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DOPPLER FREE EXCITATION OF LARGE MOLECULES AND N ON RA DIA TIV E 
DECAY OF INDIVIDUAL LEVELS 

E. Riedle and H. J . Neusser 
I n s t i t u t f ü r Physikalische und Theoretische Chemie 
Technische U n i v e r s i t ä t München 
L i c h t e n b e r g s t r . 4 
D-80J46 Garching, West Germany 

ABSTRACT. Doppler-free two-photon spectroscopy with cw 
and pulsed Fourier transform l i m i t e d l i g h t sources allows 
the r e s o l u t i o n of the r o t a t i o n a l s t r u c t u r e of the e l e c t r o n i c 
spectrum of large molecules. Besides a very d e t a i l e d ana-
l y s i s of the spectrum and a precise determination of spec-
troscopic constants, the Observation of the decay behavior 
of i n d i v i d u a l l e v e l s i s made possible i n t h i s way. Examples 
ar e presented f o r the prototype molecule benzene, C 5 H 5 . 
While r e g u l ä r behavior p r e v a i l s in the l^n-band at low 
v i b r a t i o n a l excess energy , i t i s shown that strong coupling 
to background states occurs i n the 14^Q1

1
Q-band at i n t e r -

mediate excess energy. A d e t a i l e d model for t h i s coupling 
i s pr es ent ed . 

1. INTRODUCTION 

Ever since the f i r s t observations of nonradiative decay in 
large molecules, the question of the dependence of the 
decay r a t e on the excess energy in the e l e c t r o n i c State 
and the nature of the states excited has been the t o p i c of 
numerous i n v e s t i g a t i o n s / 1 / . Generally, an increase in the 
nonradiative decay r a t e with excess energy i s observed which 
may be quite dramatic as in the case of the onset of the 
so c a l l e d "Channel three" in benzene / 2 , 3 / . 

The e x c i t a t i o n of Single v i b r o n i c states i s found to be 
n o n t r i v i a l i n room temperature gas phase studies of large 
molecules that can d i s p l a y nonradiative decay, due to the 
r o t a t i o n a l inhomogeneous broadening and the presence of 
sequence bands i n the spectrum. Experiments in- supersonic 
j e t s with t h e i r extremely low r o t a t i o n a l temperature allowed 
great progress i n t h i s respect i n the l a s t few years , how-
ever, at the expense of loss of knowledge about the i n f l u 
enae of the molecular r o t a t i o n on the decay behavior. 
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204 E. RIEDLE AND H. J. NEUSSER 
A l l decay time measurements made so far / k / have been selec-
t i n g bunches of rovi bronic states with a common vibronic 
i d e n t i t y rather than S i n g l e r o v i b r o n i c s t a t e s . In recent 
years, however, there have been some i n d i c a t i o n s from mode-
r a t e l y resolved measurements, that the decay behavior may 
vary over the r o t a t i o n a l contour of a vibronic t r a n s i t i o n 
/5/. This makes i t desirable to observe t h e decay of S i n g l e 

r o v i b r o n i c s t a t e s . For t h e l a r g e molecules t h a t show non
r a d i a t i v e decay t h i s i s not e a s i l y done. Doppler-broadening 
in the gas phase makes the r e s o l u t i o n of S i n g l e l i n e s in 
the spectrum impossible, since many r o t a t i o n a l l i n e s are 
located within the Doppler width. With the advent of tun-
able, narrow band, h i g h power laser l i g h t sources a number 
of Doppler-free t e c h n i q u e s / 6 / l i k e s p e c t r o s c o p y in a c o l -
limated molecular beam, S a t u r a t i o n and p o l a r i z a t i o n spec
t r o s c o p y and Doppler-free t w o - p h o t o n s p e c t r o s c o p y became 
a v a i l a b l e . These methods were f i r s t s u c c e s s f u l l y applied in 
atomic physies but now they are a l s o used i n molecular 
spectroscopy /7/. In t h i s c ontribution we w i l l show that 
Doppler-free two-photon spectroscopy allows the complete 
r e s o l u t i o n of the r o t a t i o n a l l i n e structure of vibronic 
bands of the large prototype molecule benzene and the inves-
t i g a t i o n of the nonradiative decay of i n d i v i d u a l rovibronic 
le v e l s . 

