = 2.2 x 10~ 1 6 c m 2 . Curve 1, a e

L
x = 

6.7 x 1 0 " 1 7 c m 2 ; curve 2, <re
L
x = 1 x 1 0 " 1 6 cm 2 , 

(d) HITCI. T0 = 0.02, <Jl = 3.1 x 1 0 _ 1 6 c m 2 . 
Curve 1, = 7.7 x 1 0 " 1 7 c m 2 ; curve 2, 

1 0 _ 1 6 c m 2 Broken curve, 

10° 10a 

INPUT PEAK INTENSITY, 1^ Wem2) 

<4 = 1 
°tx = 7.7 x 10 1 7 c m 2 , without absorption 
anisotropy. (e) Rhodamine 800. T0 = 0.038, 
* L = *em(vL) = 2.65 x 1 0 " 1 6 c m 2 , Q l = 
^bs(v L )Me m (v L ) = 0.75, aL

ex = 5 x 1 0 - 1 8 c m 2 

(1) and 1 x I 0 " 1 7 c m 2 (2). Broken curve, 
o"eX = 5 x 1 0 ~ 1 8 c m 2 , without absorption 
anisotropy. 



cross-sections at the A S E frequencies were determined by fitting the numerical calculations 
of the amplified spontaneous emission to the experimental results (Figs 11 to 16, below). 
The pure electronic S 0 -S, transition frequency v s = ^ is assumed to be located at the 
position where aahs(X) = (jc i n(A). 

The fluorescence lifetimes, T f , of the dyes investigated were determined by streak-camera 
measurements. Single picosecond ruby laser pulses excite the molecules. Low dye con­
centrations avoid an amplification of the fluorescence light. The radiative lifetime is given 
by Equation 2. The fluorescence quantum efficiency is related to the fluorescence lifetime 
and the radiative lifetime by qF = T F / T R A D . 

The spectral fluorescence emission efficiency, rjFl(A, A 0 ) = \imWL^0[lVFl(Ä, A®')/WL],m 
the forward direction within an angle of observation A 0 ' (solid angle A Q ' = n(A®')2/4) is 
given by 

l F , a A O ' ) = E(k)qF^ß(X) = E(X)qF

(^^ß(l) (3) 

with 

= ^abs(4){exp[-(J a b s ( / l )A r

0 / ] - exp[-q a b s(/lL)7Vo/)]} 

fobs(4) - <TabsO*)]{l - e x p [ - ( T a b s ( 4 ) i V 0 / ] } 
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Figure 8 Spectral distribution of generated light 
in dye solutions. Dye parameters are given in 
Table I. Chain-broken curves, spontaneous 
emission rjFi(A) in the forward direction within 
divergence angle of A 0 ' = 6° (Equation 3). 
Dotted curves, rjFi (A)/ß(A). Curves are propor­
tional to the fluorescence quantum distribution 
E{X). Full curves, amplified spontaneous emission 
t]ASE{X) after generator cell at pump pulse peak 
intensity of / 0 L « 4 x 1 0 9 W c m - 2 . Broken 
curves, spectral distribution of amplified signal 
after amplifier A2 , >7AMP W- Input peak intensity 
to generator cell is / 0 L « 4 * 1 0 9 W c r r f 2 

(Fig. 10). Curves (1) K T 4 M DDI, (2) 
7.7 x 1 0 _ 5 M HITCI, (2') 5.6 x 1 0 " 4 M HITCI, 
(3) 5.1 x K r 5 M HDITCI, (4) 3.7 x 1 0 _ 5 M 
IR140, (4') 5 x 1 0 " 4 M IR140. Long-broken 
curves are calculated */ASEU) distributions for 
3.7 x 1 0 " 5 M IR140 (4) and 5 x 1 0 " 4 M 
IR140 (4'). 
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Figure 9 Spectral distribution of generated light 
in dye solutions. For legend see Fig. 8. Curves 
(1) 2 x 1 0 " 3 M rhodamine 800, (V ) 1 0 ~ 3 M 
rhodamine 800, (1") 5 x 1 0 ~ 4 M rhodamine 
800, (2) 2.5 x 1 0 _ 4 M styril 9. 

ß(X) = $l

Q (dWJdz) exp[-o- a b sa)7V 0(/ - z)]dz/$l

Q (dWJdz)dz = ß exp[-a a b s (A L ) t f 0 z] x 
exp[a a b s(/l)A r

0(/ — z)]dz/J0 exp[—o- a b s(AL)A7

0z]dz takes care of the pump pulse absorption 
and of the reabsorption of fluorescence light along the sample; o-abs(>iL) is the absorption 
cross-section of the pump laser; N0 is the number density of dye molecules; / is the sample 
length; and the limit WL -» 0 excludes bleaching effects. The rjF](l, 6°)-curves of the dye 
solutions investigated are included in Figs 8 and 9 (chain-broken curves). rjF](X)/ß(X) is 
illustrated by the dotted curves. 

3. Experimental 
The experimental set-up is depicted in Fig. 10. The passively mode-locked ruby laser 
generates a train of picosecond pulses (saturable absorber D D I in methanol, single-pass 
transmission is 0.80). The pulse durations are somewhat shortened by the saturable cell SA 
behind the laser oscillator [30] (dye D D I , small signal transmission 0.1). A single pulse was 
selected with a Pockels cell shutter. The duration of the selected pulse was approximately 
30 ps. The pulse energy was increased up to a factor of 100 by a double passage through 
the ruby amplifier. In the seeding pulse amplification experiments a picosecond continuum 
was generated in the ruby crystal by focusing the laser pulses into the amplifier (lens L I , 
focal length/, = 2.5m). For the amplified spontaneous emission experiment lens L I was 
replaced by a beam-narrowing telescope. 
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Figure 10 Experimental set-up. SA, saturable absorber; L1 to L6, lenses; M 1 , M2, partial reflecting mirrors; 
G, dye generator cell; A 1 , A2 , dye amplifier cells; E, long-pass mirror; CdS , C d S crystal for intensity detection 
[31]; PD1 to PD4, photodetectors; C C D , two-dimensional C C D camera; SP, spectrometer; SC , streak camera. 

The experimental set-up was used to study (a) the amplification of spontaneous emission 
in the generator cell G (ASE), (b) the amplification of radiation in the dye amplifiers A l 
and A2 ( A M P ) , and (c) the amplification of the seeding picosecond continuum in the cell 
G (SPA) and in the amplifiers A l and A2 . 

For the investigation of the amplified spontaneous emission (ASE) a 100% reflecting 
mirror M l was mounted, and the lenses L3 , L4 and the dye cells A I , A 2 were removed. 

For the amplification studies ( A M P ) the complete generator-amplifier system of Fig. 1 
was operated (LI out and L3 in for A S E amplification; L I in and L3 out for SPA). Mirror 
reflectivities of i?, = 30% ( M l ) and R2 = 50% (M2) were used. In part of the amplification 
experiments the radiation behind the generator cell was collimated with lens L4 (f4 = 5 cm). 
The long-pass edge-mirrors E reflected the ruby light and transmitted the dye emission. 

The SPA in the generator cell was studied with the same arrangement as the A S E . Only 
lens L I was inserted and lens L3 was removed. The further amplification in the dye cells 
A l and A2 was carried out without lens L4. 

The peak intensity of the pump pulses incident to the generator cell was determined by 
two-photon transmission measurement through a CdS crystal (photodetectors PD1 and 
PD2) [31]. The energies of the generated light pulses were monitored with detectors PD3 
and PD4. The beam profile and the radiation divergence were measured with a two-
dimensional C C D camera. The spectra were registered with the grating spectrometer SP. 
The temporal pulse profiles were detected with the streak camera SC. Time-resolved spectra 
were recorded with the streak camera behind the spectrometer. 

