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The phase-matched third-harmonic light generation in dye solutions is studied experi-
mentally and theoretically. In the experiments picosecond light pulses of a passive
mode-locked Nd-glass laser are converted to the third-harmonic frequency. A third-
harmonic conversion efficiency of up to 4 x 10™* was achieved for one of the dyes
investigated (1,3,3,1',3’,3'-hexamethylindocarbocyanine iodide in hexafluoroisopro-
panol). The theoretical calculations determine the influence of various dye and solvent
parameters on the conversion efficiency. The conversion efficiency is found to be
limited by excited-state absorption of pump laser light and third-harmonic light from
the S, -state to higher singlet states. The S, -state is mainly populated by two-photon
absorption. Amplified spontaneous emission may reduce the limiting effects of excited-
state absorption. Phase changes caused by the non-linear refractive index and the
refractive index dispersion within the spectral bandwidth of the laser pulses reduce the
conversion efficiency. Under ideal conditions conversion efficiencies up to 10% may be
achieved.

1. Introduction

Collinear phase-matched and resonantly enhanced third-harmonic light generation is
obtainable for some dye solutions with the S,—S, absorption peak between the fundamental
and third-harmonic frequency [1-8]. The phase-matching at a certain dye concentration is
achieved by the anomalous dispersion of the refractive index of the dye in the S,-absorption
band. The resonant enhancement is due to the S,—S, two-photon resonance.

For nanosecond light pulses of a Nd-YAG laser third-harmonic conversion efficiencies
upto2 x 107? have been obtained in the dye 1, 3, 3, 1/, 3", 3’-hexamethylindocarbocyanine
iodide (HMICI) dissolved in hexafluoroisopropanol (HFIP) [5]. In a recent paper [8] the
efficient generation of third-harmonic light with picosecond pump pulses of a mode-locked
Nd-glass laser in the dye 1,3,1",3'-tetramethyl-2,2’-dioxopyrimido-6,6’-carbocyanine
hydrogen sulphate (PYC) dissolved in HFIP has been studied. A conversion efficiency up
to2 x 107*was achieved. The limitations of third-harmonic generation at high pump pulse
intensities were analysed by analytical estimates.

In this paper we present experimental results on the third-harmonic generation with
picosecond Nd-glass laser pump pulses for the dyes HMICI, PYC and safranine T.
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A conversion efficiency up ton ~ 14 x 10~* has been obtained for HMICI in HFIP. The
limitations of the energy conversion at high pump pulse intensities for the dyes HMICI,
safranine T and PYC are discussed in detail. The measured energy conversion curves are
fitted by computer simulations.

The limitations of third-harmonic generation are analysed by numerical calculation. The
effects of linear absorption at the third-harmonic frequency, of two-photon absorption, of
excited-state absorption at the fundamental and third-harmonic frequency, of S,-S, ampli-
fied spontaneous emission, and of phase-mismatch due to the non-linear refractive index
and the refractive index dispersion within the spectral pulse bandwidth are included. The
analysis indicates that under favourable conditions (extremely weak absorption at third-
harmonic frequency) third-harmonic energy conversion efficiencies up to 10% should be
achievable for picosecond pump pulses.

For third-harmonic generation in gases a thorough discussion of the limiting processes
is given in [9, 10].

2. Experimental results

The third-harmonic generation experiments we carried out with a passively mode-locked
Nd-glass laser [11]. The experimental arrangement is shown in Fig. 1. The Nd-phosphate
glass laser generates pulses of duration 5 to 6 ps at a wavelength of 4, = 1.054 um (laser
glass Hoya LHGS, saturable absorber Kodak dye No. 9860 in 1,2-dichloroethane). A single
pulse is selected from the pulse train generated, and is amplified by double passage through
an Nd-phosphate glass amplifier (glass: Hoya LHG7). The intensity of the picosecond
pulses is determined by transmission measurements through a saturable absorber [12]
(photodetectors PD1 and PD2). The two-photon absorption in the dye solutions (sample
S) is monitored by transmission measurements with photodetectors PD1 and PD3. The
third-harmonic signal is detected by the photomultiplier PM. The third-harmonic energy
conversion efficiency is determined by calibrating the photomultiplier PM relative to the
photodetector PDI.

The dyes HMICI, PYC and safranine T were investigated. The solvent HFIP (CF;-
CHOH-CF;) was used. The absorption cross-section and stimulated emission cross-
section spectra of the dyes at the phase-matching concentration are plotted in Fig. 2
[13, 14]. (For the determination of the absorption spectra see [15], and for the determination
of the fluorescence spectra see [16].)
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Figure 1 Experimental set-up. PD1 to

i
i

i PD3, photodetectors; DC, saturable
absorber cell for intensity detection;
L, lens; S, dye sample; F, filters; PM,
PD3 PD2 PD1 photomultiplier.

228




Investigation of third-harmonic generation in dye solutions

16

10
&

€

w

Le)

17

wn 10
=z

o

—

-

()

wl

[ V2]

]

-18

a 1
o
(a4

()

WAVELENGTH A [nm]

Figure 2 Absorption and emission cross-section spectra of dyes investigated. The spectra are for the phase-
matching concentrations of the dyes. Solid curves, HMICI in HFIP; broken curves, PYC in HFIP; chain-
broken curves, safranine T in HFIP.
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Figure 3 Third-harmonic generation versus dye concentration. Experimental points are obtained for pump
pulse peak intensities /o, < 4 x 10°Wem™2. Curves are calculated for /o, = 4 x 10°Wcm™ by use of
Equations 35 and 28 and data from Table |. The wave-vector mismatch Ak (Equation 17) is determined by
assuming n? = n; o« C (i = L,3; ng, refractive index of solvent; C concentration). (a) HMICI; (b) PYC; (c)
safranine T. Solvent: HFIP.

229




A. Penzkofer, W. Leupacher

..
ol
w
T

ENERGY CONVERSION EFFICIENCY g

Figure 4 Third-harmonic conversion effi-
ciency versus pump pulse intensity for

- / e CH, HC_ CHy 4 HMICI in HFIP. Circles and solid curves,

A/ %Hzcwcnm © | sample length /= 1mm; triangles and
/ § N broken curves, / = 0.1 mm. Curves 3,3’ are
/ CH, CH, | calculated using the data of Fig. 2 and
/ Table 1. The other curves use the same data
w21 1 1] | L] 1 L1 e)L(CGpt: 1, off ? A‘;:;s) =d) =0, 22,

100 10™ 102 Og = 0o 3 = 0;4,4', 057" = 0. Structural for-

INPUT  PEAK INTENSITY I [Wiem?) mula of HMICI is included.

The normalized energy conversion 5 /I versus dye concentration is shown in Fig. 3 for
the three investigated dyes. ny = W;(/)/ W, (0) is the third-harmonic energy conversion and
I, is the peak intensity of the input laser light. Sample lengths of / = 1 mm were used. The
pump laser intensity was set to I, < 4 x 10°Wcm? (no saturation effects). The con-
centrations of maximum energy conversion are the phase-matching dye concentrations
Com (HMICI, Gy = 0.08 moldm~3; PYC, Cpy = 0.0825 moldm3; safranine T, Cpyy =
0.33moldm?).

The third-harmonic energy conversions versus input pump pulse intensity at the phase-
matching dye concentrations are depicted in Figs 4, 5 and 6 for the dyes HMICI, PYC
and safranine T, respectively. Dye cell lengths of / = 1 mm (circles) and / = 0.1 mm
(triangles) were used. The energy conversion rises quadratically with input laser peak
intensity I, upto Iy ~ 2 x 10" W cm™2. At higher input intensities the energy conversion
rises more slowly and no further increase of energy conversion is observed above Iy ~ 4 X
10" Wem—2. )

The theoretical curves in Figs 4 to 6 are explained in Section 4, after a theoretical
description of third-harmonic generation in dye solutions in Section 3.