2. EXPERIMENTAL TECHNIQUES 

The experimental set up used for the recording of Doppler-
free two-photon spectra and the i n v e s t i g a t i o n of the decay 
of i n d i v i d u a l l e v e l s has been described i n d e t a i l previous-
l y / 8 , 9 / . Only a br i e f review w i l l be given here. 

Doppler-free e x c i t a t i o n takes place i f a molecule simulta-
neously absorbs two photons of equal energy and opposite 
d i r e c t i o n of propagation from a standing wave l i g h t f i e l d 
/10/. Such a l i g h t f i e l d can be generated by r e f l e c t i n g a 
laser beam back into i t s e l f or i t exists inside a c a v i t y , 
for example a Fabry-Perot resonator. The l a s e r l i g h t used 
has to be extremely narrow band since the experimental reso
l u t i o n that can be obtained i s l i m i t e d by t h i s frequency 
w i d t h . In our experiments t h e l i g h t of a cw frequency s t a b i -
l i z e d S i n g l e mode r i n g d ye laser (CR 699/21) pumped by a Kr + 

l a s e r is used. At a wavelength around 5000 A t y p i c a l l y 250 
mW of tunable l i g h t with a frequency width (FWHM) of 1 MHz 
are a v a i l a b l e . For extremely high s p e c t r a l r e s o l u t i o n and 
very high s e n s i t i v i t y the Doppler-free experiment i s per-
formed within a concentric external cavity whose length i s 
l o c k e d to the l a s e r frequency / 8 / . The UV-f 1 uor es cen ce 
f o l l o w i n g the e x c i t a t i o n of the molecules i s monitored by 
S i n g l e photon c o u n t i n g . The us e of the external cavity 



ON DOPPLER FREE EXCITATION OF LARGE MOLECULES 205 

i n c r eases the s e n s i t i v i t y b y two O r d e r s o f magnitude as 
compared to the simpler arrangement of the b a c k r e f l e e t e d 
laser beam. A r e s o l u t i o n of better than 10 MHz can be ob-
ta'ined with t h i s cw set up /8 / . 

For the i n v e s t i g a t i o n of the decay of i n d i v i d u a l l e v e l s 
pulsed e x c i t a t i o n of the molecules has to be used. The 
experimental set up i s shown i n F i g . 1 /9/. Extremely narrow 
band pulsed l a s e r l i g h t i s produced by pulsed a m p l i f i c a t i o n 
of the cw l i g h t . With three stages of excimer laser pumped 
ampl i f i e r s we can generate l i g h t pulses of 500 KW peak 
power and nearly Fourier transform l i m i t e d bandwidth. With 
an a d d i t i o n a l p a r a s i t i c cavity around the second amplifier 
the pulse length can be varied between 2.5 ns and 10 ns 
and the frequency width accordingly between 50 MHz and 180 
MHz. After p a s s i n g through the sample c e l l the laser beam 
i s r e f l e c t e d back into i t s e l f to allow the D o p p l e r - f r e e 
absorption. The two beams are counterclockwise c i r c u l a r l y 
p olarized to suppress the D o p p l e r - b r o a d e n e d background 
/11/. The r e s u l t i n g UV-f1uorescence S i g n a l i s either i n t e -
grated for the recording of spectra or i t s time behavior 
i s recorded with a transient d i g i t i z e r . It i s worth m e n t i o -

ning that i n Doppler-free two-photon absorption a l l mole
cules regardless of t h e i r v e l o c i t y contribute to the ob-
served S i g n a l . Molecules are only excited to one S i n g l e 

l e v e l i f the laser frequency i s set to a resolved r o t a t i o n a l 
l i n e i n the s p e c t r u m regardless of the n u m b e r of l i n e s 
within the Doppler width. This allows the O b s e r v a t i o n of 
the decay of an i n d i v i d u a l l e v e l /9/. 

/ ^—j Pye LaserH Kr* Laser 

16 bir 
D/A 

opt. 
Isolator 

Excimer 
Laser 

VAX 
11/780 

Box- Car — x,t 

! —Phoromultiplier 

\ -Plate 

Figure 1. Experimental set up for decay time measurements 
of i n d i v i d u a l r o t a t i o n a l l e v e l s of S-j benzene. Fluorescence 
decay i s observed after pulsed Doppler-free two-photon e x c i 
t a t i o n with the amplified l i g h t of the cw l a s e r . 
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3 . EXPERIMENTAL RESULTS AND DISCUSSION 

