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Benzene molecules in a supersonic jet were photoionized using a tunable (233—262 nm) pulsed dye laser, and the
resonance-enhanced two-photons ionization (RE2PI) processes of the S; state were investigated by time-of flight
(TOF) mass-spectrometric technique. Without further fragmentation of CsH¢* ions under low laser power
conditions (<20 uJ/pulse), high-resolution excitation spectra of the parent ion have been measured for the 6'1”
progression (n=0,1,2,3). The relative photoionization intensity suddenly drops at the onset of the third channel
band, 6'13. Excitations of the rotationally resolved 613 and 6!12 bands under carefully controlled low laser powers
have revealed the fact that the relative intensity of the 6!13 band (above 3rd channel) to that of the 6!12 band (below
3rd channel) decreases with decreasing the excitation laser power. This has confirmed the idea that the ionizing
process is competing with nonradiative relaxation processes at the resonant state. Two-color RE2PI excitation with
the pumping (w1) and electrically delayed probing (w;=272.0 nm) lasers has given population decay rates of vibronic
state longer than 20 ns. Excitation spectra of the parent ion with scanning w: (241—248 nm) and those with the
optically delayed (2.8—8.0 ns) fixed wavelength of w; have been observed. Relative population yields for the 7! and
6113 vibronic states drastically decreased in a similar fashion to the relative fluorescence yield for the longer delayed
excitation. The present RE2PI measurement of the relative population yields for selective vibronic band excitations
revealed that the ionization method can detect the non-fluorescent transient species produced the optical excitation
above the 3rd channel of the S; state of benzene.

Photophysics of the S; (!B,,) state of benzene has been
extensively studied with various techniques."”” Of
particular interest is the so-called “third channel”
process. It has been observed as a sudden decrease in
the fluorescence quantum yield under collision free 80,000 -
conditions at an excess energy of ca. 2800 cm™! above the Ton State
origin of S;.5°14  The resonance-enhanced (2+2) photon
ionization technique has been applied by Murakami et
al.® and Aron et al.” They reported that the MPI
spectra of a benzene beam reflect exactly the two- 60,000
photon absorption cross sections even at the onset of the %P @2 2
third channel, i.e. the 14'12 band. Achiba et al.l®
observed a simillar result with two-photon ionization-
photoelectron spectroscopy. Riedle et al.!V applied a
Doppler-free two-photon fluorescence excitation
spectroscopy to measure the absorption linewidth of
rotational quanta of the 141”7 progression band. They
concluded that the third channel of benzene is an -
intramolecular vibrational redistribution due to Coriolis
couplings of the rotational band to short-lived vibra-
tional background states, since some of the rotational
quanta are missing for the 1412 band where the excess
energy above the origin of the S; state is 3412 cm™. L
Fluorescence decay measurements of each vibrational
level excited with tunable picosecond pulses (224— So (1A1g)
252 nm) were carried out by Sumitani et al.’» They 0
observed dual exponential decays at the onset of the third
channel for a static benzene gas and also under super-
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Fig. 1. A scheme of the PE2PI process of benzene

: s 13) around the third (3rd) channel region. Two-color

sonic beam C'OIldltIOIlS. . RE2PI process is illustrated on the right. A laser
In a previous work!> we have applied resonance- power is denoted by P.
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enhanced two-photon (1+1) ionization (RE2PI) tech-
nique to further the problem of the third chanel process
of benzene. A scheme of the RE2PI process is shown in
Fig. 1. One-photon resonant two-photon ionization
processes involve two steps, i.e., one-photon excitation
from So to S; with a cross section ¢; and one-photon
ionizing transition from S; to the ionization continuum
with a cross section o2. The cross section o is pro-
portional to the absorption coefficient & which is an
important characteristic of RE-(1+1)PI compared to the
other REMPT’s described above.

The lifetime (7) of each S; vibrational level below
channel three is longer than the excitation pulse width
(6.5 ns) and thus a steady state condition of the S; state
during the laser pulse can be satisfied. However, a
relative decrease of the population is expected above the
onset of the third channel. The isoenergetic ground
state levels, internally converted from the pumped 3rd
channel region, have negligibly small Franck-Condon
factors to the ionization continuum.!® The triplet state
formation is not plausible for the population decay.