The two-photon absorption cross-sections, a3, for the simultaneous absorptions of two
pump laser photons (frequency v, ) and the S,-excited state absorption cross-sections oL,
have been determined previously [14]. The data are listed in Table 1.
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TABLE | Spectroscopic data of dyes and solvent investigated. Pulse parameters are 4, = 1.054 um, At, = 5 ps, Gaussian shape

Parameter HFIP HMICI PYC Safranine T Comments
Cpy (moldm ™) - 0.08 0.0825 0.33

n. 1.273 1.292 1.296 1.297

ny 1.284 1.292 1.296 1.297

t (pS) - 92 9.5 120 - [14]

@ - 27 x 1072 24 x 107 7.4 x 107} [14]

Trc (PS) = 0.7 0.7 0.7 Assumed [31]
Tex (PS) - 0.1 0.1 0.1 Assumed [32]
T, (PS) - 4 4 4 Assumed [33]
7,7 (PS) - 0.1 0.1 0.1 Assumed

o (cm™) 0.07 0.181 0.07 0.263

6, (cm?) 0 2.6 x 10718 3.55 x 10718 2.1 x 10718 Fig. 2

o5, (cm?) 0 ~15 x 107" ~7 x 107% ~2 x 1071 [14]

025 (cm?) 0 3 x 107" 1 x 1077 1 x 1077 Assumed
e 3 (cm?) 0 1.5 x 107 25 x 107" 2 x 107" Fitted

ok (cm?) 0 4 x 1077 2 x 10718 7 x 1071 [“]

o (cm*s) 0 2 x 107% 1.8 x 107% 5 x 107% [14]

a3 (cm*s) 0 1.8 x 107 1.62 x 1074 4.5 x 107% Assumed®
o (cm*s) 0 1.2 x 1074 1.08 x 1074 3 x 107 Assumed"®
ny; - - — - ¢
y_‘fﬁix(—w3;wL,wL,wL) (Cm*V~—4) 1 x 107 1 x 10-% 1 x 107 1 x 107¢ [8)¢

Y (—wy; 0y, 0y, o) (Cm* V) 0 20 x 10°% 1.7 x 1079 [8] 3.3 x 1079 d

1D (—wy; o, 0, o) (m?V-?) 14 x 1072 14 x 1073 14 x 1073 14 x 10°% (8¢

1 (—wy; 0, o, ) (M2V-?) 0 248 x 1072 20 x 102 8] 1.7 x 1072 ¢

I tH (mm) - 0.24 0.17 0.072 Equation 32
*g, = 0 used in all calculations.

°It is assumed that YQ), (- 0, —o, @) = (D (m05; 0, —op, 03) = 10, (-0 05, — 0, ).

ny; (i =L, 3, j = L, 3) values are not known. n,;; = 0 is used in calculations except n, ; values are stated.

Non-linear susceptibility of dyes for third-harmonic generation is assumed to be imaginary, i.e. ¥, p (—wy; @0, ©)) = — iy p (—5; 0L, 0, o) (Equation

18) [7].
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- Figure 5 Third-harmonic generation in
B PYC dissolved in HFIP. Circles and solid
curves, sample length / = 1 mm; triangles
I /' wc-teMchecHoch (" N-cH, HS0,® and broken curves, / = 0.1 mm. Curve 3,3’
- / New . C,N'<O | are calculated with the data of Fig. 2 and
/A ? ? Table 1. Other curves belong to the same
10 Y 1ol 1 | 1 L1 data except: 1, 0'&) = O'(L?;) = 0'%) =022,
10° 10" 102 oY = 0,3 =0; 4,4, 053 = 0. Structural
INPUT PEAK INTENSITY Ip  [Wrcm?] formula of PYC is included.

3. Theory

In this section a realistic description of third-harmonic generation in dye solutions is pre-
sented. The effects include the linear absorption at the fundamental and the third-harmonic
frequency, the two-photon absorption of two pump laser photons, the simultaneous
absorption of two third-harmonic photons, the two-photon absorption of a pump laser
photon and a third-harmonic photon, the excited-state absorption at the fundamental
frequency, the excited-state absorption at the third-harmonic frequency, the amplified
spontaneous emission and the refractive index changes.

The energy-level system of the dye molecules is presented in Fig. 7. The light absorption
and emission processes are included in the figure. A similar level system was used in [14] to
describe S,—S, two-photon absorption dynamics in dye solutions. Here the level system is
extended to include the third-harmonic generation, the two-photon absorptions of a pump
laser and a third-harmonic photon (¢{3) and of two third-harmonic photons (¢}), the linear
absorption of third-harmonic light (o;) and the excited-state absorption of the third-
harmonic light (o, ;).

The dynamics of third-harmonic generation, two-photon absorption, ground-state
absorption, excited-state absorption, amplified spontaneous emission and phase-modu-
lation are described by the following differential equation system (see also [14]). The
equations are transformed to a moving frame by ¢’ = t — nz/cyand z/ = z, where ¢ is the
time, z the spatial position in the propagation direction, n the refractive index and ¢, the
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Figure 6 Third-harmonic generation for
cH N - . safranine T in HFIP. Circles and solid curves,

’]@[ r:[ P a® 1 I =1mm; triangles and broken curves,
b 8 Ny 4 ! = 0.1 mm. Curves 3,3’ are calculated with
data of Fig. 2 and Table I. Same curves are
obtained for ¢43f = 0. Curve 1 is for
o = 6% =6 =0, and curves 2,2’ for

. Lol . Lo 65 = 0,3 = 0. Other data are the same as

|
10°© 10" 102 for curves 3 and 3'. Structural formula of
INPUT PEAK INTENSITY 1o  [Wicm?] safranine T is included.
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Figure 7 Energy-level diagram of dye molecules including the processes of third-harmonic generation,
two-photon absorption, excited-state absorption, stimulated emission and amplified spontaneous emission.
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ON AN, —
0 _ oi3(N, Ny) LI — Ny (10)
ot v v, Tex.10
a]Vll - O-%)(Nl - Nll) 2 Nll (11)
at/ 2(/1\)3)2 } Tex,ll
Ol ; N AQ
aAZS,E = Caski — thSE.iZ; + (N; — Né,i)aeArSEIASE,i - (N; — NS)O'Q(SEIASE.,‘ (12)
rad
OE, 1 a1 o3I
(921;0 = §<_O'LN0 — (N, — N,) }';I‘: L N, ;;i L (N, + N; — N4)0'<I§x
L 3
iw . o
+ (N; — N7)0'eLm> E, + n I; (e ELo Esf exp (—iAkz') + nLnZ,L3lE3O|2ELO
LCo
+ nLnZ.LLIEL0|2EL0] (13)
OE. 1 e e
0230 = §<_(N1 — Ng)o; — (N; — Ny)o, 3 — N, h_‘l;zlx_ - N, ;11_3313 Es
iw o,
+ ﬁ [xthe Elo exp (1Akz") + nyny 5l Erel* Esy + n3ny a3\ Exol’ Exol (14)
3Co
N '
L= =52 | (15)
N3, C,
13 = 320 0|E3o|2 (16)
3w, 67y, .
Ak = ky — 3k, = o ny — m) = c (ny — n) = 6nv(n; — ny) 17
0 0
The initial conditions for the number densities of the level populations are N,(¢’ = — oo,

r, z) = Ny, Ny(—0) = N3(—0) = Ny(—0) = Ns(—00) = Ny(—©0) = No(—0) =
Nyy(—0) = Njj(— o) = 0, Ng,(—o0) = g¢,N, and N,(—o0) = ¢,N,. N, is the total
number density of dye molecules. The terminal level of amplified spontaneous emission
(6) is divided into sublevels (6, i) to account for the variations of the thermal level popu-
lation (gg;) and of the stimulated emission cross-section (o) with frequency. The thermal
level population factors g, ; and g, are approximately given by g, ~ 05 (Vase.:)/0m; and
07 & 05(VL)/05m. 0a(Vase:) and a4 (v,) are the apparent absorption cross-sections at v ;
and v, respectively [17, 18].

