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1 INTRODUCTION 

L i g h t a t the t h i r d harmonic frequency, v 3 = 3 v L , may be 
generated by the d i r e c t t h i r d - o r d e r n o n l i n e a r i n t e r a c 
t i o n v L+v L+v L-*v 3 due to the t h i r d - o r d e r n o n l i n e a r sus
c e p t i b i l i t y x T H G ' O R I T M A Y B E 9 e n e r a t e d b v c a s c a d i n g 
the second harmonic g e n e r a t i o n , v L + v L + v 2 r and the f r e 
quency mixing, v 2 + v L ^ v 3 . The ca s c a d i n g i n t e r a c t i o n i s 
due t o the second-order n o n l i n e a r o p t i c a l s u s c e p t i b i l i 
t i e s X c ^ G A N D ' Phase-matching, Ak=0, i s necessary 
f o r e f f i c i e n t l i g h t g e n e r a t i o n a t the t h i r d harmonic 
frequency. Two n o n l i n e a r media i n s e r i e s are necessary 
f o r phase-matching both the second harmonic g e n e r a t i o n 
and the frequency mixing. The v a r i o u s g e n e r a t i o n sche
mes o f phase-matched t h i r d harmonic l i g h t g e n e r a t i o n are 
summarized i n Table 1. 

In t h i s paper the e f f i c i e n t phase-matched t h i r d 
harmonic g e n e r a t i o n i n some o r g a n i c dye s o l u t i o n s i s 
s t u d i e d . A picosecond Nd-phosphate g l a s s l a s e r i s used 
as pump source. The t h i r d - o r d e r n o n l i n e a r s u s c e p t i b i l i 
t i e s and h y p e r p o l a r i z a b i l i t i e s are determined. The l i m i 
t i n g f a c t o r s o f the thir d - h a r m o n i c c o n v e r s i o n e f f i c i e n c y 
a t h i g h pump p u l s e i n t e n s i t i e s are d i s c u s s e d . The t h i r d 
harmonic g e n e r a t i o n i s r e s o n a n t l y enhanced by two-photon 
a b s o r p t i o n (TPA, S Q - S X a b s o r p t i o n peak between funda
mental and t h i r d harmonic f r e q u e n c y ) . The phase-matching 
at a c e r t a i n dye c o n c e n t r a t i o n i s achieved by the ano
malous d i s p e r s i o n o f the r e f r a c t i v e index of the dye 
above the S,- a b s o r p t i o n band. 



Table 1 Schemes of phase-matched l i g h t generation at t h i r d harmo
ni c frequency. TPA = two-photon absorption. IC = i n v e r s i o n 
center. 

Medium Phase-matching Process Resonance Reference 

Metal vapors p u f f e r gas 
Inert gases p u f f e r gas 
Organic dye 

s o l u t i o n s solvent 
vapors p u f f e r gas 

B i r e f r i n g e n t c r y s t a l s 
with IC b i r e f r i n g e n c e 
without IC 

without IC 

L i q u i d c r y s t a l s 
and layered 
m a t e r i a l s 

b i r e f r i n g e n c e 

b i r e f r i n g e n c e 

r e c i p r o c a l 
l a t t i c e vector 

d i r e c t 
d i r e c t 

d i r e c t 
d i r e c t 

d i r e c t 
d i r e c t and 
cascading 
cascading i n 
two c r y s t a l s 
d i r e c t 

TPA 

TPA 
TPA 

1-3 
4 

5-11 
12 

13-15 
13,14 
16,17 

18,19 

20,21 

2 RESULTS 

Determination o f n o n l i n e a r s u s c e p t i b i l i t i e s 

As long as o t h e r n o n l i n e a r o p t i c a l p r o c e sses and 
pump p u l s e d e p l e t i o n may be n e g l e c t e d the t h i r d harmo
n i c energy c o n v e r s i o n e f f i c i e n c y nE=W3/WL i s g i v e n b y 2 2 

\y{3) l 2 i 2 

,3/2 ' THG' ^OL 
(1) 

with 
2 2 4TT v 3 { e x p ( - 3 a L 0 + e x p ( - a 3 0 - 2 e x p [ - ( a 3 + 3 a L ) 1/ 2] cos (Akfc) } 

n 3 n J c ; e 2 [ ( a 3 - 3 a L ) 2 / 4 + A k 2 ] 
(2) 

a L and a 3 are the l i n e a r a b s o r p t i o n c o e f f i c i e n t s a t v L 

and v 3 , r e s p e c t i v e l y . n L and n 3 are the c o r r e s p o n d i n g 
r e f r a c t i v e i n d i c e s , l i s the sample l e n g t h , c Q i s the 
vacuum l i g h t v e l o c i t y , and e Q i s the p e r m i t t i v i t y . The 
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CONCENTRATION C Cmol/dm3] 