The spectral narrowing and tuning of the generated radiation by a grating spectrometer 
and the re-amplification of the selected spectrum was described recently [10] and is not 
repeated here. 

4. Results 
4.1. Ampl i f ied spontaneous emission 
The energy conversion efficiency rjASE = WASE/WL, versus pump pulse peak intensity IQL is 
depicted in Figs 11 to 16 for the various dyes (circles). WASE is the emitted energy in the 
forward direction within an observation angle of A 0 ' = 6°. WL is the energy of the pump 
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Figure 11 Energy conversion efficiencies in 
DQI ( 1 0 " 4 M ) generator and amplifier 
system. Circles, *f A S E = WASE/WL behind 
generator cell. WL is input pump pulse 
energy in front of the generator cell. Filled 
circles and triangles, rjAMP = W A M P / t V L . I/VAMP 

is measured after amplifier A2 . Filled circles, 
uncollimated A S E signal (without lens L4 of 
Fig. 10); triangles, collimated A S E signal. 
Curves are calculated for amplified spon ­
taneous emission in generator cell with data 
of Table I and (1) <J*se = 0, (2) a£f E = 
5 x 1 0 ~ 1 7 c m 2 , (e) (7*SE = 1 * 1 0 _ 1 6 c m 2 . 

pulse before the generator cell. A t low pump pulse intensities the spontaneous emission rjFl 

is measured (rjF] = J E M rjFl(2)dh, see Equation 3). A t high intensities the A S E signal saturates. 
The slight decrease of the signals of Figs 13 to 16 is due to excited-state absorption of the 
A S E signal and of the pump pulse (see below). Amplified spontaneous emission in the 
backward direction is expected for dyes with fluorescence lifetimes T F > nFle^/c0 (% *s t n e 

refractive index in the wavelength region of the A S E signal and / e f f the penetration 
depth of the pump pulse). In the case of 1 0 " 4 M D D I in methanol (T f « 17ps) the 
amplification of spontaneous emission in the backward direction is very weak (rjE (backward)/ 
iyE(forward) « 1(T 3 at 7 0 L « 5 x 10 9 Wcm~ 2 ) . For 7.7 x 10" 5 M H I T C I in methanol 
( T f « 120 ps) the ratio of backward to forward A S E signal was found to be approximately 
0.05 at 7 0 L « 5 x l O ' W c m " 2 . 

The spectral efficiency distributions, nASE(A) = (dWASE/dl)/WL, of the generated A S E 
signals are depicted by the solid curves in Figs 8 and 9 ( j e m rjASE(X)dX = rjASE). The curves 
belong to an input peak intensity of 7 0 L « 4 x 1 0 9 W c m ~ 2 . The spectra are narrowed 
compared with the spontaneous emission spectra rjFl(X) (chain-broken curves in Figs 8 
and 9). 

The spectral widths, A A A S E , and the wavelengths of peak emission, AAsE,max> vary with 
pump pulse intensity and dye concentration. In Fig. 17 A ^ A S E and ^ A S E ,max versus 7 0 L are 
depicted for the 10~4 M dye D D L The other dyes behave similarly. Their A A A S E and A A S E m a x 
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Figure 14 Energy conversion efficiencies in 
HDITCI (5.1 x 1 ( r 5 M ) generator and 

p amplifier system. For legend see Fig. 11. 

Curve 1, < S E = 0; curve 2, <7*SE = 8.5 x 

1 ( T 1 7 c m 2 ; curve 3, <J*se = 1.5 x 10" 1 6 c m 2 . 
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Figure 15 Energy conversion efficiencies in 
styril 9 (2.5 x 1 CT 4 M) generator and ampli-

jo fier system. For legend see Fig. 11. Curve 1, 

( r £ f E = 0; curve 2, c r f f = 1 ( T 1 6 c m 2 ; curve 3, 





i—r—] 1——i—i—[—] 1 1—i—r 

INPUT PEAK INTENSITY, 7 0 L [Wem2] 

Figure 18 Pulse duration ( FWHM) of generated 
radiation versus input pump pulse peak intensity 
to generator cell. Dye is 2 * 10 3 M rhodamine 
800 in methanol. Circles, A S E signal after 
generator cell. Full curve represents least-
squares fit. Triangles depict A S E signal after 
amplifer A2. Open triangle, A S E signal is not 
collimated. Filled triangle, A S E signal is colli-
mated behind generator cell. Open diamond, 
seeding pulse after generator cell. Filled dia­
mond, seeding pulse after amplifier A2. Chain-
broken line indicates pump pulse duration. 

values at 7 0 L « 4 x 1 0 9 W c m ~ 2 are given in Table I. The spectral distribution of the 
stimulated emission cross-sections (Figs 1 to 6) is responsible for the spectral narrowing. 
The short-wavelength shift at high pump intensities is due to bleaching of the reabsorption. 
Without reabsorption the emission would centre at the wavelength of maximum stimulated 
emission cross-section. 

The decrease of the A S E pulse duration with pump pulse intensity is illustrated in 
Fig. 18 for the 2 x 10~3 M rhodamine 800 solution (circles and solid curve). For 7 0 L < 
108 W e m " 2 the pulse duration A / A S E ( F W H M ) is given by the fluorescence lifetime, i.e. 
AtASE « ln(2)rF « Ins. For I0L > 5 x 1 0 9 W c m ~ 2 the duration is A f A S E « 80ps. The 
A S E pulse durations at 7 0 L « 4 x 109 W e m - 2 are collected in Table I for the various dye 
solutions. 

The beam divergence, A 0 A S E ( F W H M ) , of the A S E signal narrows with pump intensity. 
Fig. 19 depicts A @ A S E versus 7 0 L for the 1 0 - 4 M D D I solution (circles). The divergence angles 
of all dyes investigated are listed in Table I for 7 0 L « 4 x 109 W e m " 2 . The divergence 
angle is given approximately by 

AOASE * r K(G0) (4) 
«eff 

where d is the beam diameter ( F W H M ) of the pump pulse; / e f f is the effective interaction 
length of the pump pulse in the generator cell — that is, the minimum of the sample length 
and the penetration depth (at the penetration depth the pump pulse is reduced to e~] of the 
input intensity value); and K(G0) is a gain-dependent narrowing factor. This factor may be 
estimated from the relation G(r') = exp[o-^ EN 3( r ')/ e f f] = exp{o-^EA^3 0 exp[-(r7r 0) 2]/ e f f} = 
G 0 exp [-(r'/ro) 2] = G0/2 and K(G0) = rf\r^. N3(r) = N30 exp[-(r/r0)2] is the number 
density of the S{-level population of the dyes, r' is the half-width of the beam radius of the 
generated A S E signal at / e f f . The relation gives 

- K r a i " 



Figure 19 Divergence angle ( F W H M ) of gener­
ated radiation in 10~ 4 M DDI generator ampli ­
fier system. Circles and curve 1, A S E signal 
behind generator cell. Filled circles and curve 2, 
A S E signal after amplifier A2 . Filled triangles 
and curve 3, seeding pulse after amplifier 
A2. Open triangles and curve 4, seeding pulse 
after generator cell. Curve 1 is calculated 
(Equations 4 to 6), other curves are least-
squares fits. Chain-broken line indicates pump 
pulse divergence. 