3.1. I^rj-Band of C6H5, t y p i c a l for low excess energy 

3.1.1. Spe et r os co pi c r e s u l t s The f i r s t 6 cm" 1 of the Dopp
l e r - f r e e spectrum of the Q-branch of the I^Q-band of ben
zene, C5H6, at 3 9 6 5 6 . 90 cm""1 are shown in F i g . 2 . The spec
trum has been recorded with a sample pressure of 0.7 Torr 
in our cw set up. The-lines observed i n the spectrum corres-
pond to well resolved Single r o t a t i o n a l l i n e s . The Doppler-
width of 1.7 GHz would not allow the r e s o l u t i o n of the 
in d i v i d u a l r o v i b r o n i c t r a n s i t i o n s since t y p i c a l l y 10 l i n e s 
are l o c a t e d w i t h i n the Doppler-wi dt h. A l l l i n e s i n the 
spectrum i n F i g . 2 can be assigned within the model of a 
semirigid Symmetrie top. A f i t to the observed l i n e posi-

IGHz) -220 

Figure 2 . Part of the Doppler-free room temperature spec
trum of the Q-branch of the l^rj-band of benzene, C6H5. 
Every l i n e corresponds to an i n d i v i d u a l r o v i b r o n i c t r a n s i -
t i o n . A l l of the l i n e s have been assigned. 
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tions renders the r o t a t i o n a l constants of the excited State 
with an accuracy of 1 0 ~ ? cm*"

1
 and the quartic c e n t r i f u g a l 

d i s t o r t i o n contants with an accuracy of 1 0 ~
1 0
 cm"*

1
 / 1 3 / . 

This accuracy i s higher by two Orders of magnitude than 
previously obtained with Doppler-1imited spectroscopy. The 
remaining deviations ( r e s i d u a l s ) between the c a l c u l a t e d 
l i n e p o s i t i o n s and the observed ones are about 1 0 MHz. 
These r e s u l t s c l e a r l y show that D o p p l e r - f r e e two-photon 
spectroscopy allows the complete r e s o l u t i o n of the e l e c t r o 
nic spectrum of benzene and the spectrum i s extremely well 
reproduced with the simple model of a semirigid Symmetrie 
top . 

experimental 
C6H6 

H
1
0 

y , 
Y 

U J 

2217! JW=2117! 

calculated 

I I | I I I I • 1 1 

-90 

JLJLJULA 
1 I 1 1 

Av (GHz) 

Figure 3 . Two small parts of the Q-branch of the I^Q-band 
under Doppler-free r e s o l u t i o n . Upper traces: measured spe c-
t r a ; lower traces: calculated s p e c t r a . Instead of the pr e-
dicted peaks J !

K!=21<|7 and J ' K i = 2 2 < | 7 two peaks appear s h i f -
ted from the calculated p o s i t i o n in each case . (taken from 
r e f . / 1 4 / . ) 

In some parts of the spectrum, at higher r o t a t i o n a l energy 
differences between the experimental spectrum and the c a l 
culated one are observed. This i s shown for two examples 
in F i g . 3 . While most of the observed l i n e s (top part of 
F i g . 2 ) are w e l l reproduced by the c a l c u l a t i o n (bottom 
part of F i g . 3 ) Single l i n e s of the c a l c u l a t e d spectrum 
are not found in the experimental one / 1

1
! / . Instead two 

smaller l i n e s are observed in each case. If these pairs of 
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lines are labeled with the r o t a t i o n a l quantum numbers of the 
missing l i n e s the dependence of the deviations on the quan
tum number J of t o t a l angular momentum can be plotted for 
each value of K, where K i s the quantum number of the pr o-
j e c t i o n of J on the fi g u r e axis of the molecule. The r e s u l t 
i s shown in F i g . M. The t y p i c a l J-dependence of the devia
tions found i s that of an avoided c r o s s i n g . A careful ana-
l y s i s shows /1 that the observed perturbations are caused 
by the coupling of l i g h t r o t a t i o n a l states of the 1 4 1 v i b r o 
nic State to dark r o v i b r o n i c states i n the e l e c t r o n i c S-| 
State. As a r e s u l t two eigenstates with mixed vibronic cha-
racter r e s u l t and both can be seen in the spectrum. These 
are the two l i n e s observed i n the experimental spectrum as 
indicated in F i g . 3 . From the positions of the two l i n e s 
the coupling matrix element can be ca l c u l a t e d for each pair 
/ 1 3 / . The coupling shows a strong dependence on J and K. 
This leads to the conclusion that the observed c o u p l i n g 
must be caused by perpendicular C o r i o l i s coupling rather 
than by anharmonic or p a r a l l e l C o r i o l i s coupling / 1 3 / . 