The initial light intensities are I (¢, r, z = 0) = I exp (—t'/&) exp (—r*/r}),
Lge(t',r,z=0=0G=1,...,m)and L(t',r,z = 0) = 0. I is the input pump pulse
peak intensity. f, = At /2[In(2)]'? is half the (1/e)-pulse width (Az_ full width at half
maximum) and r, is the (1/e)-beam radius.

Equation 1 describes the population changes of the S,-band. N, comprises the popu-
lations of levels 6 and 7. The first term is due to linear absorption of the third-harmonic
light. The second term is responsible for two-photon absorption of two pump laser photons
(frequency vy, circular frequency w; = 2mv, ). The third term gives the two-photon absorp-
tion of two third-harmonic photons (frequency v, w; = 27nv;) and the fourth term gives
the simultaneous absorption of a pump laser photon and a third-harmonic photon. The
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fifth term handles the amplified spontaneous emission, and the sixth term gives the stimu-
lated emission at the laser frequency. The last term gives the S,—S, relaxation.

The second equation includes the two-photon absorption, the excited-state absorption,
the relaxation within the S,-band and the relaxation to the S,-band. The third equation
handles the S, -state dynamics. The various terms describe the level population by Franck -
Condon relaxation, the excited-state absorptions at frequencies v, , v and v, the ampli-
fied spontaneous emission, the stimulated emission at the pump laser frequency v, and
various relaxation processes.

Equations 4, 5 and 9 describe excited-state absorptions. Equation 6 handles the terminal
level populations of the amplified spontaneous emission process. The first term gives the
spontaneous emission contribution to the frequency interval Avy ;. easg; = E(Vasg.)AVs:/qr 18
the fraction of fluorescence light within the frequency interval Ay, around vasg ;. E(Vasg,;)
is the fluorescence quantum distribution (jem E(v) dv = ¢, gr fluorescence quantum effi-
ciency, integration over the S,—S, fluorescence band [16]). The second term of Equation 6
gives the fluorescence light amplification, and the last term causes thermalization within the
Sy-band with a time constant 7, .

Equation 7 describes the stimulated emission at the pump laser frequency. The first term
gives the stimulated emission and the second term causes population thermalization within
the S,-band.

Equation 8 takes care of the population of level 8 by ground-state absorption of the
generated third-harmonic light. Equations 10 and 11 handle the populations of levels 10
and 11 by two-photon absorption of photons of frequency v, and v, and of two photons
of frequency v, respectively, and the relaxation to level 3.

Equation 12 describes the amplification of fluorescence light. The first term gives the
seeding spontaneous emission in a frequency interval Avy; around vasg;. AQ is the
solid angle of efficient amplified spontaneous emission. The second term is responsible
for amplification of fluorescence light and the third term takes care of excited-state
absorption.

Equation 13 describes the changes of the electric field strength of the pump laser. The first
term gives linear losses, the second and third terms give two-photon absorption losses
(2w, and o + w;), the fourth term is due to excited-state absorption and the fifth term
handles the stimulated emission. The sixth term [} = ¥ (—w;; oL, o, w,)] gives the
pump pulse reduction by third-harmonic generation. The seventh term (n, ;) takes care of
third-harmonic field-induced phase changes and the last term (n, ;) gives the pump
field-induced phase-modulation. n, 5 and n, |, are non-linear refractive indices. The wave-
vector mismatch Ak is given by Equation 17.

The build-up of the third-harmonic light field is described by Equation 14. The first term
is due to ground-state absorption and the second term is due to excited-state absorption.
The third and fourth terms are due to two-photon absorption losses (w; + w; and 2w,).
The fifth term gives the third-harmonic generation. The sixth and seventh terms (n,  ; and
n,3;) are due to phase changes caused by the pump pulse and the third-harmonic light,
respectively. n,;; and n, 3; are non-linear refractive indices.

The relation between field strength and light intensity is presented by Equations 15 and
16. A derivation of Equations 13 and 14 is given in the Appendix, where relations between
the phase-changing susceptibilities and the non-linear refractive indices are also derived.

The third-order non-linear susceptibility, ¥$}g, responsible for third-harmonic generation
is given by xfic = xDu(—ws; o, o, o) = (=05 o, oy, o) — xS (—ws;
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oy, o, o). It is composed of solvent and dye contributions, i.e. [19]

e = 1fhes + Fhop (13)
(3)

xthes = xfhc.soNs/Nso is the solvent contribution. Ny is the number density of sol-
vent molecules at dye number density N,. Ny, is the number density of the neat solvent
(Ny = 0). xfhc.s is generally real (no resonant contributions). yicp is the apparent
third-harmonic susceptibility of the dye. It includes intrinsic dye molecule contributions
and dye-—solvent interaction contributions. If dye aggregation [13, 16, 20] occurs, the
dye-dye interaction contributes to y®ig p [21]. xFic.p may be expressed in terms of apparent
hyperpolarizabilities Y p; by [19, 22] (see Appendix)

" L o o ; LY
ATHe.p = e (N YRie.o1 + N3¥hps) = . No¥Rie.o (19)
) 0

yShc.p1 is the apparent hyperpolarizability of dye molecules in the ground state (level 1)
and y§c ps is the apparent hyperpolarizability of dye molecules in the S,-state (level 3).
L8 = (3 + 2)(n} + 2)°/81 is the Lorentz local-field correction factor. Since ground-
state depletion is weak in the third-harmonic generation process (see Fig. 8), the second
equality of Equation 19 is reasonably accurate [} p ~ Yic.or = Y5 (— 035 0L, @,
o, )). The magnitude of ¥{ig = ¥ — iy® determines the efficiency of third-harmonic
generation. The phase of y{)g practically does not influence the third-harmonic conversion
efficiency.

The relations between the two-photon absorption cross-sections ¢ff and the imag-
inary parts of the susceptibilities x5),...(— ®;; ®;, —w;, ;) or the hyperpolarizabilities
Y v (— @13 w;, —w;, w;) are given in the Appendix (Equations A23 to A26).

1 1T T T T T T T

0,2)dz/(Ngl)

At r=

Figure 8 Normalized length-integrated S, -state
populations of dyes investigated. Solid curves,
HMICI in HFIP; broken curves, PYC in HFIP;
chain-broken curves, safranine T in HFIP. Curves

T T

NORMALIZED S, -STATE POPULATION J;N:,(t'

yau L | . PR are calculated with data of Table |. Pulse duration
10° 10" 102 At, = 5ps. (1) sample length /= 0.1mm; (2)
INPUT  PEAK INTENSITY Iy (W/em?] [ = 1 mm. Dye parameters are listed in Table I.
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The relations between the non-linear refractive indices n,,; and the real parts of the
non-linear susceptibilities ¥, (— w;; ;, —w;, ;) are derived in the Appendix (Equations
A27 to A30).

The refractive indices, n;, and the wave-vector mismatch, Ak, change with excited-state
level population according to Equations A7 and A18. The change of Ak at high pump pulse
intensities due to the population-dependent refractive indices is not explicitly analysed
below. Its contribution to phase-mismatch is formally added to the non-linear refractive
indices n, ; (see Figs 19 and 20, below).