An evidence was presented for the decrease of the
relative ion intensity in the previous work.!s) This was
based upon the observation of excitation spectra of the
CsHs" ion intensity measured over the wavelength of the
S1<So transition of benzene. Reilly and Kompa#%
proposed a four-level rate equation model, which is in
consequence similar to that of Fisanik et al.!” They
carried out a simulation calculation for the laser power
dependence of mass integrated ion signals in KrF and
ArF laser excitation of benzene. Their predicted value
(ca. 20 ps) of the !By, lifetime at 193 nm seems to be quite
long, which is also suggested by one of the same
authors.1®

Time-resolved RE2PI study is poweful technique to
elucidate the time evolution of transient states. Duncan
et al.!¥ determined the triplet lifetime of benzene with
pumping dye laser and a probe ArF (193 nm) excimer
laser. Otis et al.!® have applied for the first time a
similar method to the channel three band. Kiihlewind
et al.?9) applied the method to measure dissociation rates
of energy selected benzene cations formed by 2PI.
Recently Schubert et al.?!) measured population decay
rate of single rotational contours in the 14112 band above
the channel three threshold. In this study we have
applied nanosecond UV dye lasers to pump and probe
some rovibronic bands of S; benzene under supersonic
beam conditions (Fig. 1). The results obtained in this
study will be compared with those of fluorescence
quantum yields and lifetimes.

In preparing for this paper Riedle et al.?? reported
rotationally resolved spectra of the 6'13 band. They
confirmed their previous conclusion that the rotationally
excited rovibronic states are thought to be coupled to
background states within S; which are themselves
broadened due to strong coupling to the highly excited So
electronic state.
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Experimental

The apparatus for one-color and two-color resonance-
enhanced two-photon ionization (RE2PI) time-of-flight
(TOF) mass spectrometer has been described in detail
elsewhere?*2) and a brief description is given here. The
measurements were carried out in a linear reflectron TOF mass
spectrometer where a benzene molecular beam was ionized.
The benzene molecular beam was formed by expanding
benzene seeded in He (500 Torr—1 atm, 1 Torr=133.322 Pa) or
Ar (1—2 atm) generated through a modified commercial pulsed
nozzle (NRC BV-100) with 120 ps pulse duration. The pulsed
beam was skimmed and introduced to the ionization region
where it was crossed perpendicularly by a focused ionizing laser
beam at a distance of 3 cm from the nozzle. The two laser
beams in two-color experiments were collinearly aligned in
opposite directions. The typical ambient pressure of the main
chamber was 5X10~7 Torr when molecular beam running, so
that the collision of the ions with back ground molecules can be
neglected.

The excitation source consists of a pulsed dye laser pumped
by a XeCl excimer laser (6.5 ns pulse-width). The dye laser output
was frequency doubled by an auto-tracker which contains a -
barium borate (BaB.O4:BBO) angle-tuned crystal and Pellin—
Broca prisms. In two-color experiments the output from
another dye laser pumped by a XeCl excimer laser also
frequency doubled by a BBO crystal and the fundamental
output was removed by a filter (Toshiba UVD-33S) in this case.
Since the benzene molecule was excited to S; in the wavelength
region from 262 to 232 nm, Coumarin 500 (480—520 nm) and
Coumarin 480 (460—480 nm) dyes were used to produce the
corresponding frequency doubled UV laser outputs. In the
case of the experiments with lower laser intensities (<10 pJ) the
output power was reduced by using an appropriate filter. For
the wavelength of 272.0 nm Coumarin 540A dye was used.
Since the excitation at this wavelength does not produce
benzene ions, higher power of the probe laser than the pumping
laser was used to optimize the signal enhancement. The
population decay rates of the S; vibronic states were determined
by observing enhanced ion signals by the probe (ionizing) laser
pulse irradiated after some delay time from the pump pulse.
The delay time between the pump and probe pulses was varied
in the range of 20—110 ns by a digital delay pulse generator or
2.8—8.0 ns by an optical delay. The resolution of dye laser
pulse was 0.07 cm~! without using an intracavity etalon, which
is well enough to excite a rotationally resolved Q band head of
a specific vibronic band in the cold beam.

