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Single rovibronic level excitation has been demonstrated for a molecule representing the 
statisticallimit of a nonradiative electronic relaxation process. Resolution of the complex 14Ö 
two-photon band of benzene was possible after elimination of the Doppler broadening in a 
Doppler-free two-photon absorption process with narrow bandwidth pulsed laser light and 
allowed for selective excitation ofindividual rotational states. Fluorescence decay measurements 
ofthese states under low pressure conditions display a pure exponential behavior and reveal that 
the nonradiative rate is independent of the rotational quantum numbers J, K for an electronie 
nonradiative relaxation process in the statistieallimit. The decrease in lifetime found for 
perturbed states is attributed to the mixing with a background state containing quanta of an 
accepting mode. 

I. INTRODUCTION 

One ofthe currently discussed problems in intramolecu
lar dynamics is the dependence of radiationless transitions 
on the rotation of the molecule. Experimental tests of this 
phenomenon turn out to be very demanding and require ex
tremely selective excitation and sensitive detection methods 
under collision free conditions. 

In our recent workl we were able to measure the homo
geneous collision free linewidths of individual rotational 
transitions in the large polyatomic molecule benzene. The 
resolution of individual rotational lines was made possible 
by Doppler-free two-photon spectroscopy within the stand
ing wave field of an external cavity. We found that the homo
geneous linewidth of transitions at vibrational energies in 
excess of 3000 cm -I is strongly dependent on the rotational 
quantum number ofthe molecule. This points to a rotation
ally dependent relaxation process. The rotational depen
dence was attributed to an intramolecular vibrational relax
ation process (IVR) due to Coriolis coupling within the SI 
manifold rather than to an electronic relaxation process 
leading to a decrease of fluorescence from the excited state.2 

Electronic relaxation of SI-benzene can either proceed 
radiatively to low vibrationallevels of So or nonradiatively to 
isoenergetic levels of vibrationally highly excited levels in So 
(lC) or the triplet manifold (lSC). From the small fluores
cence quantum yield observed under low spectral resolution 
and collision free conditions3 it was coneluded, that the de
cay in the isolated molecule is dominated by the nonradiative 
channels. Due to the large energy gap to the SI state, the 
density of vibrational levels in benzene in both So and TI' 
that are isoenergetic to S I levels, is extremely large. This fact, 
together with the fluorescence quantum yield measure
ments3 and low spectral resolution lifetime measurements4 

under low pressure conditions, has led to the conelusion, 
that the electronic nonradiative decay of SI benzene is in the 
statistical limit.5 Recent multiphoton ionization experi
ments by Otis et al.6 have shown that this nonradiative pro
cess is ISC at the low excess energy in SI studied in this work. 

Even though rotationally selective excitation was not possi
ble in previous experiments, attempts have been performed 
to obtain information whether the nonradiative electronic 
decay is dependent on the rotation of the molecule. Par
menter and Schuh 7 measured the dependence of the fluores
cence quantum yield on the excitation position within the 
vibronic band with a resolution of 4 cm - I. This resolution 
averages many rotational transitions so that, if at all, only 
extremely strong rotational effects could have been detected. 
No dependence of the fluorescence quantum yield on the 
excitation position within the vibronic band was found. In 
summary, up to now no experiments are known which are in 
contradiction with the existence of an electronie nonradia
tive process in the isolated benzene molecule which is in the 
statistieallimit. 

Contrary to the electronie nonradiative relaxation, in
trastate coupling in SI benzene (lVR) can not even be elose 
to the statistieal limit at the excess energy of 1570 cm - I 
considered here. This is due to the low density of vibrational 
levels. Hence the rotational dependence of the relaxation 
linewidth observed in our recent workl was attributed to an 
IVR process within SI rather than to the nonradiative elec
tronie relaxation process. 