The peak gain factor G0 = exp(cr^E7V 3 0/ e f f) is given approximately by 

R _ >/ASEA/F, >/ASE ln(2)i F 

0 ~ At n = ~V~Ät ( ' 
MASE '/Fl '/Fl ASE 

In Fig. 20 two A S E spectra of D D I ( 1 0 " 4 M ) are presented (70L « 4 x 109 W e m " 2 ) . 
The smooth curve (b) is obtained by collecting all A S E light within the acceptance 
angle A 0 ' = 6°. The structured curve (a) contains only A S E light within an aperture 
angle of 0.08°. The interference effects of the radiation are clearly seen. The spectral width 
of the spikes is approximately A v s p i k e « 6 c m - 1 , corresponding to a fluctuation duration 
of approximately 5ps. The coherence length of the A S E signal was measured with a 
Michelson interferometer. The measured coherence length of / c o h « 50 jum corresponds to 
a coherence duration of A / c o h « 0.17ps and a spectral width of A v c o h « 200 c m - 1 . 
The spectral coherence width is approximately equal to the half-width of the spectral 
envelope. 

Two temporal A S E pulse shapes of 2 x 10~3 M rhodamine 800 are shown in Fig . 21 
(70L « 4 x 109 W e m - 2 ) . For the smooth shape (b) all A S E light within an acceptance 
angle of 6° is focused to the streak-camera slit. The structured curve (a) is obtained by 
reducing the acceptance angle to 0.08°. The time resolution of the streak camera is 
approximately 5 ps. The observed temporal structure is of the same value. A finer modulation 
according to the coherence duration is expected. The signal rises steeply. The maximum is 
reached towards the end of the pump pulse. After a rapid decline of the A S E signal, the 
decay changes over to the relaxation due to spontaneous emission. 

The amplification of the spontaneous emission is influenced by the dye concentration. 
Higher dye concentrations shift the emission to longer wavelengths because of reabsorption 

i i i i i i i • • • i 
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of the short-wavelength emission. The spectral conversion efficiency y\^E{X) is enlarged at 
the longer wavelengths, since the stimulated emission is restricted to this range (no experi­
mental curves are shown in Figs 8 and 9; the long broken curves are calculated for 
3.7 x 10~5 M (4) and 5 x 1(T 4 M (40 IR 140, see below). 

With increasing dye concentration the penetration depth of the pump pulse reduces. The 
excited-state absorption sets an upper limit to the penetration depth at high pump pulse 
intensities (/ e f f ? m a x = (ö i x JV 0 ) _ 1 ) . Decreasing penetration depths increase the divergence 
angle (Equation 4). The shift of the emission to longer wavelengths lowers the stimulated 
emission cross-section and reduces the energy conversion efficiency rjASE. For highly 
concentrated dyes the penetration depth may become shorter than the pump beam 
diameter, and stimulated emission in the transverse direction may be preferred [32]. Trans­
verse amplified spontaneous emission is facilitated by focusing the pump pulse with a 
cylindrical lens to the sample [5-9]. 

4.2. A S E light amplification 
The efficiency of A S E saturates at high pump pulse intensities because of excited-state 
absorption [10]. The splitting of the pump pulse in order to pump the generator cell and 
several amplifier cells (here two cells, Fig. 10) avoids the efficiency reduction by excited-state 
absorption. Additionally, the spacing between the generator cell and the amplifier cells 
reduces the beam divergence. 

The output beam divergence, A 0 o u t , of an amplifier is related to the input beam 
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Figure 21 Temporal shapes of A S E signal behind 
generator cell. Dye is 2 * 1 0 " 3 M rhodamine 800 in 
methanol. Input peak intensity is / 0 L « 4 * 
1 0 9 W c n r T 2 . (a) Observation angle is limited to 
0.08°. (b) Emission is collected within an angle of 
6°. (c) Calculated signals for/ 0 L 0 (broken curve, 
spontaneous emission), / 0 L = 2 x 1 0 8 W c m " 2 (1), 
/ 0 L = 10 9 W c m ' 2 ( 2 ) , and / 0 L = 6 * 10 9 W c r r f 2 

(3). 

divergence, A 0 i n , by 
r AeINK(G0) min ( 1 

A 0 o u t « < 
A 0 i n 

for Go > 3 

for 1 < G q < 3 
(7) 

v A 0 i n for G 0 ^ 1 

where d is the pump beam diameter at the amplifier under consideration and dxn is the beam 
diameter of the input radiation at the amplifier. For the uncollimated A S E amplification 
in the amplifier A 1 , A 0 i n is given by A 0 A S E and the input beam diameter is dm — A 0 A S E / G A 1 , 
where / G A , is the distance between the generator cell and the first amplifier cell. K(G0) is the 
gain narrowing factor of the amplifier (Equation 5). 

The effective energy conversion efficiency, rjAM? = WAMP/WL, is included in Figs 11 to 16 
for the various dye solutions. WAM? is the generated pulse energy behind the second 
amplifier. WL is the pump pulse energy before the generator cell. The filled circles denote 
the uncollimated propagation (without lens L4) and the triangles the collimated case. The 
collimation enhances the effective energy conversion efficiency ^ A M p- A t high pump intensities 
the amplifier gain saturates. ^ A M P values between 0.3 and 0.8 were obtained. 

The spectral efficiency distributions ÂMPW = (^^AMP/^)/^L(L */AMPW<̂  = ^AMp)are 



depicted in Figs 8 and 9 (broken curves, collimated A S E , I0L « 4 x 109 W e m 2 ) . The 
spectral peak positions are practically unchanged by the amplification. The spectral widths 
are slightly narrowed. Curves 2 (7.7 x 1 ( T 5 M HITCI) , 2' (5.6 x 1 ( T 4 M HITCI) , 4 
(3.7 x 10~ 5 MlR140)and4 ' (5 x I O - 4 M IR 140) illustrate the concentration dependence. 

The pulse durations of the amplified signals, Â MP> a r e listed in Table I (collimated A S E , 
I0L « 4 x 109 W e m - 2 ) . They are nearly equal to the pump pulse duration. In Fig . 18 the 
triangles indicate the A^MP of the rhodamine 800 generator-amplifier chain. The collimated 
pulses give slightly shorter durations (filled triangle). 

The pulse divergence behind the second amplifier ranges between 2 and 3 mrad (beam 
diameter d « 0.8 mm, distance / G A 2 = 33 cm). The beam divergence behind the second 
amplifer versus pump pulse peak intensity is illustrated in Fig. 19 for D D I (filled circles). 

The spectral light distributions behind the amplifiers are similar to the spectra behind the 
generator cell. A smooth curve similar to Fig. 20b was obtained for the collimated A S E 
radiation. A structured curve similar to Fig. 20a is observed without collimation. 

The temporal shapes of the radiation are somewhat smoothed by the amplification. The 
collimated radiation looks similar to Fig. 21b. A slight temporal structure is resolved for 
the uncollimated radiation. 

4.3. Seeding pulse amplification 
A picosecond light continuum was generated in the ruby amplifier by focusing the pico­
second ruby laser pulses into the amplifer with a lens of focal length 2.5 m (distance from 
ruby rod 2 m, double light passage through amplifier). The same experimental arrangement 
was used in [10]. The normalized spectral radiation intensity, fjc(X) = (dWc/dX)/WLAtcA£lc, 
of the generated continuum is plotted in Fig. 22 (circles and broken curves), where Wc is the 
energy of the picosecond continuum and WL is the energy of the amplified ruby pulses 
(WL % 3mJ in Fig. 22). The duration of the picosecond continuum Atc is approximately 
half the ruby pulse duration [18]. AQ C ( F W H M ) is the solid angle of efficient picosecond 
continuum emission (AQ C « 1 x 1 0 - 4 sr, divergence angle A 0 C ä 1.2 x 10" 2 rad). 