Detection of benzene ions was performed by a linear
reflectron TOF mass spectrometer. The linear reflectron has
an ion reflector to compensate the initial velocity spread of ions
in the acceleration region and thus provides high mass
resolution even with present short drift length (53.6 cm). The
detector at the end of the drift tube is composed of dual
microchannel plates with a gain of 1X107. Signals from the
detector were amplified and then fed to a digital storage
oscilloscope, which also allows signal averaging and data
transfer to a microcomputer. The microcomputer also allows
for control and scanning the dye laser system. The digital
delay pulse generator also controls the relative timing of the dye
laser and molecular beam pulses.
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Fig. 2. High-resolution RE2PI excitation spectra of
611" progression bands. The dotted line shows the
variation of the laser output. The beam conditions
were; He-seed 1 atm, nozzle temperature 36°C. The
individual scans consist of 160—260 data points
observed at 0.0040 nm wavelength intervals with the
averaging time of 8s at 10 Hz laser repetition rate.
Only prominent band heads are assigned and indicated
in the figure. Observed broad bands are composed of
rotationally and vibrationally hot bands due to the
warm beam conditions (see text).

[Vol. 65, No. 1

Results and Discussion

One-Color RE2PI Excitation Spectra of the S: State.
A mass-tuned (m/z=78) excitation spectrum has been
observed for the excitation wavelengths scanned from
235 nm to 262 nm with the laser intensity of 4—7 uJ and
has already been reported in a previous work.!'s It
should be noted here that the multiphoton-absorption-
fragmentation of C¢He* is very efficient, but it can be
negligibly small with the excitation laser intensities less
than 20 pJ/pulse. Under these low laser powers, the
observed Cs¢Hs* ion intensity should reflect the
population density of the resonant S; state. The
excitation spectra in the previous work,!> however, was
measured with a fairly quick scanning under warm beam
conditions. Accordingly the spectral resolution was not
high. As it is described in the experimental section, the
present laser system has a resolution of 0.07 cm™.
Therefore it is feasible to observe a high-resolution
spectrum.

The excitation spectra of the 6'1" progression bands at
their band positions were measured under the same beam
conditions as that in a previous paper,'® but with a higher
spectral resolution. The spectra are shown in Fig. 2.
Some rotational envelopes of the Q blanch are observed
along with some vibronic hot bands. For instance,
three peaks observed at around 259.6 nm in Fig. 2-a are
designated to 62; for the two of the three peaks and 6°;12
for the other, which have one vibrational quanta of v in
the ground state. Sharp small peaks appeared at the red
side of each 6!'1” band are assigned to be the 17217!
vibronic bands by Atkinson and Parmenter.?”? Since
the ion intensity below the channel 3 excitation comes
from the S, state population,!®) the excitation spectra in
Figs. 2-a, b, and ¢ should reflect the S;«—S, absorption
cross section.  In comparison with high resolution absorption
spectra at room tempsrature,?” these spectra indicate
that the resolution in this study is high enough to resolve
the rotational Q band head. The beam seeded by
600 Torr (1 Torr=133.322 Pa) He should be much colder
than those in Fig. 2. The Q band heads in Fig. 2 have
sharp band widths of about 2 cm™. Broad rotationally
hot background signals, however, seem to overlap with
the Q band heads.

Ion yield for the resonant excitation in rotationally
resolved Q band head was determined from the peak
heights of the observed spectrum. This yield is
compared with that below the channel three threshold.
As described in a previous paper!® (also cf. Fig. 1) the
relative ion yield should decrease if any nonradiative
process in the S; state occurs. The value of the CsHs*
intensity (/) is first divided by the laser power (P) and the
absorption coefficient (r), since the population in the
resonant S; state is proportional to No'ri* P (No stands for
the So population). The ratios of the intensities for the
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respective vibronic bands are then normalized to that for
the 6112 band which is below the channel three threshold.
The obtained values (define X=1/ P-A4) from Figs. 2-a, 2-
b, 2-c, and 2-d are 0.99, 0.93, 1.0, and 0.72, respectively.
The X values are fairly constant for the 6!1* progression
(n=0,1,2) below the channel three threshold, but be-
comes smaller above the channel. The value of 4
(relative value of the absorption coefficient) might
include some ambiguity since they were determined in a
low vapor pressure (0.90 Torr) of benzene, which are
essentially different from those in the molecular beam.
The difference, however, is likely to be small for the
values of the 6!12 and 6!'13 bands, in comparison with
those determined in cold beam conditions by Hiraya and
Shobatake.?® So it is still meaningful to compare the X
values. The X value for the rotationally resolved Q
band head of the 6'13 is substantially smaller than that of
the 6!12. This trend was also seen in the low resolution
spectrum obtained in the previous work,! indicating
that the decrease in the X value is independent of spectral
resolution for the excitation of the vibronic band. As it
is well-known, this 6!13 band is the onset of the third
channel of benzene. The drop of the X value exactly
coincides with the onset of the channel three. It is clear
that the nonradiative process at the third channel is
responsible for this decrease in the X value of [(CsHs*)/ P
A, since the X value is inversely proportional to the
nonradiative decay rate.