Evidence for rotationally dependent IVR has also been 
found from rotationally averaged band contour measure
ments for pyrimidines which has intermediate level struc
ture in SI' 

The investigation of rotational dependence of popula
tion lifetime so far has been restricted to a few cases of small 
and intermediate case molecules. Strongly rotationally de
pendent decay behavior was found for formaldehyde,9 pyra
zinelo and propynal. ll None ofthese molecules is, however, 
in the statistieallimit with regard to the electronic nonradia
tive relaxation process under consideration and a true reso
lution of individual rotational transitions was only possible 
in the case of the small molecules formaldehyde and pro
pynal. 

In this work the population lifetime of individual rota
tional states is investigated in a large polyatomic molecule 
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(benzene) whose electronic relaxation processes ISC and IC 
are believed to be in the statistical limit (see above). We 
measured population lifetimes of individual rovibronic 
states in the 141

, Si ( 1 B2u ) state ofbenzene C6H6 at an excess 
energy of 1570 cm -1. While the electronic nonradiative pro
cess is assumed to be in the statisticallimit at this low excess 
energy no dynamic IVR process is expected and lifetime 
measurements should reftect the electronic (nonradiative) 
relaxation process leading to the depopulation of Si' The 
necessary selective excitation is possible in a Doppler-free 
two-photon experiment with extremely narrow bandwidth 
pulsed laser light. 12 The population lifetime is then mea
sured by observation of the decay of ftuorescence from the 
excited state. In this way precise information can be obtained 
about the possibility that an electronic nonradiative relaxa
tion process could be inftuenced by the rotation of the mole
cule even in the statisticallimit. 

11. EXPERIMENTAL 

The scheme of the experimental setup used in this work 
is shown in Fig. 1. The high resolution and the possibility for 
a precise linear scan is provided by a single-mode cw ring dye 
laser system (Coherent 699-21) pumped by a Kr+ ion laser 
(CR 3000 KUV). The output power at 5043 A with a Cou
marin 102 dye is some 200 mW. For lifetime measurements 
ofindividual rotationallevels the laser wavelength has to be 
tuned to the position of the different rotationallines under 
consideration. This is performed in the following way: The 
laser is scanned with ahomemade computer interfaced 16 bit 
D/ A converter and the Doppler-free two-photon spectrum 
is recorded simultaneously until the peak of the rotational 
line is reached. Then the laser scan is stopped. The laser 
frequency was found to be stable ( ± 10 MHz) within a perl
od of 10 min required for the lifetime measurement of a rota
tional state. This stability is sufficient to keep the time-inte
grated ftuoreseence intensity eonstant to within 5%. The 
stability ofthe cw-Iaser light is permanently controlled with 
a temperature-stabilized evacuated confocal interferometer 
with 150 MHz free spectral range (reference cavity in Fig. 
1). For frequency ealibration the signal of the transmitted 
light is simultaneously stored in aDeS data proeessing sys
tem and plotted together with the Doppler-free two-photon 

opt. 
Isolator 

Excimer 
Laser 

spectrum. The laser wavelength is measured with a wave
meter (Burleigh W A 20). 

For deeay time measurements the ew-Iaser light is am
plified in a pulsed amplifier setup similar to our previous 
work. 12 Here, however, we use an additional third amplifier 
setup, as an excimer pump laser (Lambda Physik EMG 150, 
XeCl) is used which provides light pulses with an energy as 
high as 60 mJ at a repetition rate of 16 2/3 Hz. For short
ening of the pump pulse He is used as a buffer gas and light 
pulses with a half-width of about 9 ns are produced. 25% of 
the pulse energy is focused into amplifier I and 11 each and 
the remaining 50% of energy is used in amplifier 111. Cou
marin 307 is used in all amplifier stages. The output peak. 
power after amplification in amplifier stage I is 50 W with a 
broadband amplified spontaneous emission (ASE) back
ground of only 10-3