F i g u r e 1 T h i r d harmonic energy c o n v e r s i o n e f f i c i e n c y 
and t h i r d - o r d e r n o n l i n e a r s u s c e p t i b i l i t y f o r methylene 
b l u e i n methanol. S o l i d curves are c a l c u l a t e d f o r 

(3) >0 (1), imaginary (2), and<0 (3) 

wave-vector mismatch i s g i v e n by AJC=6TTV l ( n 3 - n L ) / c Q . A 
temporal and s p a t i a l G aussian^input p u l s e shape i s as
sumed [ i n t e n s i t y I L = I 0 L e x p ( - t /tQ-r2/^)] . An e f f e c t i v e 
i n t e r a c t i o n l e n g t h may be d e f i n e d by 

exp(-3a L&/2)+exp(-a^l) 

* e f f = [ ( a 3 - 3 a L ) 2 / 4 + A k 2 ] 1 / 2 ^ 



The t h i r d o r d e r s u s c e p t i b i l i t y x^G comprises con
t r i b u t i o n s from the s o l v e n t (S) and the s o l u t e (D), 
i . e . xill =xi3) +Xn 3 ) • X i3 ) i s r e a l s i n c e the s o l v e n t i s 

THG S , D m s f * i 1 . f * i " 
t r a n s p a r e n t , but x̂  = X D " 1 X u

 1 s c o m P l e x (resonance 
c o n t r i b u t i o n s ) . The n o n l i n e a r s u s c e p t i b i l i t y x i s r e 
l a t e d to the second h y p e r p o l a r i z a b i l i t y by 

x(3) = N L ( 4 ) r ( 3 ) / c 0 (4) 

N i s the number d e n s i t y o f molecules and L ( 4 ) = (n?+2) 
*(n 2+2) 3/81 i s the L o r e n t z - l o c a l f i e l d c o r r e c t i o n f a c t o r . 
T h e L r e a l and imaginary p a r t s of x p 3 ) m3LY be r e s o l v e d by 
measuring the t h i r d harmonic energy c o n v e r s i o n e f f i c i e n 
cy versus dye c o n c e n t r a t i o n . 9 For non-phasematched t h i r d 
harmonic g e n e r a t i o n the c e l l windows and the surrounding 
a i r c o n t r i b u t e e s s e n t i a l l y to the s i g n a l . A s p e c i a l ex
p e r i m e n t a l arrangement (sample i n vacuum chamber and 
c e l l window t h i c k n e s s equal to an even m u l t i p l e i n t e g e r 
of the coherence l e n g t h ]tcoh=7f/Ak) i s necessary t o a v o i d 
these c o n t r i b u t i o n s . F i g . 1 shows the t h i r d harmonic 
c o n v e r s i o n e f f i c i e n c y and the r e s u l t i n g t h i r d - o r d e r non
l i n e a r s u s c e p t i b i l i t y v e r s u s c o n c e n t r a t i o n f o r the dye 
methylene blue i n methanol. 9 The S, a b s o r p t i o n peak o f 
methylene blue i s a t 650 nm and x^ 3 ' i s mainly r e a l . 

Table 2 c o n t a i n s e x p e r i m e n t a l r e s u l t s o f x ( 3 ) and 
Y < 3 ). The dye h y p e r p o l a r i z a b i l i t i e s c e n t e r around 
10" 5 9 cm 4V~ 3 ( = 10 ~ 3 4 esu) . The s o l v e n t s are f a r out o f r e 
sonance. T h e i r h y p e r p o l a r i z a b i l i t i e s are approximately 
a f a c t o r of 1000 s m a l l e r ( f o r d i s c u s s i o n see R e f . 9 ) . 

E f f i c i e n t Phase-Matched T h i r d Harmonic Generation 

For some dyes phase-matched c o l l i n e a r t h i r d harmo
n i c g e n e r a t i o n o f Nd:glass l a s e r p u l s e s i s p o s s i b l e a t 
a f i x e d c o n c e n t r a t i o n C p M due to the anomalous r e f r a c 
t i v e index d i s p e r s i o n above the a b s o r p t i o n band. 
High c o n v e r s i o n e f f i c i e n c i e s r e q u i r e long e f f e c t i v e 
i n t e r a c t i o n lengths (small l i n e a r a b s o r p t i o n s <x3, see 
Eq.3). The £ e f f v a l u e s a t C P M are g i v e n i n Table 2. 
Fig.2 shows the a b s o r p t i o n c r o s s - s e c t i o n spectrum o f 
the dye PYC i n h e x a f l u o r o i s o p r o p a n o l . The a b s o r p t i o n 
minimum of t h i s dye i s a t 375 nm and does not c o i n c i d e 
w i t h X3=351.3 nm. N d - s i l i c a t e g l a s s l a s e r s may be f r e 
quency tuned near to the a b s o r p t i o n minimum. 