The picosecond light continuum enters the generator cell simultaneously with the pump 
pulse. The amplification of the picosecond continuum (seeding pulse) competes with the 
amplification of spontaneous emission. The normalized spectral radiation intensities 
of the spontaneous emission in the forward direction, i)FX{X) = (dWFl/dX)IWLTFAQ' « 
ß(X)E(X)/TrSLd4n (see Equation 3), are depicted in Fig. 22 (solid curves). For all investigated 
dyes it is fjc > 100^F 1. The spectral reflectivity of the mirrors M l and M 2 is approximately 
10% for the light continua. The spectral intensity of the continua entering the generator cell 
is approximately a factor of 10 more intense than the generated spontaneous emission 
signal. The seeding pulse amplification dominated over the amplification of spontaneous 
emission within the small divergence angle A Q S P A of the amplified seeding pulse. Generally, 
the amplification of an input signal at a wavelength X dominates over the amplification of 
spontaneous emission at the same wavelength if W > /̂FIOOO — Co - 1 )/ln(G 0) (see 
Equation 11 [10]). 

The divergence angle, A 0 S P A , of the amplified seeding pulse behind the generator is given 
by Equation 6 with A 0 o u t = A 0 S P A and A 0 i n = A 0 C . The amplified seeding pulses follow 
any divergence changes of the picosecond continuum by focusing or defocusing. Outside 
A 0 S P A the light generation is governed by amplified spontaneous emission. The angular 
distribution of the signal behind the generator cell is illustrated in Fig. 4 of [10]. The 
divergence angle A 0 S P A versus the pump pulse peak intensity is depicted in Fig. 19 for 
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Figure 22 Comparison of the spectral radi­
ation intensities of the seeding pulse and the 
spontaneous emission. Broken curves, nor­
malized spectral radiation intensity fjc = 
(dWc/dX)/WLAtcAQc of picosecond light 
continuum generated in ruby amplifier. Full 
curves, normalized spectral radiation inten­
sity, J/F| = (dWFl/dX)/WLT¥Ml', of spon ­
taneous emission behind generator cell. (1) 
DDI, (2) rhodamine 800, (3) HITCI, (4) 
HDITCI, (5) styril 9, (6) IR140. WAVELENGTH, X 

the 10" 4 M dye D D I in methanol (open triangles). The divergence angles at I0L « 4 x 
109 W e m " 2 are collected in Table I. 

The seeding pulse amplification is illustrated in Fig. 3 of [10]. The conversion efficiency 
saturates at lower absolute values because of the small divergence angle of A © S P A ä 1.2 x 
I O - 3 rad. The output signal efficiency behind the amplifiers is very similar to the amplified 
A S E signal. 

The durations A r S P A of the amplified seeding pulses behind the generator cell are shorter 
than the pump pulse durations (short input pulse and gain narrowing). A temporal profile 
is depicted in Fig. 6b of [10] for a D D I generator cell. The seeding pulse duration behind 
a rhodamine 800 generator cell is indicated in Fig. 18 (open diamonds). AtSPA data are given 
in Table I. In the amplifier cells the pulses are slightly broadened and approach the pump 
pulse duration (saturation of gain, see Fig . 6 of [10] and filled diamond in Fig. 18 here). 

The amplified seeding pulse spectra are strongly structured. The spectra are similar to the 
apertured A S E spectrum of Fig. 20a. The picosecond light continuum starts from quantum 
fluctuations and is expected to be spectrally structured [18]. The seeding pulse amplification 
in the generator cell mainly preserves the structure. The spectral structure is slightly 
smoothed in the amplifier cells (Fig. 5 of [10]). 

5. Theoretical analysis 
5.1. Equation system 
The longitudinal amplification of spontaneous emission (ASE), the light amplification in 
longitudinally pumped amplifiers ( A M P ) and the seeding pulse amplification (SPA) are 
studied theoretically. The generated light is indicated by the index G E N . 



The interaction of light with the dye molecules is illustrated by the level diagrams of 
Fig. 23a and b. Fig. 23a applies if the pump laser frequency v L is higher than the fre­
quency v S i of the pure electronic S 0 -S , transition (all investigated dyes except rhodamine 
800). The level transitions of Fig. 23b apply to v L < vs, (rhodamine 800) [27, 28]. 

The transitions of Fig. 23a and b are described by Equations 8 to 18, and 11 to 13 and 
15 to 22, respectively. The transformations f = t — nz/c0 and z = z are used, tis the time, 
n the refractive index, z the distance along the light-propagation direction, and c0 the speed 
of light in vacuo. Only isotropic single-photon absorption is considered, i.e. the absorption 
anisotropy is neglected (for its inclusion see [26, 27, 33]). For the o\x determination the more 
complex equation systems of [33, 27] are applied, which include the absorption anisotropy 
of the electric dipole interaction. The level 1 consists of the whole S 0 band, i.e. the sublevels 
(6, 0 of Fig. 23a and the levels 2 and (6, /) of Fig. 23b are included. 

The equation system for Fig. 23a is: 
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The equations relevant to the level system of Fig. 23b are Equations 11 to 13, 15 to 18 
and the following Equations 19 to 22. 
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The initial conditions for the number densities (dimension cm 3 ) of the level populations 
are JV,(r' = -co, r, z) = N0, N2(-oo) = J V 3 ( - o o ) = J V 4 ( - o o ) = J V 5 ( - o o ) = 0, 



N$(—co) = QJNQ, N6I(— o o ) = Q6,iN0. Q2 and Q6I are the occupation probabilities of the 
levels 2 and 6J (i = 1 to m). The initial pump pulse intensity is IL(t', r, z — 0) = I0L x 
e x p ( - tfl\t\ - r2/r2

0). t0 = AfL/2[ln(2)] 1 / 2 is half the \/e pulse width of the pump pulse (AtL 

F W H M ) . r0 is the l/e beam radius of the pump pulse. The initial condition of the amplified 
spontaneous emission is IAsEj(t\ r, z = 0) = 0 (backward emission is not considered). 
7AMPj(t, r, z = 0) is zero for pure amplified spontaneous emission in the generator cell. It 
is equal to the seeding pulse intensity in the case of picosecond continuum amplification in 
the generator cell. For the dye laser amplifiers A l and A2 , / A M p , / ( ^ r, z = 0) represents the 
input signal to the amplifiers. 

Equation 8 describes the depopulation of the S 0 band by single-photon absorption (first 
term), the refilling of the band by amplified spontaneous emission or input light amplification 
(first part of second term), the depopulation by reabsorption of generated light (last part 
of second term), and Sx band relaxation to the ground state (last term). The reabsorption 
cross-sections o^jj for the generated light at frequency v G E N / from the sublevels (6,7) 
(j — i + 1 to m) to the band are unknown. In the calculations 2™=/+i o"^JJyV6J is 
approximated by the reabsorption term <7abs>/(yV, — N6J). Equation 9 gives the laser excitation 
of the Franck-Condon level 2 in the S } band and its radiationless relaxation to the temporal 
equilibrium level 3 in the S! band. Equation 10 handles the Sl state dynamics, including level 
population (first term), excited-state absorption (second and third terms), amplified 
spontaneous emission or input light amplification together with reabsorption (fourth term), 
and relaxations (last three terms). The population of higher-lying singlet states S„ by 
excited-state absorption is treated by Equations 11 and 12. The terminal laser band 6 is 
subdivided into m sublevels of spectral widths Av6i (AAv 6 / « kT is used in the calculations, 
the relaxed population of the S! band has a spectral width of approximately kT/h). The 
population dynamics of the sublevels (6, /) is described by Equation 13. The first term gives 
the contribution of the spontaneous emission. e6i = i?(v G E N ;)Av 6 is the fraction of fluor­
escence light which is emitted in the frequency interval Av 6 , around the frequency v G E N , . The 
second term represents the light amplification. The third term, which takes care of reabsorp­
tion of the generated short-wavelength light (j = 1 to / — 1), is neglected in the calculations. 
The last term causes thermalization within the S 0 band with a time constant T ° E N . Q6i is 
approximately given by Q6i = N^/N^ « J v

v o 6 / + A v 6 ' ' exp( — hv/kT)dv/^ exp( — hv/kT)dv = 
exp[-hv°JkT] - exp[ -A(<, + Av64)/kT]~ {hAvJkT) e x p [ - h v ° J k T l < is the fre­
quency difference between the level (6, /) and the S 0 ground level. 

