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Gas phase benzene is excited by two-photon absorption a t various pressures between 4 and 
80 torr. Fluorescence is observed even from states located at excess energies of 3000 c m - 1 — 
7000 cm - 1 , i.e. well above the onset of "channel three". The nonradiative decay rates as estimated 
from this fluorescence intensity continue the well known shortening of lifetime with excess energy 
in a monotone fashion and do not show a drastic cut-off as often concluded from previous line-
width measurements. 

I. Introduction 

One of the most puzzling problems in the field 
of radiationless transitions is a sudden break-off of 
fluorescence, i.e. increase in radiationless rates in 
the Si state of benzene when the vibrational excess 
energy exceeds about 3000 cm - 1 [1]. High resolu-
tion absorption spectra in gas phase benzene re-
vealed a diffuseness in the rotational contours of 
vibronic bands in the region of increased radiation-
less rates [2]. From the broadening in the spectrum 
a decay rate of more than 1011 (sec-1) was con-
cluded. The new radiationless decay rate above 
3000 cm - 1 is much faster than the radiative fluo-
rescence decay which therefore cannot compete 
with radiationless deactivation. As a consequence 
this is made responsible for the "cut off" of the 
fluorescence. Recently there have been several 
other molecules for which broadening of high lying 
vibronic states has been experimentally observed 
[3]. We here wish to report data of Wunsch [4] 
which bear on the "channel three" problem. Vibra-
tional states at excess energies up to 6000 cm - 1 are 
excited by two-photon absorption. In contrast to 
previous experiments the two-photon excitation at 
these high energies results in a weak fluorescence 
which was detected in our experiments. 
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II. Experimental Set Up 

The experimental set up is similar to that de-
scribed in an earlier paper [5]. For two-photon ex-
citation the light from a tunable dye laser (Molec-
tron DL 200) is focussed into a fluorescence cell 
containing benzene vapour under different pres-
sures. The light peak power between 4500 and 
5100 A is in excess of 100 kW at a band width less 
than 0.2 A. The simultaneous absorption of two 
photons by the molecules results in a very weak 
UV-emission which can be detected by a 56 DUVP 
multiplier. Special filters block the strong visible 
stray light and enable one to detect the weak UV-
emission with high sensitivity. For time-resolved 
measurements of the fluorescence the very noisy 
decay curves have to be averaged over many 

100) laser shots. This is achieved by digitizing 
each individual fluorescence decay curve in a 7912 
transient digitizer of the wave processing system 
WP 2221 (Tektronix) and by processing the in-
formation during the measurement in batch trans-
fer to a standby computer. 

Benzene from Merck and Co. with a purity of 
99.9% was used and destilled from liquid nitrogen 
into the vacuum line. The vapor pressure of ben-
zene and the buffer gas in the region from 1 to 
100 torr was monitored with a Baratron pressure 
gauge. 

III. Experimental Results 

Contrary to typical one-photon spectroscopy we 
are able to detect fluorescence from levels as high 
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as 6000 cm - 1 in excess energy in Si when benzene 
is excited by two-photon absorption. The bands of 
the two-photon excitation spectrum in this energy 
range have been assigned previously [3]. 

Here we are interested in the time behaviour of 
the fluorescence. For this we tuned the laser wave-
length to transitions at different excess energies 
and measured the decay curves of the emitted 
fluorescence. In Fig. 1 as an example the decay of 
fluorescence from the 141!2 state with an excess 
energy of 3414 cm - 1 is shown. The striking feature 
in Fig. 1 is the biexponential behaviour. The bi-
exponential decay is also observed when states at 
higher excess energy are excited. The short compo-
nent in Fig. 1 has a decay time (1/e) of 3.5 nsec 
which is close to 3 nsec, the time response of our 
detection system. Several tests were performed to 
assure that the short component is not stray light 
from the intense visible laser light (additional block 
filters for discrimination of visible light, nonlinear 
intensity dependence, etc.). 