The t h i r d harmonic c o n v e r s i o n e f f i c i e n c y n E v e r s u s 
pump pul s e peak i n t e n s i t y i s p l o t t e d i n Fig.3 f o r the 
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F i g u r e 2 A b s o r p t i o n c r o s s - s e c t i o n spectrum o f 0.0825 
molar PYC i n HFIP. 

dye PYC i n h e x a f l u o r o i s o p r o p a n o l . At hi g h pump p u l s e i n 
t e n s i t i e s the c o n v e r s i o n e f f i c i e n c y s a t u r a t e s . r)E -values 
a t I 0 L = 2 x l 0 u W/cm2 are l i s t e d i n Table 2. 

L i m i t a t i o n Of Conversion E f f i c i e n c y 

A t h i g h pump p u l s e i n t e n s i t i e s the two-photon ab
s o r p t i o n dynamics (two-photon a b s o r p t i o n , e x c i t e d - s t a t e 
a b s o r p t i o n , a m p l i f i e d spontaneous emi s s i o n , r e f r a c t i v e 
index changes) and the s e l f - p h a s e modulation reduce the 
t h i r d harmonic c o n v e r s i o n e f f i c i e n c y . 1 1 Some dependences 
of the c o n v e r s i o n e f f i c i e n c y on m a t e r i a l parameters are 
summarized i n Table 3 . 1 , 2 , 1 1 



Table 2 Dye and solvent parameters and THG r e s u l t s 

Dye Solvent C ^ f f | X ^ | | Y ^ | n E
 a > 

[mol/dm 3] [urn] [m 2V~ 2] [cm 4V - 3] 

Pshodamine 6G ME 0.3 b ) 2.8 -22 
8x10 1 A -59 .4x10 

Fuchsir, ME 0.25 b ) 7.9 5 , ,^-22 .1x10 1 -59 
.2x10 

Methylene blue ME 0.37 C ) 13 3 . 2 x l 0 " 2 2 4 X 1 0 " 6 0 

Safranine T HFIP 0.33 C ) 48 1 .7X10" 2 2 3 . 3 X 1 0 " 6 0 1x10 4 

PYC HFIP 0.0825 C > 113 2X10" 2 2 1 . 7 x 1 0 - 5 9 -4 
2x10 

HMICI HFIP 0.08 C ) 160 2 -22 
.48x10 2 x l 0 ~ 5 9 4 x l 0 " 4 

_ ME 24.73 b ) 2.7 2 . 4 x l 0 ~ 2 3 6 x l 0 ~ 6 3 l x i o " 7 

_ HFIP 9.46 b ) 5.1 1 .4XXO" 2 3 1x10 1.3x10 -7 

a: I = 2x10 W/cm . b: not phase-matchable. c: phase-matched 
U L 

concentration C p M . ME = methanol. HFIP = hexafluoroisopropanol. 

PYC = 1,3,1*,3'-tetramethyl-2,2'-dioxopyrimido-6,6 1-carbocyanine 

hydrogen sulphate. HMICI = 1,3,3,1',3',3'-hexamethylindocarbocya-

nine i o d i d e , x ( 3 ) (esu) = (9X10 8/4TT)X ( 3 ) (SI) . y ( 3 ) (esu) =8.088xl0 2 4Y * 

(SI). 

3 CONCLUSIONS 

The h i g h e s t c o n v e r s i o n e f f i c i e n c y o b t a i n e d was 4 x l 0 " 4 . 
E f f i c i e n c i e s D E up to the percent r e g i o n are expected 
f o r dyes with extremely low a 3 v a l u e s and moderate ex
c i t e d s t a t e a b s o r p t i o n c r o s s - s e c t i o n s . 
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Table 3 L i m i t a t i o n dependences of t h i r d harmonic g e n e r a t i o n 1 1 

Linear absorption, a 
L 

, ( 3 ) , 2 2 -2 

Linear absorption, , ( 3 ) , 2 2 -2 
n E " I X T 1 I G I ^ 3 

TP A of 2v T , oT(f ) L LL 
, (3) ,2 # (2) -2 

*E " | XTHGI (°LL > 
E x c i t e d state absorption, 

without ground s t a t e d e p l e t i o n 
(2) 2 (a =N a <*a o r \ I n T ) ex ex ex ex LL OL 

, (3), 2, ( 2 ) T .-2 
V l X T H G l ( 0ex°LL OL 

with ground s t a t e d e p l e t i o n 

(a =N o ) ex D ex 
1 (3),2 T2 -2 

Re f r a c t i v e index d i s p e r s i o n 
( D = an./3\>-3nT/8v) 

J L 
1 < 3 > I 2 T 2 

V ' W ^ L 0 

R e f r a c t i v e index change due to 
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Nonlinear r e f r a c t i v e index, n^ Change of C 
P M 
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