• Amplifier stages I and 11 are optically 
decoupled by an interferenee filter and a polarizer. Between 
the amplifiers land 11, and 11 and 111, pin holes are used as 
spatial filters for suppression of the ASE. In amplifier stage 
11 the light pulse is amplified to a peak. power of 10 kW with 
an ASE background of 5 X 10-3 and finally with amplifier 
111 a peak power as high as 300 kW is obtained. Typically, 
the broadband amplified spontaneous background is less 
than 3 X 10-2 or 10 kW. The pulse length is 6 ns (FWHM) 
and the pulse shape is somewhat asymmetrie with a decay 
time twice as long as the rise time. The frequency width of 
the amplified light is estimated to be 80 MHz which roughly 
corresponds to the Fourier transform limited value of the 
light pulse. Since the amplified spontaneous emission is 
nearly unpolarized it can be reduced by a factor of 3 to about 
10-2 ofthe narrow bandwidth amplified light with a second 
polarizer. The complete amplifier system is decoupled from 
the cw ring laser with an optical isolator consisting of a Fara
day rotator and two polarizers. 

The suppression ofbroadband emission due to ASE is of 
particular importance in ftuorescence decay time measure
ments since nonselective excitation could contribute addi
tional ftuorescence and thus produce unreliable decay 
curves. For the same reason it is also important to suppress 
the Doppler-broadened background that results from the 
absorption of two photons from either the incoming or the 
reftected laser beam. This Doppler-broadened background 
is a problem particularly in the present measurements under 

FIG. 1. Experimental setup for life
time measurements ofindividual rots
tionallevels in the 14' vibrational state 
of benzene. Fluorescence decay is ob
served after pulsed Doppler-free two
photon excitstion with the amplified 
light of a cw dye laser. 
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a resolution of typically one-tenth of the Doppler width. In a 
large molecule-like benzene-several rotational lines are 
located within the Doppler width and two-photon absorp
tion from one laser beam would result in a nonselective exci
tation of several rotational states. We have shown in our 
previous work12 that as in the case of atoms 13 counter-circu
larly polarized light leads to a substantial suppression of the 
Doppler-limited excitation. For circular polarization aA. /4 
retardation plate is inserted into the light beam before it is 
focused into the fluorescence cell containing the molecular 
gas under a low pressure of some 0.1 Torr. The divergent 
light beam is then refocused with an adjustable spherical 
mirror so that a complete overlap of the incoming and the 
reflected light beams is obtained. The sense of circular polar
ization (within the molecular frame) of the reflected laser 
beam is changed by inserting a second A. /4 retardation plate. 
Under these polarization conditions the fluorescence signal 
from nonselective Doppler-limited excitation is suppressed 
by nearly two orders of magnitude. 

It is worth noting that in this way Doppler broadening is 
eliminated for all excited moleeules independent of their in
dividual velocity component. Under these conditions mole
cules are brought to a defined rotational state with E = 2 hv. 
Excitation to other rotational states whose transition fre
quencies are located within the Doppler width with E # 2 hv 
is not possible in two-photon absorption. This is quite differ
ent from the situation present in saturation or polarization 
spectroscopy. Here the incoming light beam excites mole
cules to all rotational states available due to overlapping 
Doppler widths of the transition. The Doppler-free spec
trum is then obtained by probing moleeules with zero veloc
ity and observing the resulting nonlinear signal either in ab
sorption or emission. 14 Fluorescence lifetime measurements 
of defined rotational states are not readily possible with these 
techniques since fluorescence from all (nonselectively) ex
cited states within the Doppler width is observed. 

The fluorescence is monitored with a 56 DUVP photo
multiplier and visible stray light is blocked with suitable 
filters in front of the photomultiplier tube. The fluorescence 
decay curve is measured with a boxcar integrator (PAR). 
The signal of the integrator is transferred to the DCS data 
processing system after every laser shot. The scan velocity of 
the gate has been chosen so that for a repetition rate of 16 2/3 
Hz about seven laser pulses are integrated within the gate 
width of 5 ns. Under these conditions the complete decay 
curve is measured within 4 min. For a fast preliminary mea
surement of the decay curve, a waveform processing system 
(Tektronix WP 2221) can be used instead ofthe boxcar. 