Thus, it is clear that the short component is 
really UV fluorescence of the molecule. 

The long component has a lifetime of about 
70 nsec which is close to the well known lifetime 
of 75 ± 10 nsec of the thermalized Si state in ben-
zene vapour [1]. 

With the progression number n and thus with 
increasing excess energy the long component of the 
bands 14o1low decreases in intensity more rapidly 
than the short component. This demonstrates that 
collisional deactivation from levels with higher ex-
cess energy is less efficient. 

Fig. 1. Time-resolved decay of fluorescence from the 14112 

state excited by two-photon absorption. 
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Fig. 2. Time-integrated intensity of the short (a ) and the 
long (o) component of the fluorescence from the 14 1 ! 3 

state as a function of pressure. 

In order to clarify the origin of the two compo-
nents observed in Fig. 1 we performed some addi-
tional experiments. Firstly we investigated the 
spectral range of both components. For this we 
added combinations of additional cut-off filters 
(Corning 9-54, 0-52, 0-54) in front of the multiplier. 
By this method we found that most of the long-
lived fluorescence is emitted in the spectral range 
between 2500 and 3200 Ä, whereas the spectral 
range of the short component is extended by about 
300 Ä to the red. For a further test we measured 
the pressure dependence of the time integrated, 
density normalized intensity of both components. 
The result for the band 14o1lo3 is shown in Figure 2. 
Here the benzene pressure is varied between 4 torr 
and 90 torr. 4 torr is the lowest pressure for which 
a long component could be detected by our device. 
Even at the highest pressure self absorption of the 
UV fluorescence can be neglected since the thermal-
ized emission is redshifted from the absorption 
spectrum. Within the experimental errors the long 
decay shows a linear dependence on benzene pres-
sure. 

Contrary to the behaviour of the long component 
the density normalized intensity of the short decay 
shows no pressure dependence within the error 
limits of the experiment. The pronounced differ-
ence in these pressure dependences will be dis-
cussed in the next section. 

IV. Discussion 

From the various experimental results presented 
in the preceding section we may draw the follow-
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ing conclusions on the origin of the two decay com-
ponents. 

The slow component most likely originates from 
thermalized fluorescence of the molecule. This is 
in line with the reported lifetime data [1] as well as 
with the pronounced pressure dependence in 
Figure 2. 

The short component may be interpreted as a 
direct fluorescence from the excited levels at high 
excess energies. This would explain the weak pres-
sure dependence of this type of fluorescence since 
the collisional rate of about 109 (sec-1) at the highest 
pressure is still much smaller than the nonradiative 
rate, which is expected to be larger by at least two 
orders of magnitude from previous linewidth mea-
surements [2]. 

Another argument for the interpretation is the 
measured red shift of the fluorescence, which is 
known to be typical for fluorescence from states 
with high excess energies due to the Franck-Con-
don-principle. 

For a further test of this interpretation we now 
compare the integrated intensity of the short (7S) 
and the thermalized fluorescence (7th) component. 

I s = nsKT&al{KnT + # c o i i ) , ( l a ) 

Ith = ns 00 Kettl{Kcoll + KIad + Kni); (lb) 

00 = 0.18 [6] is the fluorescence quantum yield of 
the thermalized level and ns is the population of 
the excited level. 

Here 7£"rad is the radiative rate of the excited 
level, which is known to be similar to the radiative 
rate of the vibrationless Si state {KTBld = 3 • 106 

sec -1 [7]). 
K c o n is the collision rate for the excited molecule. 

7£eff is the effective collision rate according to a step 
ladder model [8]. For the excited level l-ioUo5 at 
an excess energy of about 6000 cm - 1 we assume 
5 collisions for thermalization. 

Neglecting Kra(i in (lb) we are able to calculate 
a value for Kett from (la, b). Since it is measured 
that 7s/7th«^l for the l ^ l o 5 level at 80 torr we 
obtain a value for JÜLeff = 2.1 • 105 (torr -1 sec-1) and 
thus a value of 7fCoii= 106 (torr -1 sec-1). 