The pump laser intensity reduction along the dye cells (Equation 14) is due to S^Sj 
ground-state absorption (first term) and Sx-S„ excited-state absorption (last term). The 
amplification of the spontaneous emission is determined by Equation 15. The first term 
describes the spontaneous emission, the second term gives the light amplification and takes 
care of reabsorption of light. The last term is due to excited-state absorption. d2/(16/e

2

ff) = 
AQ s p/47r is the fraction of fluorescence light emitted in the forward direction within the solid 
angle A Q s p . d is the pump beam diameter ( F W H M ) . The effective interaction length is 
approximated by / e f f « min[/, (O^A^) - 1]. / is the length of the dye cell. A more rigorous 
treatment of the spontaneous emission in the forward direction would require the application 
of the Kirchhoff diffraction theory to the electric field strength of the spontaneous emission 
[34, 35]. The amplification of an input signal entering the generator cell (seeding pulse 
amplification) and the light amplification in the amplifier cells are handled by Equation 16. 
The first two terms represent the amplification and the reabsorption, whereas the third term 
gives the excited-state absorption. The generated output signal is the sum of the A S E signal 
and the amplified input signal (Equations 17 and 18). 4 - 7 



The long-wavelength excitation of the S, band causes some changes [27, 28]. The level 
transitions are shown in Fig. 23b. Equation 19 gives the modified dynamics of the total 
population of the S 0 band. The first term is different from the corresponding term in 
Equation 8. It considers the S Q - S J absorption. The transition occurs from level 2 to level 3. 
Level 2 resembles a subgroup of inhomogeneously broadened molecules with optimum 
S 0 - S , transition frequency v L and thermally excited molecules. The initial population 
density N 5 is given by N 2 = Q^NQ, with QI ~ ö" a bs( v L)/ ö "em( v L) [27, 28]. The absorption 
cross-section is given approximately by aL « ö" e m(v L). The population dynamics of level 2 
is manifested by Equation 20. The first term takes care of the absorption, and the second 
term gives the refilling of the level by thermalization of the S 0 band with a time constant 
t v . The relaxed level 3 of the S, band is populated directly by the first term of Equation 21. 
The other terms are the same as in the case of short-wavelength excitation (Equation 10). 
The pump pulse transmission through the dye sample is governed by Equation 22, containing 
ground-state absorption and excited-state absorption. 

5.2. Analysis of energy transmission 
The energy transmission of the pump pulses through the dye samples is given by 

Jo" Idr, f, l)dt']dr 

J " / L(r, f, 0)d?']dr 

" i J ^ ^ i ^ 1 ^ ^ 1 ^ (23) 

Energy transmission points of the investigated dyes are depicted in Fig. 7. The theoretical 
curves are calculated by extending Equations 8 to 14 and 19 to 21 to include the absorption 
anisotropy of the electric dipole interaction. The equation systems used are given in [33] (for 
all dyes except rhodamine 800) and [27] (for rhodamine 800). The best-fitting excited-state 
absorption cross-sections o\x are listed in Table I and indicated in Figs 1 to 6. The influence 
of the absorption anisotropy is seen by comparison of curves 1 with the broken curves (no 
absorption anisotropy) of Figs 7d and e. 

5.3. Analysis of amplified spontaneous emission 
The solution of Equations 8 to 15 and 19 to 22 gives the spectral intensity components 
4SE,/(''> r = 0, I) behind the generator cell. The intensity / A S E ( ^ r = 0, I) is the sum 
over the components. The time-integrated intensity (in J e m 2 ) is w A S E ( r = 0, /) = 
r „ W , r = 0, l)dt'. 

The spectral energy components w A S E t and the total energy WASE for a pump pulse peak 
of intensity 7 0 L are obtained approximately by spatial integration over the time-integrated 
intensities: 

f oo 

WWOL) * Jo 27i / -drw A S E , (r) (24a) 

ÂSE = Z^ASE,, (24b) 
i 

where w A S E / ( r ) is the time-integrated intensity of the pump pulse intensity IL(r) = I0L x 
exp(-r 2 / r^) . 



The spectral conversion efficiency rjASE(v) is 

A v 6 , / Av 6 > 1. 
(25) 

where WL is the input pump pulse energy. The energy conversion efficiency is 

f A S E = WASE/WL (26) 

The divergence of the A S E signal is given by Equations 4 to 6. The calculated divergence 
angles A © A S E agree well with the measured divergences (see curve 1 in Fig. 19; in this 
case / e f f is determined by J * ^ 7L(r, t\ /eff)d^7j!°00 40% ?, 0)d/' = e~\ see Equation 23). In 
Figs 11 to 16 experimental t]ASE points and calculated rjASE curves are shown. The excited-
state absorption cross-sections ( 7 ° E N are determined by fitting the curves to the experimental 
data. The <7^EN values obtained are collected in Table I and included in Figs 1 to 6. The 
excited-state absorption Ö - ^ e n and <7L

X reduce the conversion efficiency and lead to a decrease 
of rjASE at high pump pulse intensities. 

In Figs 8 and 9 the experimentally measured conversion efficiency distributions rjASE(X) = 
rjASE(v)/A2 a r e shown. For IR 140 the calculated rjASE(l) curves are included for dye con­
centrations of 3.7 x 10~5 M (long-broken curve 4) and 5 x 10~4 M (long-broken curve 4'). 
A t the higher dye concentration the long-wavelength efficiency is increased whereas the 
total conversion efficiency is reduced. For C = 3.7 x 10~5 M the experimental curve and 
the theoretical curve agree fairly well. 

In Fig. 21c calculated A S E pulse shapes are presented for the 2 x 10 3 M dye rhodamine 
800. The calculated curves are normalized according to /ASE(*'> 0, /)//ASE(Cax> 0, /) . The 
spontaneous emission curve is shown for comparison (70L - • 0, broken curve). The A S E 
pulse shortening with rising pump pulse intensity is clearly observed. 

The level populations versus pump pulse peak intensity are illustrated in Fig. 24 for the 
dye D D I (level system of Fig. 23a). The length-integrated number densities of levels 1, 3 and 
(6,/) are presented for f = AtL/2 = 15 ps. A t high pump pulse intensities the ground-state 
population depletes (JV,). The S, state population (N3) rises linearly with pump intensity 
until at high intensities the population density N3 levels off because of amplified spontaneous 
emission. A t low intensities the terminal A S E levels (6, /) are already thermally populated. 
With rising pump pulse intensity the population of the levels (6, /) begins to decrease since 
the Sj state is populated. A t high intensities the population densities N6i increase because 
of level-filling by amplified spontaneous emission and due to the finite thermalization time 
of the population in the S 0 band (bottleneck effect). The filling of the levels (6,0 saturates 
the gain of the ampified spontaneous emission. 