The third-harmonic intensity conversion is 5, = I;(/)/_(0). The time-integrated third-
harmonic conversion is

mo= | L@, hdry [T R, 0)dr (20)

Finally, the third-harmonic energy conversion is

ne = Wi()/W.(0) = j rj: L', r, 1) dt’ drf j:)rjfm I.(t', r, 0) dt’ dr @21

0

0

At low pump pulse intensities the population changes of the various levels are negligible.
A pump pulse depletion does not occur. The effects of two-photon absorption, excited-
state absorption and amplified spontaneous emission are diminishingly weak. The whole
equation system 1 to 14 reduces to [23]:

OE
= 16, N,E, (22)
0z’
OE 1 .
D= 1oy Ny + 2 ke Bl exp (—iAkz) (23)
0z 2n,¢,
For E;,(0) = 0 the solutions of Equations 22 and 23 are given by [23]:
E(Z) = E(0) exp (=30 Noz") (24)

exp [("’——3“ N, — iAk> z'] —1
a3 N, z') 2

, iw
Ey(z') = 2—3— X%)-IGEEO(O) €Xp (_

n,c, 2 03 —2 30, N, — iAk
(25)
The intensities at z° = / are (Equations 15 and 16) [23]:
I.(l) = 1.(0) exp (—oLNo/) (26)
L) = KTHGIX%)-IGPIE(O) (27)
with
3 O3 + 36L
w3 | exp (—30.Nyl) + exp (—o;Nyl) — 2 exp | — — Nyl ) | cos (Akl)
Kthg = — T3
nyn chey (L%M + Ak2>
(28)
Without absorption (6, = 0, g; = 0) Equation 28 reduces to
w3 sin’(Akl)2 sin?(Akl/2
Kt = 334 2 ( é ) = KrHG,0 —L‘# (29)
nyni coey  (Ak/2) (Ak/2)
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At phase-matching Equation 29 is given by

w3’
KthG 33 e 'CTHG,ol2 (30)
nyng Co&y
In the case of Ak = 0, o = 0 and o;N,/ > 1, Equation 28 reduces to
2 2 2
w5 2 2
Krug € ——— = K . 31
e ”3”%‘7333 <0'3No) e <0'3N0) Gh

The equality sign is valid for ¢; N,/ — 0. Comparison of Equations 31 and 30 indicates
that the maximum conversion efficiency in case of absorption at frequency v; (I = o0) is
equal to the conversion efficiency in a cell of equivalent length L,, = 2/(;N,) if no
absorption is present.

For non-linear media with absorption at the third-harmonic frequency one may define
arbitrarily an effective interaction length /; 15 by

3
I,THG 0_3 N()
At this length 60.35% of the maximum third-harmonic conversion efficiency for / —» oo are
obtained (o, = 0).
The third-harmonic intensity conversion efficiency is

L(l
m = 13§0)) = Kruclafhcl 1L (0) (33)
L

(32

For Gaussian-shaped pump pulses the time-integrated conversion efficiency is

K
= =3 il 16 (0) (34)

and the energy conversion efficiency is
K
e = 3%0 Xl I5.(0) (35)

Equation 35 is very useful to determine the third-order non-linear susceptibility of dye
solutions by energy conversion efficiency measurements. y$ p (Equation 18) is determined
. by measuring separately the third-harmonic generation of the solvent. The real and imagin-
ary parts of yPicp = xficp — ixfic.p are determined by measuring the third-harmonic
energy conversion efficiency as a function of concentration [19].

The complete equation system 1 to 14 has to be solved to similate the third-harmonic
generation at high input pump pulse intensities and to analyse the limiting effects to the
third-harmonic generation.

4. Simulation of experimental results

The curves in Figs 4 (HMICI), 5 (PYC) and 6 (safranine T) are calculated by use of the
absorption and emission curves of Fig. 2, the spectroscopic data of Table 1 and the
parameters listed in the figure captions.

The solid curves are for / = 1mm while the broken curves are for / = 0.1 mm.
The curves 1 neglect two-photon absorption and subsequent excited-state absorption.
Equations 35 and 28 are used in the calculations. These curves determine the third-
harmonic non-linear susceptibilities | x5k | by fitting to the experimental points at intensities
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Iy <2 x 10°Wcem™2. The energy conversions are reduced by the strong linear ground-
state absorption of the generated third-harmonic light (a5, short interaction length /; 146).

The curves 3,3" represent the best-fitting curves (data listed in Table I). The effects included
are the two-photon absorption processes w; + o (63 from [14]), o, + w; (63, here
fitted) and w, + w5 (¢%], assumed, no influence since I, is small), the excited-state absorp-
tion of pump light (a5, from [14]) and of third-harmonic light (o, 3, this work) and the
amplified spontaneous emission (o4t from Fig. 2, 655F is assumed from the ground-state
absorption spectrum of Fig. 2). The effects of refractive index changes are neglected since _
they are thought to be negligibly small for the achieved conversion efficiences (see Section 5).

The curves 4,4’ do not include the effect of amplified spontaneous emission (the other
parameters are the same as for curves 3,3"). The curves indicate that an optimum pump laser
intensiy exists above which the third-harmonic conversion efficiency reduces with increasing
pump pulse energy because of dominating excited-state absorption. In case of safranine T
the curves 4,4" coincide with 3,3, indicating that the influence of amplified spontaneous
emission on third-harmonic generation is diminishingly small. In the case of HMICI
slightly lower third-harmonic energy conversion efficiencies are calculated at high pump
pulse intensities without amplification of spontaneous emission. For the dye PYC the
amplification of spontaneous emission is strongest [14]. It hinders a decrease of third-
harmonic conversion efficiency at high pump pulse intensities (S, -state level population is
lowered within the pump pulse duration).

For the curves 2,2" the effects of amplified spontaneous emission and excited-state
absorption at v, and v, are neglected. Only the effects of two-photon absorption of two
pump laser photons (¢{}, from [14]) and of a pump laser photon and a third-harmonic
photon (63, fitted here) are considered. The simultaneous absorption of two third-harmonic
photons is negligibly small because of low third-harmonic conversion efficiency (Z; small).
The curves 2,2" indicate that the two-photon absorption sets an upper limit of the third-
harmonic conversion efficiency at high pump pulse intensities. This upper limit increases
with sample length, /, as long as / < /[ tyg. For [ > [} 146 (Equation 32) the upper limit of
conversion efficiency decreases with sample length (compare curves 2 for / = 1 mm with
curves 2’ for / = 0.1 mm).

In Fig. 8 the calculated S,-state populations are presented for HMICI (solid curves),
PYC (broken curves) and safranine T (chain-broken curves). The length-integrated popu-
lation (j0N3dz) towards the end of the pump pulse duration (¢ = Af) is depicted. The
curves 1 belong to / = 0.1 mm and the curves 2 to / = 1 mm (for details see [14]). The -
S, -state population rises quadratically with pump pulse intensity at input intensities below
4 x 10'Wcm 2. At high input pump pulse intensities the S,-state population levels off
with the third-harmonic limiting effects. )

5. Influence of various dye parameters
The influence of various dye parameters on the third-harmonic conversion efficiency is
studied in the following. In the numerical calculations the parameters of HMICI (Table I
and Fig. 2) are used except where otherwise stated.

In Fig. 9 the influence of the linear absorption coefficient, a; = N,o;, on third-
harmonic conversion efficiency is investigated. Effects of two -photon absorption (63 =
o) = o} = 0), excited-state absorption (65, = 03 = oo = 0), amplified spontaneous
emission (o'ASE = 0), linear pump laser absorption (¢, = oy N, = 0), phase-mismatch

(Ak = 0) and non-linear refractive indices (n,1; = ny3; = ny13 = 0 for definition see
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Figure 9 Influence of linear absorption
at third-harmonic frequency. HMICI data
of Table | are used except o2’ = ¢{d =
6 =0, =0, o5 =0,3=0 The
curves are for (1) /o, = 10"Wcem™2 and
I=10cm; (2) /o, = 10°Wem™2 and [ =
10cm; (3) I, = 10°Wcm™2 and /=
10cm; (4) /o = 10°Wem™2 and /=
10cm; (4')/y, = 10'°Wem 2and! = 1cm;
(5) I, = 10'""Wem™ and /= 1cm; (6)

| | Io. = 10'*Wcm™2 and / = 1 mm. Absorp-
IR N T AV E T W W TR e - tion coefficients, a;, of phase-matched
e 10" 10°° 10° Ch 17 0°  solutions of HMICI,3 PYC and safranine T
ABSORPTION (CROSS-SECTION o3 [cm?] are indicated

THG CONVERSION EFFICIENCY mq;

TIME - INTEGRATED

Equations A27 to A29) are excluded. The depicted curves show a strong decrease of
third-harmonic conversion efficiency for / > a;'. Curves 4 (I, = 10°°Wcem™2,/, = 10cm)
and 4’ (I, = 10°Wem™2, [, = 1cm) show the influences of sample length and o, in the
case of pump pulse depletion. In case of a;' > I, > I, the conversion efficiency is higher
for longer samples. In an intermediate region /, = a;' = I,, the shorter sample gives the
higher conversion, since in the shorter sample not so much pump light is transferred to the
third-harmonic light which is absorbed. For large absorption coefficients /; > , > a5 ' the
. conversion efficiences become independent of sample length, since the conversion efficiency
becomes very low and pump pulse depletion does not occur.