111. EXPERIMENTAL RESULTS 

A. Doppler-free two-photon spectrum of the 14~ band 

Recently, we have investigated the spectrum ofthe 14~ 
two-photon band of benzene C6H6 in detail. 15 A rotational 
analysis of the symmetrie rotor spectrum was performed. 
We succeeded in assigning 320 rotational lines up to 120 
GHz from the rotational origin. 16 The high resolution of 
about 17 MHz in the two-photon spectrum measured with 
cw-Iaser light allowed for the separation and identification 

of every rotational transition in the observed region of the Q 
branch. 

For lifetime measurements pulsed two-photon excita
tion of the rovibronic states is necessary. For accurate life
time measurements the pulse duration should be consider
ably shorter than the decay time of the excited state. 
Naturally, owing to the increased coherence width of the 
pulsed source, this leads to a reduced resolution and not 
every rotationalline is resolved. At the bottom ofFig. 2, part 
ofthe Q branch ofthe 14~ band is shown as obtained with the 
pulsed amplifier setup of this work. It is immediately seen 
that many of the lines are not completely separated from 
neighboring ones. In these cases a completely selective exci
tation of a single rotational state is not possible. The highly 
resolved two-photon spectrum obtained for the cw laser ex
citation (17 MHz resolution) allows to select rotational 
lines which can weIl be resolved also with the pulsed laser 
setup ofthis work. Selected parts ofthe high resolution spec
trum are shown at the top ofFig. 2 on an extended frequency 
scale. From a comparison ofboth spectra it is seen that selec
tive excitation is possible for the rotational lines with J'x.. 
= 73, 118, 104, 1814> 17w 167, 1916, 188, (21 17 )a, 2520, 21 5, 

These lines have been chosen so that states with (low J, low 
K), (high J, low K), and (high J, high K) are ineluded. The 
half-width of these lines in the spectrum recorded with 
pulsed excitation is about 160 MHz. This is elose to the value 
expected ifthe bandwidth ofthe laser light is only limited by 
the Fourier transform of the laser pulse and the two-photon 
process is taken into account. The state with J'x.. = 21 17 is of 
particular importance. In recent work l6 we have shown that 
this state is coupled to a dark background state within SI' 
This coupling results in arepulsion of the two zero-order 
states and, due to the mixing of the zero-order wave func
tions, both eigenstates (21 17 ) a and (21 17 ) b become visible in 
the spectrum. However, only the (21 17 )a component ofthe 
two eigenstates can be resolved with pulsed excitation. The 
other one (21 17 )b is hidden under the envelope ofthe neigh
boring J 'x.. = 187 and J'x.. = 1911 peaks. A eloser analysis of 
the highly resolved spectrum17 shows that none ofthe other 
peaks marked in the spectrum of Fig. 2 is perturbed. 

B. Lifetimes of individual rotational states 

Fluorescence decay curves after pulsed excitation were 
measured according to the procedure described in Sec. 11 for 
the 12 rotational states marked in Fig. 2. Typical results are 
shown in Fig. 3 for the unperturbed states J 'x.. = 73 , J 'x.. 
= 188, and J'x.. = 21 5 , In the lower traces the exponential 

decay curves are shown on linear scale, in the upper part 
fluorescence intensity is plotted on a logarithmic scale (nat
urallogarithm) as a function oftime. Fluorescence was ob
served down to a stray light and noise level of e-5 _10- 2