Cooling and Laser Power Effects on the Ionization
Yields. A rotationally and vibrationally cold RE2PI
excitation spectrum for the 6'12 band-is shown in Fig. 3.
The cooling effect of the spectrum in Fig. 3 is clear in
comparison with that observed in Fig. 2-c. The peak for
the Q band head (FWHM 2.0 cm™) is well separated
from the rotational hot bands. A vibronic band (1721?)
stays on the rotational band envelope, 11.1 cm™ to the
red of the Q band head. The intensity of background at
the band head is estimated to be less than 4% of the peak
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Fig. 3. Excitation spectrum of the 6'12 band observed
under the cold beam conditions (benzene vapor
pressure at 0°C, seeded Ar 1 atm). The dotted line
shows the variation of the laser output. The scanning
rate of the excitation wavelength and the averaging
time were the same as in Fig. 2. The rotational Q
band head (FWHM=2.0 cm™) is well separated from
other rotational bands and the vibronic band (17211).

height. Under the cold beam conditions shown in Fig.
3, the C¢Hp ion intensity for the two specific vibrational
bands, i.e., 6'12(247.178 nm) and 613 (241.675 nm), were
carefully measured together with the variation of laser
power (lower than 10 pJ/pulse ) for the respective Q band
head excitation. The peak intensities of the vibronic
bands were determined by scanning the wavelength of the

Table 1. Values? of X=I(CsHs*)/(A-P) for Various Low Laser Powers in RE2PI of Two Specific
Vibrational Band Heads 6!12 and 6!13 and under Cold Beam Conditions
: b) - d)
Wavelength Vib. band AR A P I(CsH¢*) Iel)? X
nm cm! nJ mV (I/A-P)
247.178 6112 2367 1.0 1.7 56 1.0 1.0
1.0 3.7 225 1.8 1.0
1.0 10 590 1.8 1.0
241.675 6113 3291 0.48 1.7 8.0 0.29 0.29
(0.44) 0.32) (0.32)
0.48 3.7 36 0.61 0.33
(0.66) (0.36)
0.48 10 190 1.2 0.67
(1.3) 0.72)

a) Uncertainities are ca. 10% due to experimental errors.
Callomon et al.?9 and AE indicates the excess energy above the origin band (38086 cm™).2%
d) Values in parentheses are derived using the value of the relative

relative to the value at the first column.

b) Notation of the vibrational band is according to
c) Power dependence

absorbance (4=0.44) observed in the supersonic beam condition by Hiraya and Shobatake.2?)
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Fig. 4. RE2PI/TOF mass spectra obtained with two excitation wavelengths,
247.178 nm (6'1?) and 241.675 nm (6'13) under the same cold beam conditions as
in Fig. 3. Three sets of measurements were carried out for the laser intensity
with 10 pJ/pulse (a), 3.7 uJ/pulse (b), and 1.7 pJ/pulse (c), where the laser
intensity for set was the same. The TOF spectra shorter than 8us are omitted
in the figure. The laser intensities are also illustrated at the flight time 0. The
arrow indicates the. position of the C4Hs* ion, confirming the negligible
fragmentation of the parent ion CsHg".
dye laser. The TOF spectra taken under this condition  channel three.

are shown in Fig. 4 together with the laser power used.
It should be noted here that the applied laser power did
not cause saturation of the one-photon transition
(S1¢-S0), so that the observed RE2PI signals involve
information on nonradiative processes occurring at the

The derived ionization efficiencies are tabulated in
Table 1. Itisclear that the ratio of the X value for the Q
band head excitation of the 6'1% band to that of the 6!12
band is decreasing with decreasing laser power. The
value of 0.60 for a 6 uJ laser power obtained in our
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previous work!®) indeed falls in between those for 3.7 pJ
(X=0.33) and 10 pJ (X=0.67) laser powers in Table 1.
The ion intensity of C¢Hg" obtained in the excitation of
the rotationally resolved absorption band (Q band head)
in the channel three region is quite dependent upon the
excitation laser energy. The intensity decrease of the
6'1®> band is free from the variation of rotational
excitation (which contributes to the background) and is
due purely to the variation of the vibronic band per se.
A simple power dependence shown in the second column
from the right indicates that the power dependence for
the 6'1° is higher than that for the 6'12. This can be
qualitatively explained by the difference in the rates of
the relaxation processes which compete with the
pumping to the ion state. The relaxation rate from the
6'13 vibronic band is much faster than that from the 6!12
level so that the ionization via the 6113 level requires the
absorption of the second photon within the shorter
lifetime. Higher photon density supplies two photons
in a shorter time window.