5.4. Seeding pulse and A S E light amplification 
Equations 8 to 22 can be used to calculate the light amplification in any longitudinally 
pumped dye laser amplifier. The temporal, spectral and spatial output characteristics of the 
amplified input signal and the concurrent amplified spontaneous emission may be determined. 

Here we restrict ourselves to illustrating the seeding pulse amplification and the A S E light 
amplification by the numerical solution of instructive situations. A complete numerical 
simulation of all experimental seeding pulse amplifications and A S E light amplifications is 
not given. The spectroscopic data of 5.1 x 10~5 M H D I T C I are used in the calculations 
(Table I). 



The input pulse amplification in a longitudinally pumped dye cell modifies the temporal 
output pulse shape. The temporal delay between the pump pulse and the input pulse 
influences the contribution of the amplified spontaneous emission. Input pulses that are 
short compared with the pump pulse duration are broadened, whereas input pulses that are 
long compared with the pump pulse are shortened. These dependences are illustrated in 
Figs 25 (amplification of A S E pulse) and 26 (amplification of picosecond continuum). The 
temporal shapes of the input pulses and the pump pulses are depicted in the lower parts (a). 
In (b) and (c) the pump pulse peak intensities / 0 L and the input pulse peak intensities are 
varied. The broken curves represent pure amplified spontaneous emission (Iin = 0). The 
trailing humps in Fig. 26b and c are due to amplified spontaneous emission (thermalization 
of S 0 band with time constant T ^ e n increases the inversion and leads to a gain recovery). 

In Fig. 27 the normalized output energy J * ^ AutCOdf/j"!0«, 4 ( z = 0, t')dt' versus pump 
pulse peak intensity/ 0 L is depicted for /in(Cax)M)L = (curves 1) and 10"1 (curves 2). 
The chain-broken curves belong to the broad input signal (Fig. 25) and the solid curves 
belong to the short input signal (Fig. 26). 

The spectral pulse development is studied in Figs 28 (amplification of broadband pico­
second continuum) and 29 (amplification of spectrally narrowed radiation as needed for 
wavelength tuning [10]). The spectral shapes of the input pulses and the stimulated emission 
cross-section profiles are shown in the lower parts of the figures. The normalized spectral 
output 7 o u t(A, Odf'/jToo AX* = 0, f)dt' for different pump pulse intensities and input 



Figure 25 Temporal behaviour of A S E light 
amplification in amplifier cell. Dye is 5.1 * 
1 0 " 5 M HDITCI in 1:1 ethylene glycol-
D M S O . / = 1 cm, d = 0.8 mm. (a) Broken 
curve, shape of pump pulse; full curve, 
shape of input pulse (Gaussian rise and 
decay with different constants). Spectral 
pulse shape is assumed to be centred 
at X = 835 nm with a spectral width of 
A2. = 20 nm. Chain-broken curve, decay of 
spontaneous emission for <5-pulse excitation 
at time t = 0. (b) Input pump pulse peak 
intensity / 0 L = 10 9 W e m - 2 . The peak inten­
sities of the A S E input pulses are / j n 0 = 0 

TIME, t' Ips] 

(broken curve), (1) / i n 0 = 
/ i n , 0 = 1 0 8 W c m - 2 . ( c ) / 0 L = 
/ i n 0 = 0 (broken curve) 
1 0 5 W c m - 2 , (2) / i M ) = 6 : 

1 0 5 W c r r T 2 , (2) 
6 x 1 0 9 W e m " 2 . 
(1) /,„. 0 = 6 x 

: 1 0 8 W c r r T 2 . 

pulse intensities are depicted in (b) and (c). The broken curves represent the pure amplified 
spontaneous emission [7in(/l, f) = 0]. 

In Fig. 30 the ratio of the A S E signal to the amplified signal, J 7A S E(/, K Odt'dA/ 
j 7S I G(/, K t')dt'dl (background ratio), is depicted (7ou t = 7A S E(/) + 4IG(0)- The i n P u t signal 
has the same shape as in Fig. 29 (A/l = 1 nm). The wavelength dependence of this back­
ground ratio indicates the dependence on otm{X)joQmmdiX(pem{X)loQmm^ varies over a factor of 
30 in Fig. 30a). The background ratio depends on the input signal, 7 i n 0 , and the pump pulse, 
7 0 L . Curves for different 7 i n 0 /7 0 L ratios are given in Figs 30b (70L = 3 x 108 W e m - 2 ) and 
30c (70L = 6 x 10 9 Wcm- ' 2 ) . 

The spatial pulse development is analysed in Fig. 31. The spatial distributions of the input 
pulse (solid curve) and the pump pulse (broken curve) are illustrated in Fig. 31a. The 
angular distributions of the input signal and of the pump pulse are depicted in Fig. 31b. The 
angular spreads of the output signals are shown in Fig. 31c. The angular spread of the A S E 
signal (7in(0) = 0) is shown for comparison (broken curve). Equations 3 to 5 are used in the 
calculations. 

5.5. Addit ional influences 
The dye excitation causes refractive index changes that influence the spatial and temporal 
propagation of the pump pulse and the generated light. For the seeding pulse amplifi­
cation in the generator cell and for the signal amplification in the amplifier cells Raman 
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Figure 26 Temporal behaviour of seeding 
pulse amplification. For legend see Fig. 25. 
Input pulse has symmetric Gaussian shape. 

amplification is observed. The amplification of input spectral components by stimulated 
Raman scattering is enhanced by single-photon resonances (the pump laser frequency is 
within the S 0-S! transition band). The spontaneous emission is an incoherent process. The 
picosecond light continua start from quantum fluctuations [18]. The stimulated emission gives 
a coherent amplification of the input signal. The amplification of spontaneous emission and 
of picosecond light continua leads to temporal, spectral and spatial coherence effects. 

5 . 5 . 7 . Refractive index effects 
Absorbing media are characterized by a complex refractive index h. It is n2 = (n — \K)2 = 
n2 + K2 — liriK = 1 + x = 1 + X ' — i / " - F ° R dye solutions the linear susceptibility x is 
composed of solvent and solute contributions, i.e. / = Xs + XD = Xs + XD — IXD- The 
solvent susceptibility Xs is real. The solvent refractive index is ns = (1 + #s)1/2- The 
extinction coefficient of the dye solution, K, is small compared with ns (K <̂  ns). Therefore 
the refractive index of the solution is 

n « (1 + Xs + XDY'2 ~ "s + 

The last equality is obtained from the relation 

N0L 

2n* 

XD 
So 

(27) 

(28) 



10° 10' 

INPUT PEAK INTENSITY, / 0 L [W cm2] 

Figure 27 Normalized output energy 
versus pump pulse peak intensity for 
various input pulses. Chain-broken 
curves correspond to pulse shapes of 
Fig. 25. Full curves correspond to pulse 
shapes of Fig. 26. Broken curve repre­
sents amplified spontaneous emission 
(/in.0 = 0). ( D /,„.o//0L= IO" ' ' (2) C o / 
/ O L = i o - \ 

where ys0 is the linear polarizability of a dye molecule in the ground state, L Ä (n\ + 2)/3 
is the Lorentz local field correction factor, N0 is the number density of dye molecules and 
£0 is the vacuum permittivity. The imaginary part of the dye susceptibility is given by [36] 

na nN0G N0L n 

x = 2nx = — = -—- = y S o 2nv 2nv e0 

where a is the absorption coefficient and a is the absorption cross-section. 
Laser excitation of dye molecules changes XD LO 

XD + AXn = ~ [(N0 - N3)ys0 + N3ySl] = - N0ys0 + ^ N3(ySl • 

(29) 