This is close to the range of expected collision 
frequencies (3 • 1 0 7 < 7 f c o i i < 3 • 106 (torr -1 sec-1)) 
[7, 9]. 

The reasonable result for the collision frequency 
found from the measured intensity value of the 

long and the short fluorescence components is thus 
a strong argument for the interpretation as ther-
malized fluorescence and direct fluorescence from 
the excited level. 

From the time integrated intensity of the short 
component we are now able to estimate the non-
radiative rate of the excited two-photon levels. 
Collisional deactivation may be neglected in a first 
approximation since i) non-radiative rates are ex-
pected to produce the fastest deactivation channel 
of the excited state and ii) no pressure dependence 
is experimentally found for the short component 
(Figure 2). 

The non-radiative rate is found from a compar-
ison of the short fluorescence component with the 
SVL fluorescence from the 141 level at the low 
excess energy of 1570 cm -1 . For this level the life-
time has been found from direct decay measure-
ments [5] to be 154 nsec. 

The procedure is divided into two steps. First 
the integrated SVL fluorescence from the 141 and 
the 14xl2 levels are compared at the low pressure 
of 0.55 torr where collisions may be neglected even 
for the long-lived 141 level. Then the integrated 
SVL fluorescence of the 141!2 level is compared 
with 14xln levels up to n = 5 at high excess energies 
at somewhat higher pressures. The non-radiative 
rates Knr are obtained according to 

Km (n) = Is (2) FC (n)II8 (n) FC (2). (2) 

Here 7s(?i) is the measured time integrated in-
tensity of the short component of the fluorescence 
from the wth progression member, FC(n) is the 
Franck-Condon-factor for the n t h progression mem-
ber of the totally symmetric v\ vibration. The 
Franck-Condon-factors for the progression mem-
bers 10

W are known from [10]. 
The results for the non-radiative rates (•) accord-

ing to (2) are given in Fig. 3 together with the 
integrated intensity of the short component (o) 
which is normalized to the fluorescence from the 
141 level. For comparison also the results from 
direct lifetime measurements of one-photon levels 
[7] as well as of two-photon levels [5] in the low 
excess energy range are plotted (A). Finally in the 
upper part of Fig. 3 the decay rates are shown as 
concluded in Ref. [2] from linewidth measure-
ments (A). 

There is some discrepancy between the non-
radiative rate of 109(sec-1) of the 141!2 vibronic 
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Fig. 3. Time-integrated short fluorescence for the 1411" 
states up to n = 5 (o ) . Nonradiative rates for various 
vibrational levels in Si as a function of excess energy. The 
values have been obtained in different experiments from 
(A) direct time-resolved decay measurements of states a t 
low excess energies ( ^ 3000 cm - 1) excited by one-photon 
[7] and by two-photon absorption [5], (A) linewidth mea-
surements of one-photon transitions to states a t high excess 
energies (2^3000 cm - 1 ) [2], ( • ) as estimated in this work 
for 141 l n states from the observed time-integrated fluores-
cence. 

state found by this procedure and our earlier life-
time measurements [5] yielding a value of 
8 • 10-9 sec. The lifetime value of 8 * 10-9 sec most 
probably reflects the time resolution of our earlier 
experimental system rather than an accurate life-
time value of the excited 141!2 state. The time 
resolution of the detection system used in this work 
is improved so that we find a value of 3.5 nsec 
(see Fig. 1) for the decay time of the short compo-
nent from the 141!2 level and a somewhat shorter 
value of 3 nsec for the higher levels. From this we 
conclude that the value of 3.5 nsec for the 141!2 

level is mainly due to the time resolution of the 
detection system and the true lifetime is much 
shorter, in agreement with the results from the 
integrated short component of this work. 

Both, one and two-photon lifetimes agree well 
in the low excess energy range. One observes a 
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