.
17 

ofthe maximum fluorescence intensity at the end ofthe laser 
pulse. The laser power was chosen so that saturation of the 
photomultiplier signal was avoided. Within the experimen
tal accuracy a pure single exponential decay is observed. 
This single exponential decay of the excited defined single 
quantum state yields further evidence that the electronic re
laxation of benzene (which is certainly far from that of a 
small moleeule and dominated by the nonradiative relaxa-
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FIG. 2. Blue part ofthe Qbranch in the 14~ two-photon band of C6H6 as measured with the pulsed amplifier setup shown in Fig. 1 (bottom ). Five sections of 
the spectrum are shown on an extended frequency scale at the top as obtained using the high resolution cw laser. These demonstrate that the rotationallines 
marked by an arrow in the lower resolution spectrum (bottom) correspond to completely resolved single rotational transitions. 
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FIG. 3. Decay behavior of the tluorescence as measured for three unperturbed rotational states within the 141 state ofbenzene, C~6' Fluorescence intensity 
is plotted on a linear scale (bottom) and on a logarlthmic scale (top). 
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tion process) is actually in the statisticallimit18 on the time 
scale of our experiment. It is also seen from Fig. 3 that the 
finite pulse duration of 6 ns (FWHM) does not affect the 
accuracy of the decay time measurement. Deviations from 
the exponential decay are observed only for the first 15 ns 
which is in line with the measured pulse duration. This 
means that a coherent excitation within the (Lorentzian) 
line shape of the rotational states is guaranteed, since for a 
pulse length of 6 ns the coherence width is at least 100 MHz. 
This is already larger by more than one order of magnitude 
than the half-width of 10 MHz measured with the high reso
lution cw laser setup. The measured linewidth represents an 
upper limit for the homogeneous linewidth as it is given 
mainly by the finite resolution of the cw laser and by transit 
time broadening within the smalllaser focus. I 

From a least square fit of a straight line to the half
logarithmic plot of the decay curve the lifetime 1" is deter
mined according to I(t)II(O) = exp{ - t Ir}. We find that 
the lifetime of 1" = 123 ± 3 ns for the J~. = 73 state, the 
lifetime of 1" = 120 ± 2 ns for the J~. = 188 state, and the 
lifetime of 1" = 127 ± 4 ns for theJ~. = 21 5 state are identi
cal within experimental error. 

In Fig. 4 the small section of the 14~ band with the pre
viously analyzed16 perturbation is shown under high resolu
tion (upper trace) and the lower resolution of the pulsed 
setup (lower trace). At the bottom the decay curves of the 
perturbed state J ~. = (21 17 ) a and the unperturbed J ~. 
= 188 state are plotted on a half-Iogarithmic scale. Both 

curves represent single exponential decays. In contrast to the 
constant lifetimes ofthe states shown in Fig. 3, here we find 
ditfering lifetimes of the unperturbed J ~. = 188 and the per
turbedJ~. = (21 17 )a state. 

Alllifetimes measured are listed in Table I for the 12 
rotational states under investigation. The error represents 
the maximum deviation of individual ftuorescence decay 
curve measurements ofthe same state. We see that the mea
sured lifetimes of all rotational states are the same to within 
± 5%. Only one exception can be found. This is the J~. 
= (21 17 ) astate. Its lifetime of 91 ns is smaller than that of 

all the other measured states by 30%. 

IV. DISCUSSION 

A. Unperturbed rotational states 

The main result seen from Table I is that the lifetimes of 
all unperturbed rotational states ( except the state J ~. 
= 21 17 which is perturbed and will be discussed below) are 

the same within the accuracy of the measurement. Further
more, no deviation from an exponential decay is observed. 
This means that the population of the excited rovibronic 
states is found to decay single exponentially. Four contribu
tions to the relaxation of the excited states have to be dis
cussed: (i) For the pressure of 0.1 Torr in our experiment 
collisional deactivation can be neglected. In a separate ex
periment we checked that, indeed at this low pressure, no 
pressure dependence of the measured lifetime can be ob
served. This result is in line with previous collisional rate 
measurements4

•
19

; (ii) a dynamic IVR process within the 
electronic SI state can be exc1uded at this excess energy since 
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FIG. 4. Part of the Q branch of the 14~ two-photon band of C6H6 under the 
high resolution of the cw laser (top) and the lower resolution of the pulsed 
laser (middle trace). At the bottom the ftuorescence decay curves measured 
for the two neighboring lines (J~, = 21 17). and J~, = 188 are shown on a 

haIf-logarithmic scale. Both lines are weIl resolved. even with the pulsed 
laser, J~, = (21 17). is one component ofthe perturbed zero-order state 