Two-color pump and probe method is necessary to
obtain information on time evolution of the population
decrease in the S; state. Otis et al.!® have already
applied the pump and probe (193 nm) method to
elucidate the nonradiative decay rate in the 6'13 band.
We tried to do the similar method with the similar pulse
width (6.5 ns) but different probe wavelength 0of 272.0 nm
as described in the following section.

Excitation Spectra of 6'13 and 7' Bands in the Cold
Beam. The RE2PI excitation spectra in supersonic
beam conditions were measured for 241.6—243.2 nm
(Fig. 5). High resolution spectra of the 6!13 and 7!
bands were measured separately, but not shown in the
figure. The hot background observed in Fig. 1 in our
previous report!s are totally absent for the excitation
wavelength between the two bands. The rotational hot
bands observed for the red side of the 7! band are more
distinguished than those for the 6!1° band (Fig. 5), which
was much clearer in the high resolution spectra (not
shown). A band contour simulation of the high
resolution spectra,’® the rotational temperature for the 7!
band is estimated to be ca. 29 K.  The relative ionization
efficiency of the 6'1° band to the 7! band is still similar to
the value reported in our previous work.’® In con-
sequence, the ionization efficiency of the 7! band seems to
be higher than those of the 6!'1” bands, which is
independent of the beam conditions. This fact is
inherent in the ionization step of the 7! band even though
the ionization cross section of the band is not known at
present.

Two-Color RE2PI Processes with Electric Delay
Time. Two-color RE2PI with electrically delayed
secondary excitation was carried out for determining the
excited state lifetimes of the vibronic bands. A similar
experiment was already carried out by Hopkins et al.3V
for the spectroscopic and lifetime measurements of
benzene clusters. The wavelength of x; was tuned to the
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Fig. 5. RE2PI excitation spectrum of benzene in the

third channél region under cold beam conditions.
The dotted line shows the variation of the laser output.
The beam conditions were the same as in Fig. 3. The
scanning rate and the averaging time were the same as
in Fig. 2. The spectrum is composed of 370 data
points and flat backgrounds are observed for 241.8—
242.8 nm wavelength region, giving evidence of a cold
beam. The values of I/ P-4 for the Q band heads of
the 6'13 and 7! bands in the figure has been compared
with those reported in our previous work,!S leading to
the similar ratio. The high resolution excitation
spectra of the 612 and 7' bands such as that in Fig. 3
were also observed, but not shown in the figure. The
feature of the rotational hot bands was the same as in
this figure.

Q band head (258.992 nm) of the 6! band at first. The
low output energy (2—3 pJ/pulse) of w; caused weak
CsH¢* ion signal due to one-color RE2PI. The
following w, irradiation with some delay time produced
the second CsHs* ion signal in the TOF spectrum with the
exact delay time between w; and w;. Thus the second
peak is attributed to the ionizing process by w2, which
reflects the population decay of the resonant S; state
pumped by w;.

The wavelength of w; was then tuned to the Q band
head of 6!, 6'12, 7!, 6'1%, 6'10%212, and 7'1! bands.
Enhancements of the signals by w; for the 61, 6!12, and 7!
band excitations were observed, while no distinctive
delayed signal appeared for the excitation of the other
bands including the 6!1° band. The lack of enhan-
cement by w; gives the upper limit of 20 ns (which is the
limit caused by the firing jitter of the two excimer laser
pulses) for the relaxation time of these bands.

Population decay of the pumped S; state could be
derived from the probed ion signal intensity by delayed
w; irradiation. The logarithmic values of the probed
intensities are plotted against the delay time between w; -
and w, as shown in Fig. 6. These plots give straight
lines, of which slopes provide population decay rates.
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Fig. 6. Logarithmic plots of CsHe* ion intensities by
two-color (w1tw,) irradiation against the delay time
between w; and wy. The enhanced CsHg* ion signals
due to the two-color process were plotted for the delay
time between w: and w,, where wavelengths of w; were
258.992 nm (a), 247.178 nm (b), and 242.923 nm (c),
respectively. These wavelengths correspond to the
rotational Q band head (FWHM=2.0 cm™!) of the 6!,
6! 12, and 7! bands, respectively.