The reduction of third-harmonic light generation with increasing linear pump pulse
absorption is depicted in Fig. 10 (/ = 1cm). For / > o' the third-harmonic conversion
efficiency reduces quadratically with o (7 oc I§ I, Ly oc ar'). The third-harmonic light is
generated at the cell entrance before the pump pulse is reduced and it is transferred to the
cell exit since no absorption of third-harmonic light is assumed (¢, = 0,0? = 0,00F = 0,
Ak = 0,n, = 0).

The influence of phase-mismatch is illustrated in Fig. 11. The situation of low pump pulse
intensities is depicted where Equations 35 and 28 are applicable. The ratio of the energy
conversion envelope in the case of Ak # 0, #g ., (Ak), to the corresponding energy conver-
sion in the case of Ak = 0, 75 (0), is shown. The ratio is given by

nE,env(Ak) _ . 4
w© ™" (1’(Akl)2> (36)
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Figure 70 Influence of linear absorption of
pump laser. HMICI data of Table | are used
except 62 =0@ =06 =0, 05=0, o5 =
03 = 0. Sample length / = 1cm. Curves 1,
loo = 108Wem™2, 2,/ = 10°Wem™%;, 3, /y, =
10'°Wem2; 4, /,, = 10" Wem™2. Absorption
coefficients, o, , of phase-matched solutions of
HMICI, PYC and safranine T are indicated.

Figure 11 Influence of phase-mismatch on
third-harmonic generation. (Equation 36).
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Ne.env(Ak) is obtained from Equation 28 by setting cos (Akl) = 1. The wavevector
mismatch reduces the effective interaction length to Ly ~ Ak~ '. In some dye solutions
with the S;—S, absorption band in the frequency region between v, and v; phase-matching
at a certain dye concentration, Cpy, is achievable due to the anomalous refractive index
dispersion in the wavelength region of the absorption band.

" In the presence of absorption of third-harmonic light, o, the energy conversion envelope
(Equation 28) becomes proportional to (Ak> + ¢3Ng/4)~'. The allowed phase-mismatch,
Ak, that reduces the energy conversion a factor of 2 is given by

_ a;N, 278\ a 278
Ak = max( 5] = max 5] (37

The second part of the maximum condition is obtained from Equations 29 and 30, i.e.
sin’(Akl/2)/(Ak/2)* = I?/2. The allowed wave-vector mismatch versus absorption coef-
ficient a; is depicted in Fig. 12.

For ultrashort light pulses their spectral widths, A¥; (full width at half maximum), are
not negligible. If the phase-matching concentration, Cp),, is adjusted to the central frequen-
cies ¥, and ¥, the spectral wings of the pulses are not phase-matched for third-harmonic
generation because of the refractive index dispersion D = dn,/0V — 0dny /07. In the case of
phase-matching at the central frequency ¥, the phase-mismatch at frequency ¥, = ¥, + oV,
for the process v, + v, + v — v;isgivenby Ak(v;) = 6mV . (n; — n.) = 6m6V, [V, (n; —
ny))/0V, = 6m¥ (On,y [0V, — Ony [0V, )0V, = 6mV DSV, . The effective phase-mismatch Ak,
due to dispersion is found by integrating over the spectral intensity distribution. For

ABSORPTION COEFFICIENT ay [cm™')

Jo? 10" 1 10 10° 103
10 F T 11 | T T 1—I_| T T l_l'r T T 1T | T TT1T | T i
= B |
[
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3
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- .
:
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- (=0lcm B
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Ll

[ =1cm

T T TT]
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ALLOWED WAVEVECTOR MISMATCH Ak

Figure 12 Allowed wave-vector mismatch as a
function of sample length and linear absorption
1 cross-section at third-harmonic frequency
102 ‘;0[2, o L"Oiml ; "'o'_,g L "';_,8 S é,, ‘—-44, (Equation 37). The third-harmonic conversion

efficiency reduces a factor of 2 compared with
ABSORPTION  CROSS - SECTION o, [em?) Ak = 0 for the curves shown.

1l
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Gaussian pulses it is

-

[, 8%, exp [—dIn (2)(57, /AT, )’1d (&¥,)
§7, exp [—4In (2) (67, /AT, Y'1d (671)

6[ln (2)]"?%, D
' At c,

Akgy = 679 D 37'2{In (2)] 2%, DA,

(38)

The last equality is found by use of the relation Av At, = c,AV At; = 2In (2)n~' for
Fourier transform-limited Gausian pulses [24]. Equation 38 is valid for strict third-
harmonic generation v, + v, + v — vy with A¥; = 3A7_. For bandwidth-limited pulses
frequency mixing processes, v;; + v, + Vi3 — v;, within the bandwidth Av_ take place
and reduce the third-harmonic bandwidth to A¥; ~ Av.. The effective wave-vector
mismatch reduces to

Akg'™ ~ Ak (39

Ak versus dispersion D is plotted in Fig. 13 for the pump pulse durations Az, = 10ps
(1), Ips (2), 100fs (3) and 10fs (4). For femtosecond pulses the effective phase-mismatch
becomes remarkable.

For chirped pulses (due to self-phase modulation [25-29]) the pump pulse frequency
changes within the pulse duration and only the strict third-harmonic generation is relevant.
In this case the effective wave-vector mismatch is given by Equation 38 (i.e. Ak = Ak.g).

The reduction of energy conversion due to refractive index dispersion is illustrated in
Fig. 14 for bandwidth-limited pump pulses. #(D)/n:(0) is depicted versus D for the case
of negligible absorption. Equations 35, 29 and 30 are applied, leading to (Gaussian spectral

104]II T |III T Ill'

fem™"]

BWL
keff

Figure 13 Effective wave-vector mismatch, AKEM,
in third-harmonic generation of ultrashort light
pulses phase-matched at centre frequency versus
refractive index dispersion, D = dn;/0V — dn /0¥
(Equation 38). Bandwidth-limited Gaussian pulses
are assumed. 4, = ¥_' = 1.054 um. Curves are for
the pulse durations (1) At, = 10ps; (2) 1ps; (3)
100fs; (4) 10fs. In the case of self-phase modu-
lated (chirped) pulses the curves are for (1) Ay, =

EFFECTIVE WAVEVECTOR MISMATCH A

i | 1 | ) | 0.5cm™; (2) 5cm™'; (3) 50cm™’; (4) 500cm™.
LU 16° 10 . The refractive index dispersion of the solvent HFIP
REFRACTIVE INDEX DISPERSION D is indicated.