J~, = 21 17, whereas J~, = 188 is an unperturbed state, 

the small density (p = 1.2 l/cm- 1
) of background states 

does not permit a dissipative relaxation within SI' On the 
other hand, the low density of states at this excess energy in 
some cases leads to a coupling of zero-order states within SI 
which has indeed been detected as perturbation of but a few 
lines in the rotational spectruml6

; (iii) radiative relaxation 
contributes little to the measured decay. This has been found 
for all one-photon states of SI benzene from quantum yield 

T ABLE I. Measured lifetimes for several selectively excited rotationallev
eIs within the 141 vibronic state of C6~' The errors indicate the largest 
deviations of a single individual decay curve from the average value, 

RotationaI state 
in 141 

J~, 

73 
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16., 
1711 
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1916 

21, 
(21 17). 

2520 

Lifetime 
T [ns] 

123 ±3 
121 ± 3 
120± 5 
134±4 
126± 5 
120±2 
126±5 
129 ±6 
127±4 
91 ±2 

134±4 
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measurements.S In our previous work20 we concluded from 
Franck-Condon arguments that the radiative lifetime ofthe 
vibrationalstate 141 (two-photon state) is elose to the radia
tive lifetime of the vibrationless SI state wbich has been 
found to be 455 ns from low spectral resolution quantum 
yield and lifetime measurements.4 From tbis it is elear that 
also for two-photon states radiative relaxation is not the pre
dominant relaxation process; (iv) therefore the main contri
bution to the measured decay originates from the electronic 
nonradiative relaxation process which has been found to be 
ISC at the low vibrational excess energy of 1570 cm- 1.6 

Hence at tbis point we assume that the measured decay 
time can be interpreted in terms of the electronic relaxation 
processes, exelusively. The average lifetime value of all rota
tional state lifetimes listed in Table I [except the perturbed 
Jj" = (21 17 )a value] is (1") = 126 ns. This value is in rea
sonable agreement with the value of 1" = 115 ns found in our 
previous measurements with a broadband excitation of 1 
cm - 1.20 In this previous experiment a selective excitation of 
individual rotational states was not possible. The measured 
lifetime value represents the average over about 80 rota
tional states, some ofwbich probably are perturbed. In view 
of the lifetime shortening found for perturbed states (see 
below), the agreement ofboth measurements is surprisingly 
goOO. 

The most important result of our experiment is that the 
lifetime does not change for different rotationallevels within 
the 141 vibrational state. Even though the radiative relaxa
tion contributes by only 28% to the measured total relaxa
tion rate of the rotational state, first a possible dependence of 
radiative relaxation on rotation will be briefly discussed. 
From the unperturbed nature ofthe rotational states consid
ered, we know the Bom-Oppenheimer approximation to 
hold for these states. Since these states all belong to the same 
vibronic state, this means that changes in radiative transition 
probability could be due only to the different Hönl-London 
factors21 for the different rotational transitions to the ground 
state. Since the radiative decay rate, however, is given by the 
sum of the probabilities of all six possible transitions 
(M= ± l,aJ=O, ± lforJx,;>122 ),thesumruleforthe 
Hönl-London factors applies and the total radiative transi
tion probability is constant for different J, K. 

After having exeluded a rotational dependence of the 
radiative rate it is concluded from the experimental result in 
Table I that also the nonradiative rate (wbich probably is 
determined by ISC) is independent of the rotational quan
tum number. This result is expected for an ISC nonradiative 
decay in the statisticallimit.23 It is further evidence that the 
electronic nonradiative decay in benzene is indeed in the sta
tisticallimit. 