K = 6 

K=7 
-..ooooeo.o.ooooo.oooooeoooooeoo.— 
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— e o o . « 0 0 0 « 0 0 0 0 0 0 o o . e 0 0 0 * 0 0 0 0 0 0 0 0 — \ K=16 

. . °°»OOOOCOOOO 
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Figure 4 . Residuais (calculated - observed) of the f r e -
quanci.es of r o t a t i o n a l l i n e s i n the spectrum of the 1 Q-
b>anni;d acs- a function of the f i n a l S t a t e quantum number J" 
fOT seweral. values of K'. 
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3.1.2. Decay behavior of i n d i v i d u a l l e v e l s With the pulsed 
set up i n d i v i d u a l r o t a t i o n a l l e v e l s in the 14

1
 v i b r o n i c 

State can be populated and t h e i r decay behavior observed 
under c o l 1 i s i o n l e s s conditions /9/. For a l l states that 
were found unperturbed i n the s pe et r os co pi c a n a l y s i s a 
S i n g l e exponential decay i s found and the decay time of 
x=135 ns i s independent of the r o t a t i o n a l quantum numbers 
J and K. This i s in good agreement with the assumption that 
the decay of the l e v e l s i s determined by the r a d i a t i v e 
decay and more s t r o n g l y by the c o u p l i n g to the T-) t r i p l e t 

S t a t e in the S t a t i s t i c a l l i m i t /15/. On the contrary, for 
states found to be perturbed a s i g n i f i c a n t 1 y shorter decay 
t i m e i s found /9/. For e x a m p l e , the J^iZ^q)^ S t a t e r e s u l -

t i n g from the c o u p l i n g of the J^2^g r o t a t i o n a l S t a t e of 
the 1 v i b r o n i c S t a t e to a dark r o v i b r o n i c S t a t e has a 
decay t i m e of only 87 ns. The decay i s again S i n g l e expo
n e n t i a l . It can be concluded that the dark zero order State 
decays much faster and due to the mixed vibronic nature of 
the observed eigenstate i ts shorter decay time r e s u l t s . It 
i s seen that there e x i s t v i b r a t i o n a l states in S-j at the 
v i b r a t i o n a l excess energy of the l i g h t S t a t e that possess 
much faster decay r a t e s . These states can not be d i r e c t l y 
excited and t h e i r O b s e r v a t i o n i s only possible t h r o u g h t h e 

analysis of per t ur ba t i ons . It w i l l t u r n out that the exis-
tence of s h o r t l i v e d background states i s important for the 
i n t e r p r e t a t i o n of o b s e r v a t i o n s at higher excess energy 
that are discussed below. 

3.2. 1 o 1 2 o ~ B a n d o f C 6 H 6 * t y p i c a l for intermediate excess 
en erg y 

The nonradiative decay rate of S-j states generally increases 
with v i b r a t i o n a l excess energy. This increase i s found to 
be f a i r l y slow in benzene for energies below 3000 cm"

 1
 but 

at about t h i s energy a sudden strong decrease of the f l u o 
rescence quantum y i e l d was found from low r e s o l u t i o n expe-
riments /15/. It i s aecompanied by the i n d i c a t i o n of severe 
broadening in the absorption spectrum /2/. Since none of 
the known r a d i a t i v e and n o n r a d i a t i v e decay Channels of 
benzene was believed to explain t h i s behavior, i t was a t t r i -
buted to an unknown "Channel three" /2/. None of the Doppler 
l i m i t e d measurements was able to resolve the r o t a t i o n a l 
strueture of the vibronic bands and therefore no information 
on the r o t a t i o n a l dependence of "Channel three" was a v a i 
l a b l e from the above mentioned experiments. 