Investigation of third-harmonic generation in dye solutions

distribution assumed)

w Sin?(Akl[2)
@) _ e Ak
ne(0) P[* exp(—¥/%)dv

For bandwidth-limited pulses it is Ak = AK®Y 1Ak(v)) = 225, DV and ¥, = AV /
{2[ln 2)]'*} = In (2)"*/(nc,At,). The energy conversion ratio ng(D)/ng(0) depends on
" I/At, . The curves depicted belong to various //A¢, values. For example, curve 4 presents the
situation of //At; = 100cmps™', i.e. Aty = 10fs in the case of / = 1cm. For chirped
pulses it is AKS™ = Ak(v.) = 6n¥, D7, and A¥, is the spectral bandwidth of the self-phase
modulation pulses.

For ultrashort pulses the group velocity dispersion causes a time delay between the
third-harmonic light and the pump pulse. It broadens the third-harmonic pulse duration
and reduces the conversion efficiency. The reduction of conversion efficiency due to group
velocity mismatch is only relevant for bandwidth-limited pulses in long dye cells without
absorption (a time delay greater than the pump pulse duration has to occur within the
effective interaction length).

The influence of two-photon absorption is analysed in Fig. 15. No excited-state absorp-
tion (65, = 043 = 655F = 0), no linear absorption (6; = g, = 0), no amplified spon-
taneous emission (o4t = 0), no non-linear refractive index effects (ny; = 1,35 =
n,1; = 0) and no refractive index dispersion (D = 0n,;/0V — 0ny [0V = 0) are included.
For the solid curves, the abscissa is 6? = ¢2(c = 6 = 0). At a fixed ¢} -value the

exp (— ¥/i2) dv

(40)

LI | T LI T T LI |

1

ah

-2

Figure 14 Reduction of third-harmonic conver-
sion efficiency of bandwidth-limited Gaussian
pulses versus refractive index dispersion D =
0n,/0v — dn_/dv (Equation 40). The curves are for
(1) I/At, = 0.1cmps™ (e.g. I = 1cm and At =
10ps), (2) 1cmps™' (e.g. I =1cm and At,
1ps); (3) 10cmps™' (e.g. /= 1cm and Af,

Ll . e 100fs); (4) 100cmps™’ (e.g./ = 1cm and At =

10 10 10 10fs). Refractive index dispersion of the solvent
REFRACTIVE INDEX DISPERSION D HFIP is indicated. 1, = 1.054 um.

[
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Figure 15 Influence of two-photon absorption
on third-harmonic generation. Data of HMICI
of Table | are used excepta, = 0, o5, = 0o 3 =
0, 6258 = 0. For all curves /= 1cm. Solid
curves are for 62 = ¢{2 = 0, abscissa rep-
resents /2. (1) Io, = 108Wem™2; (2) [ =
O”Wcm’z 3) lo = 10"°Wem~ 2, ; (4) Ig =
10" Wem™2; (5) /(,L = 10‘2Wcm . Broken

curve 62 = ¢{2) = 0, abscissa represents o2 ;

TIME-INTEGRATED THG CONVERSION EFFICIENCY my

Iy, = 10"®Wcm™2. Chain-broken curve, o{® =
16° L1 ) | L L 06? =0, abscissa represents a3, /o =
49 -48 -47 -
10 0 10 10°Wcm™2. Dotted curve, @ =02 =

TWO - PHOTON ABSORPTION CROSS -SECTION o2 [ani's) 083 = 0@ (abscissa), /o, = 10'°Wcem™2.

conversion efficiency approaches a limit with rising pump pulse intensity. For the broken
curve the abscissa represents 6? = ¢ (6 = ¢ = 0, I, = 10°Wcem ™2, [ = lcm).
The reduction of energy conversion due to the pump laser induced v;-photon absorption
is similar to the reduction of conversion efficiency due to effect of v; -photon absorption by
o). For the chain-broken curve the abscissa is given by ¢® = 6@ (62 = 63 = 0). The
third-harmonic conversion efficiency is not so strongly reduced, since the third-harmonic
intensity, /5, is lower than the pump laser intensity. The dotted curve shows the cumulative
effect of two-photon absorption where ¢? = {3 = ¢ = ¢?@.

The two-photon absorption populates the first excited singlet state S,. Starting from the
S, -state, excited-state absorption of the pump laser (¢L;) and of the third-harmonic light
(0..3) may drastically reduce the third-harmonic conversion efficiency.

The influence of o, is illustrated in Fig. 16. Without two-photon absorption
(6 = o = i) = 0)excited-state absorptlon of pump laser light does not occur and the
conversion efficiency is independent of o%, (the dotted curve is for I, = 10'°Wcm™? and
! = 1cm). The solid curves in Fig. 16 are for 62 =1 x 107¥cm*s (6 = ¢ = 0)and
various pump pulse intensities. The broken curves are: calculated for ¥ = 8 x 10 “cm®s.
The crossing of the curves indicates that for a fixed ok, value there exists an optimum pump
pulse intensity for maximum third-harmonic conversion efficiency. Increasing the
pump pulse intensity above this optimum value results in a reduction of third-harmonic
conversion efficiency.

The influence of excited-state absorption of third-harmonic light (o, ) on the third-
harmonic generation is similar to the effect of excited-state absorption of pump laser light
(6%), as is seen by the curves depicted in Fig. 17.

Amplified spontaneous emission contributes to the depopulation of the S, -state and may
reduce the negative influence of excited-state absorption on third-harmonic generation.
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Figure 16 Influence of excited-state absorption
of pump laser light on third-harmonic generation.
Data of HMICI of Table | are used except o, = 0,
O3 = 0, 0555 =0, 03 = ¢{2) = 0. Solid curves,
o = 10 *cm®s. Broken curves, o2 = 8 x
10"*°cm®*s. Dotted curve, /¥ = 0 and /, =
10'°Wcem™2. Curves 1, /o = 10°Wcem™%; 2,
Io. = 10"°Wem™2; 3, /o, = 10" Wem™2. Sample
length / = 1 cm for all curves.

Figure 17 Influence of excited-state absorption
at third-harmonic frequency on conversion effi-
ciency. Data of HMICI of Table | are used except
0 =0, 05 =0, 05 =0, 6 = ¢{) = 0. Solid
curves, o/ = 107*cm*s. Broken curves, o{? =
8 x 10™*cm*s. Dotted curve, 62 = O and /o, =
10"°Wem™. Curves 1, /. = 10°Wem™2; 2,/ =
10'°Wem™2; 3, /5 = 10"Wem™2. Samples
length / = 1 cm for all curves.

247



A. Penzkofer, W. Leupacher

In Fig. 18 the effect of 645F on third-harmonic conversion efficiency is illustrated. All curves
are for Iy = 10"Wem™?, 6 = 8 x 107®cm*s and / = lem (6 = 03 = 0, n, = 0,
D = 0). The solid curves show the time-integrated third-harmonic conversion efficiency
11 (023E) while the broken curves display the time-integrated amplified spontaneous emis-
sion conversion efficiency nasg.11(0ot). If 63 = 05 = 0 the third-harmonic generation is
not influenced by 043 even in the case of the strong generation of amplified spontaneous
emission (curves 5). The broken curve 1 indicates that 65, > 0 lowers the efficiency of
amplified spontaneous emission. For the depicted case of ok, = 2 x 10~ 'cm? the third-
harmonic conversion efficiency remains independent of /5" (solid curve 1). In the case of
oy, = 0 and g5 > 0 the occurrence of amplified spontaneous emission increases the
third-harmonic conversion efficiency (curves 2, g, ; = 2 x 107'%cm’ and 1, = 4ps;
curves 3, 6,3 =2 x 107"%cm’ and 1,5 = 1ps; curves 4, 6,3 = 2 x 107'°cm’ and
7,6 = 0.1ps). A fast relaxation of the terminal amplified spontaneous emission level (level
6 of Fig. 7) enhances the depopulation of the S,-state (reduction of bottleneck effect) [14]
and increases the efficiency of third-harmonic generation.

Dyes with a fluorescence lifetime 7 short compared with the pulse duration would depopu-
late the S, -state within the pump pulse duration and reduce the effects of excited-state absorp-
tion. The behaviour is similar to the situation of strong amplified spontaneous emission.