7s0) (30) 

where ys, is the polarizability of a dye molecule in the first excited singlet state. The 
refractive index change due to laser interaction is 

Ay/ n L 
An = Ans + AnD = Ans + = —2— IL + 

2ns nse0c0 2nse0 

NM> - 7s0) (31) 

The first term describes the refractive index change of the solvent (Ans = n2\E0L\2/2; 
IL = nse0c0\E0L\2/2; a contribution of the solute to n2 is neglected). For a crude estimate the 
frequency dependence of ys0 and ys, may be approximated by [37] 

ys0(v) = -
ySo,maxAvabs/2 

v ^ x - v + iAv a b s / 2 
« S « o C A V a b s 1 

4 7 r v e r ^ v r - v + iAv a b s / 2 
(32a) 
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Figure 28 Spectral behaviour of broad­
band light amplification in amplifier cell. 
Dye is 5.1 x 1 0 " 5 M HDITCI in 1:1 
ethylene g l yco l-DMSO. Cell length / = 
1 cm. Pump pulse diameter d = 0.8 mm. 
(a) Full curve, spectral distribution of 
input signal. / i n(l) = / i n io/AA, = 70 nm. 
Broken curve, stimulated emission cross-
section of dye. Chain-broken curve, 
absorption cross-section of dye. Tem­
poral pulse shapes of pump pulse and 
input signal are given in Fig. 26a. 
(b) Input pump pulse peak intensity 
/ 0 L = 1 0 9 W c m " 2 . Broken curve, A S E 
signal (/in0 = 0); full curves, (1) / i n 0 = 
10 5 W c m 2 , (2) / i n o = 10 7 W c m " 2 , 
(3) / i n , 0 = 1 0 8 W c m - 2 . ' (c) / 0 L = 6 x 
1 0 9 W c m 2 . Broken curve, A S E signal; 
full curves, (1) / i n 0 = 6 x 1 0 5 W c m " 2 , 
(2) / i n, 0 = 6 x 1 0 7 W c m - 2 , (3) / i n, 0 = 
6 x 10 8 W e m " 2 . 

7s,(v) = 
lysVmaxlAvem/2 
- v + i A v e m / 2 

A2 s8 0O- e

m

m

a xAv e, 

4 7 T V p

m

m

a X L 

1 
v + i A v e m / 2 

(32b) 

where a™* and cr™x are the maxima of the SQ-S^ absorption and emission cross-sections, 
respectively. A v a b s is the spectral width of the absorption band ( F W H M ) and A v e m is the 
spectral width of the emission band. Forming the real parts of Equations 32a and b (see 
inset of Fig. 32) and inserting into Equation 31 gives 

An(v) = 
nse0c0 871 

—max A 

N3 oZxM*m 

(v™ax - v)2 + (Av e m /2) 2 

v r - v 
* T ( v X - v)2 + (Av e m /2) 2 

(33) 

AnD/N3 is plotted in Fig. 32 for the various dyes investigated. The refractive index changes 
Ans (for IL = 5 x 109 W e m " 2 ) and A«g a x (A r

3 = N0) at the pump laser frequency v L are 
listed in Table II. 

The spatial refractive index variation across the beam profile may lead to self-focusing 
of the pump pulse (An > 0) and to focusing (An > 0) or defocusing (An < 0) of the 
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Figure 29 Spectral behaviour of narrow­
band light amplification in amplifier cell. For 
legend see Fig. 28. AX = 1 nm, X = 850 nm. 
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light [38-40]. The self-focusing length z f of the pump pulse is given by [41] 

z f = (0.135)1/227cva2 8TTW 
3.72 

An - 0.852 0.0219 
- 1 / 2 

(34) 

where a is 
and An = 

the \/e intensity radius of the pump pulse. z f values for I0L = 5 x 109 W e m 2 

Ans + A«£ a x (v L ) are given in Table II (the Ans of ethylene glycol and of D M S O 

T A B L E II Refractive index changes and influence on pump pulse propagation. XL = 694 .3nm, / 0 L = 
5 x 1 0 9 Wcn r f 2 , AfL = 30 ps, a = 0.48 mm, non-linear refractive index of methanol, n2 = 2.2 * 1 0 " 1 3 e s u = 
3.1 x 10~ 2 1 m 2 V - 2 [68, 69]. n2 values of ethylene glycol and D M S O are not known. The refractive indices at 
2 0 ° C a n d A D = 589.3 nm are ns = 1.3284 for methanol, A7S = 1.4318 for ethylene glycol and ns = 1.4770 for 
D M S O [70]. The Ans value of methanol is used for all solvents 

Substance Concentration Ans A«£>ax / e f f z{ Av b r 

(M) (cm) (cm) (cm - 1) 

D D I / M E K T 4 4.3 X K T 5 2.6 X IO"4 0.33 1.4 3.2 
Rh800/ME 2 X K T 3 4.3 X K T 5 - 6 X K T 5 0.12 6.4 0.06 
HITCI/ME 7.7 X i o - 5 4.3 X IO"5 1.6 X 1(T4 0.26 1.7 1.7 
HDITCI/EG-DMSO 5.1 X K T 5 7.2 X K T 5 0.39 2.3 1.4 

Styril 9/DMSO 2.5 X I O - 4 4.2 X i o - 5 0.17 2.7 1.3 
IR 140/EG-DMSO 3.7 X i o - 5 6.7 X IO"5 0.39 2.4 0.45 
Methanol 4.3 X i o - 5 0 1.0 3.8 1.4 
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Figure 30 Dominance of narrow-band light 
amplification over A S E versus wavelength 
region. Dye is 5.1 * 10~ 5 M HDITCI in 1 :1 
ethylene g lyco l-DMSO. Cell length / = 1 cm, 
pump pulse diameter (/= 0.8mm. Input 
pulse, temporal shape, see Fig. 26a; spectral 
shape, see Fig. 29a. AX = 1 nm. (a) Cross-
sections <rem(X) and <7abs(/l). (b) / 0 L = 3 x 
1 0 8 W c r r T 2 . (c) / 0 L = 6 x 1 0 9 W c m ~ 2 . (1) 
W/ÖL = IO" 4 , (2) / j n ( 0 // 0 L = 10 3 , (3) / i n < 0 / 
/ 0 L = 1 0 " 2 , (4)/ i n. 0// 0 L = 10- 1 . 

are assumed to be equal to those of methanol). The z f values have to be compared with the 
effective interaction lengths / e f f = min(/, \/N0CJ];X) (Table II). For all dyes investigated 
z f > 4ff a n d therefore self-focusing does not influence drastically the light generation in the 
dye generator and amplifier cells. 

Temporal changes of the refractive index lead to self-phase modulation [39-41]. The 
spectral broadening of the pump pulse due to self-phase modulation is given by [18] 

An is given by Equation 33. Values of A v b r are collected in Table II for the dyes investigated 
(/ 0 L « 5 x 109 W e m 2 and An = Ans + A«g a x (v L )) . The broadening is small, and does 
not influence the A S E light generation and amplification (no seeding pulse formation). The 
A S E signal generated has a very short coherence length and its self-phase modulation is 
without importance. 