Obtained population decay rates of some vibronic bands
are listed in Table 2. The value for the 6! band (last
column in Table 2) agreed with the reported value
determined by a similar experiment.3) Derived values
for 6!12 and 7! bands are in good agreement with those
obtained by fluorescence decay measurements!? using
picosecond laser pulses. The shorter decay component
(4.2 ns) of the 7! band was not observed due to the limited
time resolution. That can be determined by an optical-
delay experiment as described in the following section.
In consequence the good agreement for the 7! vibronic
state gives evidence that the present pump and probe
method is applicable to determine the population decay
rate of benzene longer than 20ns. Decay rates for
channel three bands, however, seem to be beyond the
time resolution of the present apparatus and only the
upper limit value of 20 ns can be given in the table. In
order to obtain information on the decay rates of the
channel three bands (7! and 6'13 in particular), we have
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Table 2. Population Decay Rates of Some Vibronic
Levels above and below the Channel Three of
Benzene Probed by Different Methods

Ex. ) N AE® 72 This study
W Vib. band cm! ns (z/ns)
259.0 6! 525 81.5 75+8
247.1 6'12 2367 54 5448
242.8 71 3080 4.2,19.6 22449
241.7 613 3291  <0.5,3.2 <209
240.2 6110212 3538 <0.5,1.0 <20
237.5 7111 4001  <0.5 <20

a) Notation of the vibrational band is according to
Callomon et al.2% and A Eindicates excess energy above the
origin (38086 cm™)2 of S;. b) Decay times taken from
Refs. 12 and 31. c¢) See Table 3.

conducted optical-delay (<10 ns) type two-color exper-
iments.

Optically Delayed Two-Color RE2PI Excitation.
Optical delay time between w; and w; (produced from the
two dye lasers pumped by a single excimer laser) was first
set at 2.8 ns, which is shorter than the laser pulse width
(8 ns). The CsHs" ion intensity due to one color RE2PI
of the 6!1% band was indeed enhanced with irradiation of
w2 at 2.8 ns delayed time. This fact suggests that time-
resolved ionization processes at a nanosecond time range
is observable in terms of enhanced ion intensity by the
present measurement. However, the exact ionization
rate by one-color w; pulse within 6.5 ns duration is not
known and moreover the enhanced ionization rate by w,
within overlapped pulse time with w; is also unknown.
The enhancement of the CsH¢* signal with w, irradiation
was much distinguished for the 6!12 band excitation than
for the 6113 band excitation. In the present two-color
experiments, the enhancement must reflect the popula-
tion of the resonant state at the fixed delay time.

The excitation spectrum of the CsH¢" ion intensity has
been measured with irradiation of scanning w; and
optical-delayed irradiation of w,. Two typical cases for
different delay times are shown in Fig. 7. Relative ion
intensities of the 7! and 6'1° bands to that of 6!12 band
decreases remarkably with increasing the delay time from
2.8 ns (Fig. 7-a) to 8.0 ns (Fig. 7-b). The ion intensity
ratio of the 6113 band to that of the 6'12 band at 2.8 ns
delay is much smaller than that observed in one-color
RE2PI experiment. This is indicative of the fact that
the lifetime in the 6'13 state is shorter than 2.8 ns as is
given in Table 2. It should be emphasized that due to
the low laser power of w; (less than 1 pJ/pulse), con-
tribution from the one-color RE2PI process can be
negligible. The fluctuation of the power through the
scanning of w: was at most 25%, and was taken into
account to determine the population yield. The inten-
sity of w2 was 15 pJ/pulse and kept constant throughout
the two-color RE2PI excitation experiment. There-
fore the ion intensity decrease observed in Fig. 7-b can be
attributed solely to the population decrease of the
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Fig. 7. 2C-RE2PI excitation spectrum of the parent
ion with two different optical delay times between w,
and w; (a) 2.8 ns delay and (b) 8.0 ns delay. The
beam conditions were; Ar-seed 2 atm, nozzle temper-
ature 46°C. The beam conditions were the same for
the two experiments, but the background in the
spectrum (a) was more smooth than in (b). The laser
power of w; was less than 1 uJ/pulse, neglecting one-
color RE2PI processes. The wavelength of w, was
fixed at 272.0 nm and its power was approximately
15 pJ/pulse and kept constant throughout scanning of
wi. The individual scans consist of 300 data points
observed at 0.002 nm wavelength intervals with the
averaging time of 8s at 10 Hz laser repetition rate.
For 8.0 ns delay experiment the signal for the third
channel region was very weak and the excitation
spectrum in the region 241.5—243.3 nm was separately
observed with higher sensitivity than the case in (a).
The spectrum is shown in the inset. The relative
values of peak heights and areas observed in the
spectra (a) and (b) were used in Table 3.