D o p p l e r - f r e e two-photon s p e c t r a i n the v i c i n i t y of the 
onset of "Channel three" can be recorded for progression 
and sequence bands of the 1^ 1 o * " t ) a n c l discussed above. For a 
progression band the r o t a t i o n a l strueture should be iden-
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t i c a l to that of the fundamental band e x c e p t for small 
changes in the exact positions of the r o t a t i o n a l l i n e s due 
to small changes i n the r o t a t i o n a l constants. This i s for 
example the case for the 1^

1
Q-band (at 1571 cm*"

1
 excess 

energy) and the 1 4
1
 01

 1 o ~ b a n d (2492 cm"
1
). The t r a n s i t i o n s 

of both bands lead to states below the onset of " C h a n n e l 

three". On the contrary, the upper S t a t e of the 1 *J1 Q1 2 o ~ b a n d 

i s the 1 4
1
 1

 2
 State at 3^12 cm"

1
 j u s t above the onset of 

the postulated " C h a n n e l three". A precise analysis of t h i s 
band s h o u l d therefore render important Information about 
the o r i g i n of the fast nonradiative decay. 

3. 2. 
f r ee 
14

1
01 

s ur e d 
The s 
t i cal 
F i g . 
that 
1
^

1
0

1 

1 . Disappearance of r o t a t i o n a l l i n e s The Doppler-
br an c h of the spectrum of the bl ue edge of the Q-

2
0~band i s shown i n F i g . 5 /8/. This spectrum was mea-
with the cw set up at a r e s o l u t i o n of about 15 MHz. 

pectral ränge shown and the frequency scale i s iden-
with the part of the I4

1
0-band shown at the top of 

2. A comparison of the two spectra immediately shows 
most of the r o t a t i o n a l l i n e s are m i s s i n g i n the 

2
0~band /8,16/. To understand t h i s s u r p r i s i n g r e s u l t 

* o
1
 o

 :
 Excess = 2492 cm 

l O '
 :

 Etxcass = 3412 cm 

-50 0 +50 IMHz] 
i • '

 1 1
 i • •

 1 1
 i 
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110 ^ 

^ ^ ^ ^ 
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Figure 5. Part of the Doppler-free two-photon spectrum 
of the 1 4

1
 0 1 2n-b-an d of C 6 H6 (taken from ref . /8 / ) . The 

lineshapes of the J ^ O n l i n e of the 1 4
1
n 1 1 o ~ b a n d a n d

 t
n e 

1
 ^

1
 0

1
 ̂ 0 "

b a n d a r e
 shown on an expanded s c a l e . 
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i t has to be ke p t in mind that the Doppler-free spectra 
reported are not absorption spectra but fluorescence e x c i 
t a t i o n s p e c t r a . The two kinds of spectra would be i d e n t i c a l 
i f the fluorescence quantum y i e l d were i d e n t i c a l for a l l 
states e x c i t e d . For t h i s reason the disappearance of l i n e s 
i n the 1 Q1

 2
Q-ban

d i s
 interpreted as a lack of fluorescence 

from the states populated, i . e . a fast r o t a t i o n a l l y depen-
dent nonradiative decay. 

From the po s i t i o n of the l i n e s and the a l t e r n a t i n g i n t e n s i t y 
the remaining l i n e s i n the spectrum of the 1 4

1
 Q1

 2
n~ban d 

were i d e n t i f i e d as K = 0 l i n e s /16/. From the di sappearance 
of the K¥0 states we concluded that they are coupled to dark 
background states that r a p i d l y decay. The c o u p l i n g was 
i d e n t i f i e d as p a r a l l e l C o r i o l i s coupling with strength 
proportional to K /16/. 

3.2.2. Homogeneous linewidths and decay time measurements 
of K=0 states The extremely high r e s o l u t i o n of the cw 
set up allows the measurement of homogeneous linewidths at 
very low sample pressure / 8 / . If the homogeneous linewidth 
of i d e n t i c a l r o t a t i o n a l l i n e s from the 14

1
Q1

1
Q-band and the 

1 4
1
 01

 2
0 "

t ) a n d a r e
 compared, a s i g n i f i c a n t increase in l i n e 

width i s found for the 1 4
1
 01 2 o ~ b a n d

 • This i s shown for the 
JK=10Q l i n e i n the i n s e r t s of F i g . 5. While the linewidth 
i s s t i l l exper i ment al 1 y l i m i t e d for the 1 4

1
 Q1

 1 o~t>an d
 » homo

geneous l i n e w i d t h s were measured f o r K=0 l i n e s i n the 
1
 ^

1
 0

1 2 o ~ t > a n d f > o r
 d i f f e r e n t J values / 8 / . These are found 

to increase from 2 MHz for J = 0 to 46 MHz for J = 14. A l l the 
observed l i n e s have a Lorentzian lineshape within experi
mental accuracy. 