5.2.2. Resonance Raman amplification 
The A S E signal behind the generator is free of Raman lines in all experiments. In the 
seeding pulse amplification, Stokes Raman lines have been observed upon the amplified 
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Figure 31 Angular distribution of light 
behind amplifier cell. Dye is 5.1 * 1 ( T 5 M 
HDITCI in 1 :1 ethylene g l y co l-DMSO. Cell 
length / = 1 cm. Temporal and spectral 
pulse shapes of pump pulse and input signal 
are identical to Fig. 26. (a) Spatial dis­
tributions. Broken curve, pump pulse; full 
curve, input signal, (b) Angular distri­
butions. Broken curve, pump pulse; full 
curve, input signal, (c) Angular distribution 
of output signals for / 0 L = 10 9 W e m 2 . 
Broken curve, A S E signal (input signal 
peak intensity / i n 0 = 0); full curves, (1) 
/ i n , 0 = 1 0 5 W c m - 2 , ' (2) / i n , 0 = 10 7 -Wcnrr 2 , 
(3)/ i n , 0 = 1 0 8 W c m - 2 . . 

light continuum at high pump-pulse intensities for some dye solutions. Behind the amplifier 
cells the same Raman lines were found upon the amplified A S E signals. 

The Raman gain is not large enough to show up in the amplification of spontaneous 
emission in the generator cell. The A S E signal reaches its maximum towards the end of the 
pump pulse. A t the position of the pump pulse peak intensity, where the Raman amplifi­
cation is highest, the A S E signal is still very weak. The amplification of this signal by 
Raman scattering is too small to be resolved in the spectrum. In the case of the seeding pulse 
amplification in the generator cell and of the A S E light amplification in the amplifier cells, 
the pump pulse maximum and the input signal maximum coincide. The light amplification 
by stimulated resonance Raman scattering is strong enough to be seen in the spectra for 
high pump-pulse intensities. 

The detected Raman lines are listed in Table III. The frequency shifts belong to vibrational 
transitions of the dye molecules. The solvents methanol [72], ethylene glycol [73] and 
D M S O [74] have no vibrational transitions at the measured frequency shifts. The Raman 
transitions are resonantly enhanced by the S0-Sl absorption of the pump laser [43-47]. 

A t the Raman Stokes frequency v R the simultaneous amplification of input light by 
stimulated emission and stimulated Raman scattering is given approximately by [48, 49] 

„ ( v R ) ( 7 V 3 - N6) / ( v R ) + gskI(vR) (36) 
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Figure 32 Refractive index change of completely bleached dyes compared to unexcited dyes. (1) 10 4 M DDI 
in methanol, (2) 2 x 1 0 " 3 M rhodamine 800 in methanol, (3) 7.7 x 1 0 " 5 M HITCI in methanol, (4) 
5.1 x 10~ 5 M HDITCI in 1 :1 ethylene g l y co l -DMSO, (5) 2.5 x 10~ 4 M styril 9 in D M S O , (6) 3.7 x 10~ 5 M 
IR140 in 1:1 ethylene g l y co l-DMSO. Equation 33 is used for the calculation. The insets illustrate the 
wavelength dependences of the polarizabilities ys 0 = y's0 ~ iys0 and y S l = ys-, _ iys0 (full curves, y'; broken 
curves, y"). The vertical bars indicate the electronic SQ-S, transition frequencies fa,. 

T A B L E III Raman data 

Substance Concentration, C Stokes Frequency Gain Molecular 

(M) wavelength, shift, 
vL - vR 

factor, gain factor, 

gs/No 
(nm) (cm"1) (cmW (cm4 W - 1 ) 

Dye solutions 
D D I / M E K T 4 766 ± 1 1348 ± 15 3 x io- 10 5 x IO"27 

Rhodamine 800/ME 2 x 1(T3 766 ± 1 1348 ± 15 1 X io- 10 i o - 2 8 

776.5 ± 1 1525 ± 15 1 X 10" 10 IO"2 8 

785.5 ± 1 1672 ± 15 3 x io- 10 2.5 x IO"2 8 

HDITCI/EG-DMSO 5.1 x 1(T5 857.5 ± 1 2741 ± 15 4 x io- 10 IO"2 6 

869 ± 1 2896 ± 15 <3 x io- i i < i o - 2 7 

878 ± 3 3013 ± 40 6 x io- l i 2 x IO"27 

888.5 ± 1 3148 ± 15 6 x io- i i 2 x IO"27 

IR 140/EG-DMSO 3.7 x 10"5 889 ± 1 3154 ± 15 
Solvent 

Methanol 864.6 2837 4 x io- 1 0 [71] 2.7 x IO"3 2 

The solution of Equation 36 is 

/ (v R , /) = 7(vR, 0) exp[<xem(vR)(iV3 - N6)l + gsIJ] 

= 4MP(Vr, /) exp(g s / L /) (37) 



7(vR, 0) is the input signal. 7AMP(VR> 0 is the output signal without Raman amplification. 
Estimated gain factors, g s , and molecular gain factors, gs/N0, are listed in Table III. The 
g s-data are only accurate within a factor of 3. For comparison the gain factor of the 
strongest Raman line of the solvent methanol is included in Table III. The resonance 
enhancement of the molecular gain factors is of the order of 105. 

5.5.3. Coherence properties 
Light of spectral width Av has a coherence length of / c o h = c0/Av = A v - 1 and a coherence 
time of i c o h = A v - 1 [50-53]. A light source of diameter d emits coherently within a divergence 
angle A 0 c o h = X/d = (vd)~l. A t a distance R from the light source the coherence area is 
AAcoh = (RA@coh)2 and the coherence volume is AVcoh = A ^ f c o h / c o h = A ^ c o h c 0 T C O H . The 
degeneracy factor, (5coh, defines the number of photons within the coherence volume. For 
light of intensity / the degeneracy factor is <5coh = (7//zv)A^4COHTCOH. For dcoh < 1 no interference 
between photons occurs [50-53]. 

The spontaneous emission is characterized by (5coh < 1. The emission follows Gaussian 
noise statistics [50, 51, 54]. Within the coherence angle temporal and spectral resolved 
fluorescence emission would reveal temporal and spectral fluctuations. Spectral integration 
over times / that are long compared with r c o h smoothes the spectrum. In the case of 
integration over a wide observation angle A 0 > A 0 c o h the spectrally and temporally 
resolved distributions become smooth. 

In the case of amplified spontaneous emission the degeneracy factor of the generated light 
is ^coh ^ 1 [50, 51]. The fluctuating spontaneous emission is coherently amplified. The 
output signal remains its Gaussian noise characteristics. The gain narrowing of the spectrum 
increases the coherence length compared with the spontaneous emission. For observation 
angles A 0 ' ^ A 0 c o h the generated A S E spectra are strongly structured and the temporal 
A S E signals are strongly modulated (see Figs 20a and 21a) [55, 56]. For divergence angles 
A0ASE ^ A ® c o h and A 0 ' ^ A 0 A S E the spectra and the temporal profiles are smooth (see 
Figs 20b and 21b). 

The picosecond light continua start from quantum fluctuations [18, 57-62]. They have 
similar coherence properties to the A S E light. The amplified seeding pulse spectra are strongly 
modulated ( A 0 S P A « A 0 c o h ) and the temporal profiles are structured (see Figs 5 and 6 of 
[10]). The coherence properties of stimulated Raman scattering have been investigated 
recently [63-65]. 

6. Conclusions 
In picosecond laser pumped dye laser generators and amplifiers intense frequency tunable 
picosecond light pulses may be generated. In the described experiments frequency tunable 
picosecond pulses in the spectral range between 720 and 940 nm have been generated by 
amplified spontaneous emission and seeding pulse amplification with a picosecond ruby 
laser. The spectral range may be extended to a wider spectral region by using other 
picosecond laser pump sources and dyes. Laser dyes with high fluorescence quantum 
efficiency qF as well as saturable absorbers with low fluorescence quantum efficiency are 
suitable as active media (no gain reduction as long as T F > AtL). 
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