The population of the S,-state by two-photon absorption depends on the pump pulse
duration. It is accumulative for fluorescence lifetimes longer than the pulse duration. The
application of shorter pump pulses would reduce the detrimental effects of excited-state
absorption, and the onset of saturation of conversion efficiency would be shifted to higher
pump pulse intensities. This allows higher conversion efficiencies for femtosecond pump
pulses.
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=] 2-4] Is . P Figure 18 Influence of amplified spontaneous
g 0 | / 10° & emission on third-harmonic generation. Data of
= T / / 4 w  HMICI of Table | are used except o, = 0, a{P =
S T / / 07 T 8 x10®cm*s, 62 =62 =0,055 =0, g5 =
a [, ; 8 5 x 107, exge = 0.2. Input pulse peak intensity
5 7F 1 10° 5 Jo=10"Wem™2. Sample length /=1cm.
§ B / / B Solid curves give time-integrated energy con-
s /// /0% E  version efficiency of third harmonic light. The
S Ll i - / ., broken curves depict the time-integrated ampli-
= = v g™ § fied spontaneous emission conversion effi-
= L // ciency. Curves 1,05, =1 x 107%cm?, 6,3 = 0,
o o o o e — // 10'11 TV,G = 4p5; 2' als-x = 0' aex,:& = 2 x 10“1Gcm2'
- 1 L1l |17 L L1y I16 L i 7,6 = 4ps; 3, 0’:,( =0, 0 3=2% 107"%cm?,
10 10 10 10 1,6 = 1ps; 4, 65, =0, 6,3=2x10"%cm?,
STIMULATED EMISSION CROSS-SECTION ofS [cm?) 7,6 = 0.1ps; 5, 65, = 64,3 = 0, 7,6 = 4ps.
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Up to now the influence of the non-linear refractive indices has been neglected. The
non-linear refractive indices are defined by Equations A27 to A30. The non-linear refractive
indices disturb the phase-matching and therefore reduce the third-harmonic conversion
efficiency. The change of the linear refractive indices n; and n, due to level populations
(Equation A7) may be included formally in the non-linear refractive indices (n = 72 +

T An 4+ m|EP = i + nyqlEP).

In Fig. 19 the third-harmonic conversion efficiency versus the non-linear refractive index
n, is depicted for Ak = 6n¥_ (n; — n,) = 0. The non-linear refractive indices are set to
My1L = My33 = Ny and ny ;3 = 2n,. The non-linear refractive indices contribute to the
phase-mismatch. For example, the contribution of n, ; to the phase-mismatch is approxi-
mately given by Ad = Any(wp/co)l = tny i |Eg F(@p/co) | = myyilool/(ngecy) =
3D (—op; o, —ay, o)y o l/(nect) (see Equation A32). For A¢ > m a dramatic
decrease of the third-harmonic conversion efficiency is observed.

The effect of the non-linear refractive indices n, may be compensated to some degree by
a certain value of wave-vector mismatch Ak [9]. The phase-mismatch caused by #, at the
time position ¢ = 0 of maximum pulse intensity is compensated by the linear wave-vector
mismatch Ak. This compensation is illustrated in Fig. 20, where the situations of n, ;| =
Ny = ny, and n,, = 2n, are shown with n, = 0 (solid curve), n, = 2.3 x 107 m?V 2
(broken curve) and n, = 1.16 x 107 m?V~? (chain-broken curve). The curves are for
Iy = 10°Wem™2and / = lem (4 = op = 0, 6@ = 0).

The illustrated dependence of Figs 9 to 20 indicate various limitations on the third-
harmonic conversion efficiences. Figs 4 to 6 demonstrate the limitations in three real
phase-matched dye solutions. In Fig. 21 it is attempted to get a feeling of the maximum
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g i Figure 19 Influence of non-linear refractive indices
= 02 on third harmonic generation. Data of HMICI of
- n Table | are used excepto, = 0,62 = 03 = i) =
E - 0, 65 = O3 = 0, 65SE = 0. For n, definitions see
B Equations A27 to A30. Curves are calculated for
My = Ny33=n, and ny3=2n,. n =ny=
L --l-23| N .uzl 1 ;.1214 L --120 1.292. Sample length /= 1cm. Curves 1, /[ =
10 10° 10 10 10°Wem2; 2, fo = 10°Wem2, 3, /o =
NONLINEAR REFRACTIVE INDEX n, [m?v2 10" Wem™2,
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possible third-harmonic conversion efficiency of picosecond pump pulses in optimum dye
solutions. A requirement of high conversion efficiency is low linear absorption at the
frequencies v; and v;. Negligible absorption at the pump laser frequency is given for many
dyes. The linear absorption at the third-harmonic frequency hinders high conversion
efficiency. Special dyes should be synthesized with very weak cross-sections a; for efficient
third-harmonic generation. The larger a; = o; N, is, the shorter the effective interaction
length /; 1y = 305 ' is. The curves in Fig. 21 are calculated for various sample lengths with
%; = 0. However, these curves also apply reasonably well to the situation of a5 ' & I. The
limiting effect of two-photon absorption cross-section o{2 cannot be avoided, since without
a two-photon resonance the third-order non-linear susceptibility for third-harmonic
generation would be small. For 3§ = 2.5 x 1072m?’V-2 and ¢ = 2 x 10 ¥“cm’s
(data for HMICI) the broken curve in Fig. 21 indicates a limiting conversion efficiency of
nm ~ 0.7forl = lem, 08 = 0 = 0,05 = 043 = 0(0p < lem™', 03 < 1em™'). The
solid curves in Fig. 20 indicate the more realistic situations of ¥ = 2.5 x 1072m*V 2,
o = 0@ =0 =2 x 100¥cm*s, 05 =2 x 10""cm* and 6,3 = 5 x 107" cm’. In
this case a conversion up to 5y, &~ 0.11is expected for/ = lcm (o, < lem™! !

,oi3 < lem™,
curve 3). For/ = 0.1cm (ap < 10ecm™', a3 < 10ecm™") the optimum conversion efficiency
would be 5; ~ 0.02.

6. Conclusions

In the experimental investigation of efficient third-harmonic generation in dye solutions a
conversion efficiency up to 4 x 10~* has been achieved. For the dyes investigated the
relatively high linear absorption coefficient at the third-harmonic frequency results in short
effective interaction lengths of /; ryg < 0.2mm and makes the application of high pump
pulse intensities necessary. The conversion efficiency above 10" W cm ™2 is limited by the
high S-S, excited-state absorption of the generated third-harmonic light. The S, -state is
populated by two-photon absorption of the pump light. The two-photon absorption cannot
be avoided because the two-photon resonance increases the third-harmonic susceptibility
¥$hc and makes possible the concentration dependent phase-matching.

The theoretical analysis shows that in dyes with small linear absorption cross-section at
the third-harmonic frequency and with small excited-state absorption cross-sections at the
pump and the third-harmonic frequency conversions efficiencies up to the 10% region
should be possible.

Appendix

The differential equations of the pump laser and third-harmonic laser field (Equations 13
and 14) are derived from Maxwell’s equations. One starts with the wave equation in the
electric dipole interaction approximation

2 2 2

A - M A1)

Inclusion of linear and third-order non-linear effects the polarization is given by
P = P .+ Py = (" E + 4¢°: EEE) (A2)
¥V = ¥ — iy is a linear susceptibility tensor of rank 2. It is composed of solvent (x§")

and solute (x3') contributions:
o=+ = a8+ I;—(: i WAL (A3)
i<

251



A. Penzkofer, W. Leupacher

L = (n* + 2)/3 is the Lorentz local-field correction factor. The N, are the number
densities of the level populations (Fig. 7). y§) represents the linear polarizability of a dye
molecule in level j. ¥ = ¥® — iy is a third-order non-linear susceptibility tensor of
rank 4. It consists of solvent (x§”) and solute () contributions:

1 = 9 4D = 4 + z Ny (A4)

L™ is the Lorentz local-field correction factor (in the general case L@ (w;, w;, oy, 0;) =
(7 + 2)(n} + 2)(n; + 2)(n} + 2)/81). y8) is the third-order hyperpolarlzablllty of a dye
molecule in level j.