B. Perturbed rotatlonal states 

There is only one lifetime value in Table I which consid
erably deviates from all other values. This is the lifetime of 
1" = 91 ns of the J x' = (21 17 )a rotational state. In our re
cent work16 we have shown that this state is strongly per
turbed by a dark vibrational background state within SI via 
perpendicular Coriolis coupling. As a consequence of the 
perturbation the two resulting quasieigenstates (21 17) a and 

(21 17h are split by about 1.1 GHz. An in depth rotational 
analysis 17 showed that the two observed lines are elose to the 
crossing point of the term curves of both interacting states. 
For energetically degenerate zero-order states, both the dark 
and the light zero-order state are mixed into the quasieigen
states with 50% probability and both resulting lines have 
equal intensity. The coherent excitation of both eigenstates 
with a short pulse would lead to oscillations (quantum 
beats) on the exponential decay with a frequency of 0.55 
GHz. A similar phenomenon was recently reported for anth
racene, however, without spectral information about the na
ture of the excited state.24 In the present experiment the co
herence width ofthe laser pulse is only about 100 MHz and 
therefore only one quasieigenstate component J x' 
= (21 17 )a isexcited. Thusnobeatingcanbeobservedanda 

pure exponential decay is seen (compare Fig. 4). This expo
nential decay at the crossing point is an average mixture of 
the decay ofthe "light" zero-order stateJ x' = 21 17 and the 
"dark," still unknown background state. In the strong cou
pling limit (V>rl' rd) it holds that2s 

(1) 

Here rl and rd are the linewidths ofthe light and dark zero
order states coupled by the Coriolis interaction matrix ele
ment V. ra and rb are the linewidths of the quasieigenstates, 
respectively. The coupling scheme is illustrated in Fig, 5, If 
we choose for the linewidth of the light zero-order state the 
average value (rl) = 1/211"(1") of all unperturbed rotational 
states shown in Table I we obtain (rl) = 1.26 X 106 s -1. It is 
seen that the condition for the strong-coupling limit is ful
fitled as V = 0.55 X 109 S-1 in our case. 16 According to Eq. 
(1) and for the measured value ra = 1/211"1"a = 1/ 
(211" 9.1 X 10-8

) = 1.75 X 106 s-I we calculate for the relax
ation rate r d of the unknown dark background state r d 

= 2.24X 106 S-I. This corresponds to a lifetimeofthe dark 
zero-orderbackgroundstateof1"d = 1/21TYd = 44.6ns. The 
above discussion is valid for the crossing point of the term 
curves. From Fig. 2 it is, however, seen that the peak J x' 
= (21 17)a is somewhat larger thanJx' = (21 17h. There

fore, it has to be coneluded that the interaction of the light 
JK = 21 17 state and the dark zero-order state is not directly 
at the crossing point and the (21 17 ) astate reflects the nature 
of the light zero-order state 21 17 to a somewhat larger de
gree. Hence the lifetime 1" d estimated above for the dark 
zero-order state is an upper limit and 1"d <44.6 ns or rd 
> 2.2X 106 S-I, 

From the above discussion it is seen that the zero-order 
state J x' = 21 17 is coupled to a vibrational background state 
whose relaxation is at least three times faster than the relaxa
tion of the zero-order 141 vibrational state. As discussed 
above, this difference in relaxation rate principally can be 
due either to the radiative or the nonradiative electronic re
laxation rate of the dark background state. Since, however, 
radiative relaxation is known to be smaller than 3 X 106 S-1 
in C6H6,4 it is impossible that the threefold increase in total 
relaxation rate is due to an increase of the radiative rate of 
the background state. Hence, it is clear that the isoenergetic 
dark zero-order background state has a three times faster 
nonradiative electronic relaxation rate. This has to be attri-
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FIG. 5. Couplingscherneofthelightzero-orderstate 11) with the dark zero
order state Id). Both zero-order states have different linewidths due to a 
faster electronic nonradiative relaxation process ofthe dark zero-order state 
( r d > rl ). The linewidths r. and rb of the resulting quasieigenstates are 
shown on the right side in the strong coupling limit. 