resonant vibronic state. The relative population yields
of the resonant state can be derived in analogy to the
derivation of the relative ion yield described in the earlier
section. The obtained relative population yields
(X(0)=I(t)] P-A) and the derived population decay times
(7) for the 7! and 613 band excitations are summarized in
Table 3.
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Fig. 8. Natural logarithmic plots of X(¢) against the
delay time. The value of X(?) is defined as the relative
population yield to that of the 6'12 band at the delay
time t=0. X(¢) values obtained by six different delay
time measurements of 2C-RE2PI excitation spectra
including two scans in Fig. 7 are indicated circles, two
of which indicates the experimental error bar. Solid
lines show the least square fit of the data using the
relation, X(£)=Xoexp(—t/7). Theslope of the straight
lines lead to the values of .  The line for the 6!12 band
excitation is drawn by the assumption that the value of
7 is 54 ns taken from the result in Table 2.

In Table 3 relative fluorescence quantum yields (&)
and X values by one-color RE2PI experiments are also
listed for comparison. Both the fluorescence and
relative population yields are normalized to 1.0 for the
values of the 6'1? band resonant excitations. As is
clearly shown, the population yield of the 6!13 band
excitation drastically drops with increasing the delay
time in a similar fashion to the fluorescence yield. The
value of the population yield at 8.0 ns delay time seems to
be equivalent to the fluorescence yield, though the peak
intensity of the 6!1° band signal is very weak and then is
estimated to be equal to or less than the noise level. In
Table 3 the population decay times (7) listed in the last
column were derived from the fitting of X values under
the assumption that the X values observed at different
delay times are obedient to a single exponential decay
function (namely, X(£)=Xo exp(—t/t)). Logarithmic
plots of X values against the decay time 7 indeed have
given a straight line (Fig. 8), of which slope gave the value
of 7. The decay seems to be composed of dual
exponential functions, but the approximation must be
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Relative Population Yields of Two Vibronic Levels in the Channel Three Region of Benzene Probed by

Three Different Methods and Decay Times Derived from the Pump and Probe Method in This Study

) ime)®
Vib. band ﬂi__ ) One color RE2PI® X(f) by 2C-RE2P19 7 (decay time)
’ cm! t=2.8—8.0ns ns
6112 2367 1.0 1.0 0.95 —0.86 54
71 3080 0.08 2.6 1.7 —0.57 4.6
613 3291 0.014 0.67—0.29 0.091—0.018 3.5

a) Excess energy above the origin (38086 cm™)2% of S;.

b) Relative fluorescence quantum yields taken from Ref.

12. c¢) Relative value of X obtained by one-color RE2PI taken from our Ref. 15 and also from Table 1. d)

Uncertainties are ca. 10% due to experimental errors except for that (ca. 50%) for the value of 0.018.

The values

obtained from the peak heights and the peak areas such as in Fig. 7 are normalized to 1.0 for the 6!12 band excitation

at delay time t=0 (Xo=1).
exp(—t/7).

valid within the limited time range of 2.8—8.0 ns for the
fitting. The decay for the 7! band excitation is
practically dual, one (ca. 22 ns) is obtained by the electric
delay experiment (Table 2) and the other (4.6 ns) is
determined from this optical delay experiment. These
lifetimes are in good agreement with a previous report!?
(Table 2).