The pulsed set up allows the measurement of decay curves 
for the same states (K = 0) in the 1 4

1
 1 2 v i b r a t i o n a l S t a t e 

/12/. For the states with low J value pulses whose width i s 
c l o s e to 10 ns were used to ensure the highest possible 
r e s o l u t i o n while for higher J values pulses of 2.5 ns dura-
t i o n allowed the r e s o l u t i o n of f a s t decays. Typical r e s u l t s 
are shown in F i g . 6. A l l decay curves are Single exponential 
and the decay times ränge from T £ 55 ns for J=0 to T = 
7.1 ns for J = 8 . The observed decay r a t e s c l o s e l y agree 
with the r e l a x a t i o n rates obtained from the linewidth mea
surements discussed above. 

The strong dependence of the decay rate on J can not be 
due to a r o t a t i o n a l dependence of the pure e l e c t r o n i c r a d i 
ative or nonradiative decay rate of the 14

1
1"2 state since 

such a dependence was not found for the 14^ S t a t e and for 
t h i s reason i s not expected for the 1 4

1
 1

 2
 state e i t h e r . 

Instead i t has to be interpreted as a r o t a t i o n a l l y dependent 
IVR process whi ch mixes the o p t i c a l l y l i g h t S t a t e with 
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Figure 6. Decay curves for K=0 r o t a t i o n a l states ( d i f f e -
r ing i n J) of the 1 4

1
 1

 2
 v i b r o n i c state of C6H5 (taken from 

r e f . /1 2/) . 

dark states i n that r a p i d l y decay nonradiative1y . From 
the exact J dependence seen the u n d e r l y i n g r e s p o n s i b l e 
c o u p l i n g process i s found to be per pen di cul ar C o r i o l i s 
cou p l i n g /8,12/ . 

3. 2. 3. Model for the observed coupling in the I4
1
1

2
- s t a t e 

From the experimental r e s u l t s reported above a model for 
the coupling of the 14

1
1

2
-state and i ts r e l a x a t i o n behavior 

evolves that i s shown sy s t e m a t i c a l l y in F i g . 7. The r o t a 
t i o n a l s t a t e s (0 ^ J ^ 14) of the 1 4

1
 1

 2
 v i b r o n i c S t a t e 

(shown i n the middle of F i g . 7) are coupled to the r o t a 
t i o n a l states of two d i f f e r e n t dark v i b r a t i o n a l states i n 
S-] by d i f f e r e n t c o u p l i n g mechanisms. P a r a l l e l C o r i o l i s 
i n t e r a c t i o n leads to a coupling with a v i b r a t i o n a l state 
of b-|u symmetry (shown in the ri g h t part of F i g . 7) and 
per pen die ul ar C o r i o l i s i n t e r a c t i o n leads to a c o u p l i n g 
with a v i b r a t i o n a l S t a t e of e2U symmetry (shown in the 
l e f t part of F i g . 7). The background states themselves are 
strongly coupled to the quasicontinuum of v i b r a t i o n a l states 
in the SQ and/or T-j e l e c t r o n i c state and therefore decay 
very fast and show strong broadening /17/. The probable 
reason for t h i s strong coupling i s that the dark background 
states are combination states containing quanta of out of 
plane modes /8,12,16/. These modes are the lowest frequency 
modes in benzene and are contained with a high p r o b a b i l i t y 
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perp Coriolis coupling 

14
1
1

2 

parallel Coriolis coupling 

r
vib

 = e
2u VU-KXJ*K*1) Vg-K r
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b 
1u 

J J J 

5 < c c 
J %

< . Z^Z J < 
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< 
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F i g u r e 7. Schematic representation of the coupling of 
the low J,K r o t a t i o n a l states of the 1 4

1
 1

 2
 v i b r o n i c state 

of C5H6 (middle part) to dark broadened states i n S-| (outer 
parts). The coupling i s due to p a r a l l e l C o r i o l i s coupling 
( r i g h t p a r t ) and pe r pe n di c ul ar C o r i o l i s coupling ( l e f t 
part) . 

in the background states at the excess energy of 3̂ 1
 2
 cm" 1 . 