buted to the different vibrational nature of this state. The 
existence of a short-lived vibrational background state is an 
important result in terms of our recent work on fast relaxa
tion in the "channel three" region of benzene above 3000 
cm- I excess energy.2 There we found that lines with K #0 
have disappeared in the Doppler-free two-photon spectrum 
ofthe 1461~ band at 3412 cm- I excess energy, whereas lines 
with K = 0 are nearly unaffected. This highly rotationally 
dependent nonradiative process was attributed to Coriolis 
coupling between the excited states and dark background 
states causing energy redistribution (IVR) within SI' The 
strong disappearance offtuorescence was explained by a fast 
electronic nonradiative relaxation process typical for the 
dark background states. The key assumption in this model is 
that Coriolis coupling is possible to good acceptor modes for 
the nonradiative ISC or IC relaxation process. Once these 
acceptor modes are populated due to a mixing or after a 
dynamic IVR process, fast nonradiative electronic relaxa
tion occurs leading to a disappearance of ftuorescence. A 
detailed discussion is given in the accompanying paper.26 In 
the low excess energy range studied in this work we are able 
to investigate a defined mixing between two individual isoen
ergetic vibrational states due to Coriolis coupling. As we 
have shown above we are able to explicitly measure the non
radiative relaxation rate of the coupled dark state even 
though it is not direcdy accessible. Indeed we found a three
fold increase of nonradiative electronic relaxation rate. This 
explicitly shows that good accepting modes do exist and that 
indeed they are coupled to the optica11y excited V l4 mode. At 
present time the nature of the coupled vibration is not 
known, even though from symmetry selection rules it is clear 
that the total symmetry ofthe coupled state has to be e2u ' 16 A 
detailed analysis of the spectral perturbations is under way 
in order to identify this short-lived state. Good candidates 
for accepting modes are out-of-plane modes oflow frequen
cy. I t is of particular interest to compare our spectral results 
with recent theoretical predictions on the nature of accept
ing modes.27 

V. SUMMARY AND CONCLUSION 

In this work lifetimes of individual rotational states up 
to J = 25 and for various K numbers within the 141 vibra
tional state ofbenzene, C6H6, have been measured. The nec
essary highly selective excitation was made possible by 
Doppler-free two-photon absorption of the light of a pulsed 
amplifier setup. We found pure exponential decay for all 
rotational states under consideration. Furthermore the life
times of a11 unperturbed rotational states were found to be 
identical within experimental error. However, the lifetime of 
the perturbed J K' = (21 17 ) astate shows a pronounced dif
ference from the other lifetime values. 

The highly selective excitation ofDoppler-free two-pho
ton absorption enables us to study the rotational dependence 
of an electronic nonradiative relaxation rate within the sta
tisticallimit. It is found that the nonradiative rate for a fixed 
vibrational state does not depend on the rotational quantum 
number J, K of the molecule. The observed change in life
time of a perturbed level is due to the mixing with another 
vibrational state in SI with different electronic nonradiative 
relaxation behavior rather than due to a rotational effect in 
the electronic nonradiative relaxation rate. 

In conclusion it is now possible to excite single rovi
bronic states at variable J, K levels even in large polyatomic 
molecules whose electronic nonradiative relaxation process 
is in the statisticallimit. This has become feasible after elimi
nation of Doppler broadening in Doppler-free two-photon 
absorption. Single rovibronic level lifetime measurements 
are of great importance for the understanding ofthe mecha
nism of electronic nonradiative relaxation. It turns out that 
single rovibronic level excitation on the basis of a detailed 
spectroscopic analysis enables us to study the decay ofthose 
vibrationallevels that are norma11y not accessible either in 
one- or two-photon excitation. This is possible when pertur
bations due to astate mixing are present in the spectrum. 
This method will complete our knowledge about electronic 
nonradiative relaxation processes and elucidate the role of 
vibrations in promoting ISC and IC processes. 
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