The decay for the 6'1° band excitation was also
reported to have dual exponential functions'? as listed in
Table 2. The present study (based on the above
analysis) led to derivation of nanosecond decay rate of
the 6113 vibronic state and the obtained value (3.5 ns) isin
accord with the fluorescence lifetime (3.2 ns).!2 The
value also agrees with the average of the decay rates for
the rotational Q branch of the 6!13 band recently reported
by Riedleetal.??  Since the present excitation resolution
1s 0.07 cm™!, the value should correspond to the ensemble
for these rotational contours included within the band
width. From the results in Table 3 we may conclude
that two-color RE2PI spectroscopy employed in this
study is also applicable to elucidate a few nanosecond
time evolution of nonradiative processes occurring in
channel three vibronic states of benzene. The obtained
decay time of 3.5 ns for the 6'13 vibronic state indicates
that the excited molecules in the vibronic state are
subjected to the fast radiationless processes.

The value of X; for the 6!1° band excitation is found to
be 0.18, which is an extrapolated X(¢) value at time =0.
This value is eventually similar to the X value of one-
color RE2PI with the lowest energy of 1.7 uJ and so is the
Xo value for the 7! band excitation. Both the 611° and 7!
states have dual exponential decay functions and those
decay rates for the 7! state were determined from the
present two-colors experiments. However, a faster
decay rate for the 6!13 state (Table 2) could not be derived
from the present study. Only the existence of the faster
decay process than the probed 3.5 ns one is confirmed by
the fact that the X, for the 6113 state is much less than the
unity, namely the normalized X, value. The fast decay
process seems to be the transition to the unknown
transient state. To clarify this unknown transient state
one must proceed to do the two-color RE2PI exper-

¢) The decay time () is derived from the slope of the straight line in Fig. 8 with X(1)=Xo
The value (54 ns) for the 6'12 band excitation is taken from Table 2.

iment using two picosecond or femtosecond laser
systems.

Detectability of Non-Fluorescent Transient Species by
Ionization Method. In regard to quantitative discus-
sion on the results in Tables 1, 2, and 3, the one-color
RE2PI method may lead to the similar results as in
fluorescence quantum yield measurements, since the
ionizing transition in the RE2PI process is competing
with nonradiative processes occurring at the resonant
vibronic levels of the S; state of benzene. As far as the
short lifetime of the 613 state is concerned, the second
photon ionization in the one-color RE2PI process should
occur within the laser-pulse duration time. Thus the ion
intensity may reflect somewhat time-integrated value.
However, the X value of the 613 band relative to that of
6'12 is 0.29—0.67 even for the lowest power of 1.7 pnJ/
pulse and this value is 2.3—5.4 times higher than the X
value of 0.12 (for the 6.5 ns pulse excitation) expected
from the relative fluorescence quantum yield (0.014).12
The ionization method can excite non-fluorescent
“transient” species generated through the nonradiative
transition from the primarily prepared fluorescent states.
This non-fluorescent transient species, however, should
have an ionization energy lower than or similar to that of
the fluorescent species for one (or two) more photon
ionization from the prepared state. Therefore, if the
electronic structure of the transient species changes
producing a new “transient” species (due to some
geometrical change) and its ionization requires energy
much higher than the two-photon energy, then the non-
fluorescent transient states cannot be detected any more
by this method. The detectable transient state cannot
be a vibrationally hot ground state, since the internally
converted state have negligibly small Franck—Condon
factor to the ionization continuum.!®) It is possible fora
triplet state to be ionized, but that is a minor contribution
to the ionization yield.'” Results of fluorescence spec-
troscopy!2!? suggested that the fast decay is not an IVR -
but more likely the transition to the unknown precursor
to give anisomer. Although it is not possible to identify
the character of the fast decay process from the present
results, the relatively large X value may include
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ionization of this unknown state. The detectability of
non-fluorescent transient species is an important feature
characteristic of the RE2PI process compared to the
fluorescence spectroscopy.

Conclusion

The occurence of the fast nonradiative process in the
third channel region of benzene was probed by the
observation of the decrease of ionization efficiency above
the channel three threshold relative to that below the
threshold in the RE2PI excitation spectrum. The
relative intensity decrease is independent of the
rotational temperature of the molecular beam, but is
dependent upon the laser power of the RE2PI process.

The relative intensity decrease has been measured with
two-color RE2PI (pump and probe) technique.
Electrically delayed experiments determined population
decay rates of some vibronic bands longer than 20 ns.
With optical delay experiments a few nanoseconds decay
rates for 7! and 6'1° states in the 3rd channel region were
determined and these values are in good agreement with
those obtained by fluorescence decay measurements
using picosecond pulses. Relative population yield of
the 6113 state extrapolated to /=0 ns is much less than that
of the 6'12 state, revealing the existence of much faster
decay process at the 6'13 state than a few nanoseconds.
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