They are known to strongly increase the nonradiative decay 
of a state as they are good accepting modes /18/. The eigen-
states that r e s u l t from the mixing with the r a p i d l y decaying 
dark background s t a t e s t h e r e f o r e decay themselves very 
r a p i d l y . Their fluorescence quantum y i e l d i s very low and 
the K̂ O l i n e s are not seen i n the spectrum. K=0 l i n e s are 
not affected by t h i s coupling since the strength of p a r a l l e l 
C o r i o l i s coupling i s proportional to K. Due to the AJ, AK=0 
s e l e c t i o n r ul e of p a r a l l e l C o r i o l i s coupling /1 9/ the reso-
nance c o n d i t i o n for the coupling i s aut omat i cal 1 y f u l l -
f i l l e d for a l l states with d i f f e r e n t J and K i f there e x i s t s 
a S i n g l e v i b r a t i o n a l background state at resonance with 
the 1 4

1
 1

 2
 zero order s t a t e . Only for very high J,K states 

the resonance condition i s l o s t due to the s l i g h t l y d i f -
f e r i n g r o t a t i o n a l constants of both coupled s t a t e s . This 
i s indeed observed for J > 14 and a d i f f e r e n t strong coup
l i n g process (per pen di cul ar C o r i o l i s coupling) i s active 
in t h i s ränge of the spectrum /8 /. 
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The second coupling mechanism in the low J ränge i s weaker 
and only seen for the remaining K=0 s t a t e s . These states 
are supposed to be i n a d d i t i o n a l resonance with the r o t a 
t i o n a l states of a v i b r a t i o n a l state of e2U symmetry (shown 
in the l e f t part of F i g . 7) which are again strongly broa-
dened due to the reasons discussed above. The pairs of 
states are coupled by per pen die ul ar C o r i o l i s coupling which 
for K = 0 i s proportional to /J( J+1 ) /19/. This causes a J 
dependent mixing of the states and explains the observed 
J(J+1) dependence of the decay rate of the K=0 states (see 
F i g . 6) 78,12/. 

4. SUMMA R Y AND CONCLUSION 

Doppler-free two-photon spectroscopy i s shown to allow the 
r e s o l u t i o n of i n d i v i d u a l r o t a t i o n a l l i n e s i n the e l e c t r o n i c 
spectrum of large molecules. This r e s u l t i s demonstrated 
for the prototype molecule benzene. 

In the low excess energy regime the r o t a t i o n a l spectrum 
can be explained with a simple s e m i r i g i d S y m m e t r i e top 
H a m i l t o n i a n . I s o l a t e d per t ur ba t i ons can be explained by 
the s e l e c t i v e coupling of the l i g h t states to dark S<| s t a 
t e s . This coupling causes a m i x i n g of the zero order states 
and makes both r e s u l t i n g eigenstates observable. This per-
mits the char a et er i zat io n of the dark state and i t s decay 
be ha vi or . 

Above the onset of the postulated " C h a n n e l three" (in the 
141 

oJ b
a n d

) most r o t a t i o n a l l i n e s are missing. From the 
analysis of the spectrum and from linewidth and l i f e t i m e 
measurements a d e t a i l e d model about the r e l a x a t i o n of the 
d i f f e r e n t states i s found. I t is concluded that r o t a t i o n a l 
dependent intramolecular v i b r a t i o n a l r e d i s t r i b u t i o n (IV R) 
induced by C o r i o l i s coupling i s the primary process f o r 
the n o n r a d i a t i v e decay of the 1 4

1
 1 2- stat e . Other v i b r a 

t i o n a l states in the same excess energy ränge w i l l be 
affected i n a s i m i l a r way, however, the exaet appearance 
of the vibronic bands w i l l depend on the accidental posi-
tions of s t a t e s , the strength of the coupling matrix e l e -
ments and the s e l e c t i o n r ul es of the p a r t i c u l a r coupling 
mechanism a c t i v e . The analysis of many bands and d i f f e r e n t 
molecules with the Doppler-free high r e s o l u t i o n technique 
presented i n t h i s work /20/ should allow the complete under-
standing of the nonradiative behavior of large molecules and 
in p a r t i c u l a r of t h e " C h a n n e l t h r e e " phenomenon of benzene. 

The r e s u l t s presented show the importance of r o t a t i o n for 
the n o n r a d i a t i v e decay of large molecules. As the r o t a 
t i o n a l strueture of the e l e c t r o n i c spectrum can only be 
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resolved by Doppler-free techniques, Doppler-free spectros
copy i s seen to be of great importance for an e xa et under-
standing of nonradiative decay. 
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