Insertion of Equation A2 into Al gives (uye, = ¢52)

FE 1+ "FE PE WPE PE (- PE _ &P A
07 c o 02 o o @ or T Mor
where the relation

= (n—ik)? = P4+ 1> —i2nk = 1 + 3V — iy (A6)

has been used. 7i is the complex refractive index, » is the real refractive index and « is the
extinction coefficient. Since for the dye solutions n > k, itisn = (1 + )" and k =
Y [2n.
Insertion of Equation A3 into the formula for n gives
I) m

12
n = <l + 28 + Z Ny“’) = i+ An (A7)

with i = [1 + ¥§ + (L"/e,) Nyy$|] representing the refractive index of the unexcited
solution. The extinction coefficient is given by

1 1M m

ko= 5 (x“’ +L—ZN3)“)> = ik + Ak (A8)
n 8011

- (X(sl) L Nov"’>
2 &

Equation AS is solved by using the plane-wave ansatz for the third-harmonic generation:
E = E + E;, = M{E,exp[i(wt — kp2)] + Ey exp [i(wyt — ky2)] + c.c.} (A9)

Pye = Py + Pusy = H{Paiio exp lilwpt — k 2)] + Py exp [i(wst — ky2)] + c.c.}
(A10)

with the wavevectors k; = n . /c, = (A + Anp)w /e, and k3 = myw;/cy = (s +
Ans)ws/cy. Insertion of Equations A9 and A10 into AS gives

2 _ (n” 3 (1y 2 _ (1) 2
(a_'—kz*lzk—-i-(n IXI)w%—lz(n 1Xl)w£__(nl 1X1)0>E

with

_ "
0z c c "ot a o)

2

0 .
— Priio + 12000, Py i (A1)

Ho NL, 0 Ho EY:
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Using the relation k7 = n}w?/c3 and the slowly varying amplitude approximation

¢ a c 0l
Z kg oi>eg>a

gives
(mé n 'z’zg‘” 2+Ey >E — o Pacn (A12)
or (k; = nw;/cy)
<%+Z—;%+%) E, = %@PNL‘io (A13)
Using the definition
o = X:)CZD' = 21;? = 47k, (A14)

and the moving frame transformation ¢t = t — (n/cy)z and z’ = z gives

0 o —1w; Uy €,
—Eg+ 5B = —50 Py (A15)

For the third-harmonic generation in isotropic media with linearly polarized pump pulses

E = (E.,0,0) = (E, 0, 0), the non-linear polarizations Py, ;, reduce to (Pyr ., 0, 0) =
(Pxr.io» 0, 0). The Py ; are given by

Painoe = e Ou(— oy 0y, —op, —op)ExnER exp [—i(ks — 3k )z]

+ 680 Y (— @13 03, — 5, )| Exol’ Epy

+ ey —0p; 0, —op, 0 )|El*Ey, (A16)
Paiso = & — 55 0, oy, op)E], exp [itky — 3k, )z']

+ 680Xx;xx(_w3; Wy, — WL, w})lEL0|2E30

+ 360D (— 033 03, — @, 03)|Exo|* Ey (A17)
Inserting Equations A16 and A17 into Equation A15 and using the relations
3 3
Ak = ky — 3k, = ﬂ(m —n) = “’L LG~ A Ans = An) (AIS)
Co
and [29]
Xg\')xx( W, W3, — WL, _wL) Xxxxx( W3; W, O, CUL)

gives
0 o iw .
o7 E, = — 7L Ey, — 2nLL B (— s, @, @, oy )ExEfy? exp (—iAkz')

+ 6%9)2xx(_wL;w3, — s, wL)|E30|2EL0 + 3x9x)xx(_wL;st _wL’wL)lELoleLO]
(A19)
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0 o iw
—E, = - 23 — 3 1,0
azx 30 2 30 2n3C0 [Xxxxx

(—w5; o, o, wL)EEO exp (1Akz’)

+ 6X§c3)2xx(_w3§ @y, —W, w})lEL0|2E30 + 3%563)3)0((_0)3; @5, — s, w3)|E30|2E3o]
(A20)

The identity between Equations A19, A20 and Equations 13, 14 is obtained by equating

(1)” 1) m
X (a)L) L (wL) (0% 1)”
o = = NAY (0
L 2, T [ys’ (o) + J;] [Yp; ()]
= Nyop + (N, + N; — Nob + (N; — N3)ogn (A21)
0 ) m
x (o) L% (w5) ay 1y
oy = = [ N.yp) (o
3 2n, 2nse, [ys’ (w3) + jg,l /)’D,( 1))
= (N, — Ny)o; + (N3 — No)oey 3 (A22)
, L® , W, m ,
ng)xx(*wL; Wy, —WL, W) = (@, o1, o, @) Z ]v}‘yg()xx,Dj(_wL; Oy, — 0L, OL)
& j=1
nicle
S A (A23)
6hw;
” L(3) b b “ ”
Xg?xx(—ﬂh; Wy, —;, ;) = (@3, @3, 03, @) Z ]V;'y,g()xx,Dj(w‘j; w5, — W3, 03)
80 j=1
2 2
n3C0&0 (o)
1 6ho? 33 ( )
, L? s m .
Xg()xx(—wL; w3, — W3, wL) = (wL’ D3: Ba wL) ]ij,gc)xx,Dj(—wL; @5, —0;, COL)
& j=1
2
= N, s g o? (A25)
12hw w,
ngx);x(_w3a @y, — W, w}) = ng;x(—wl_a @3, — s, wL) (A26)
; L® , Wy, ;
xgx)xx(—wL; @y, — W, wL) = (wL’ a:;L s wL) [NSySr)xx,S(_wL; @y, —W, wL)
0
“ , n.n
+ z Myggxx,Dj(—wL; o, —op, o) = —L%
j=1
(A27)

LG)(C%’ 3, W3, W3)

3y . ! .
Xf\'x)xx(_wib s, —CU;, (1)3) = £ [NS'y,gc)xx,S(_wh w5, — s, 603)
0
“ ’ N3N, 33
+ Z IVj,ySt)xx,Dj(—wB; w3, —0;, Cl);)] = 3‘
j=1

(A28)
254



Investigation of third-harmonic generation in dye solutions

. LO(w, s, 0y, )
3 . L 3 3 L
Xi}?xx(_wLa @3, —Ws, wL) . - ’

[Ns)’g);x,s(— Wy 03, — O3, O)

&
¢ 3y . npny 13
+ Z ]\//‘yxxxx,Dj(_wLa w3, — s, wL)] = _6_
j=1

(A29)

3y . ' . N3N, 3 nyn, 13

Lt (— 0L @3, =03, 01) = f(— 05 0, —op, @) = == = —¢
(A30)
3 . 3

ch)gxx(_w:b Wy, Wy, wL) = Xg:x(—wu W3, — Wy, —wL) = X'(l'l)-lG (A31)

The relations between the non-linear refractive indices and the third-order non-linear
susceptibilities are obtained by transferring the terms — (3w?/c3) o (— ;s @i —w;,

O EoEqy — (607/c3) xS (— ;3 0, — w;, ®,)|Ejo|” E;o from the right-hand side of Equa-
tion A1l (Py;is given by Equations A16 and A17) to the left-hand side of Equation All

and including them into the fourth term by replacing n? by

(n; + An; + Anij)2 = (n; + %"2,;‘i|Eio|2 + %”2,ij|Ejo|2)2 ~ n + ninZ,ii|Ei0|2 + ninz,ij|E}0‘2
(A32)
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