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Rotationally resolved spectra of the 6} and 61} band of benzene, C¢Hg, in a supersonic
molecular beam at rotational temperatures between 8 and 50 K are reported. The spectra
consist of lines of 85 MHz linewidth. An unexpectedly low saturation intensity of ~ 10*
W/cm? is found for the observed one-photon transitions, and it is shown that the saturation
intensity differs for different rotational lines within one vibronic band. The rovibronic line
spectra are analyzed within the framework of a rigid symmetric top model and highly precise
values of the rotational constants are determined. In addition, the rotationless transition
frequencies v, are obtained with high precision. The spectrum of the 6; band shows no signs
of rotational perturbations, while the 6} 1; band at higher vibrational excess energy shows
indications of perturbations for lines with X' above 10. The decay times of single rotational
states within the 6!1? vibronic state are reported and no rotational dependence of the decay
time is found in agreement with the statistical limit character of the interstate nonradiative

process.

I. INTRODUCTION

The resolution of the rotational structure of the UV
spectrum of large molecules is not possible with the resolu-
tion of about 1 10° of conventional Doppler-limited spec-
troscopy. However, recently we were able to show that the
complete resolution of the rotational structure of the vi-
bronic bands of benzene is possible after elimination of the
Doppler broadening."* The method used was Doppler-free
two-photon spectroscopy of benzene at room temperature.
The extremely high resolution of 2 X 10® achieved in these
investigations allowed the identification of isolated rota-
tional perturbations® and the observation of the homoge-
neous line width of single rovibronic states.* In a pulsed ex-
periment at a somewhat reduced resolution of 1X 10’ the
measurement of the decay time of single rovibronic quantum
states was possible.>® One of the striking results of these
investigations was a strong rotational dependence of the
nonradiative decay rate in the “channel three” regime.’

While most of the spectroscopic investigations of ben-
zene with Doppler-limited resolution and consequently un-
resolved rotational structure were performed on one-photon
allowed transitions, the rotationally resolved spectra so far
were all recorded for two-photon allowed transitions. Due to
the high symmetry of benzene ( Dy, ) different final states are
accessible by one- and two-photon spectroscopy. Therefore,
the high degree of rotational selectivity found in the two-
photon sub-Doppler work®™ cannot directly be compared
with the previous investigations and the question may arise
whether the results (e.g., line broadening, varying decay
times) are special results of the two-photon states investigat-
ed in our previous work or are rather a common characteris-
tic of all states at a distinct vibrational excess energy inde-
pendent of the symmetry and character of these states.

The best resolved one-photon UV spectra of benzene in
the literature still remain the Doppler-limited spectra of Cal-
lomon, Dunn, and Mills (CDM) of more than 20 years ago.”
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Since that time experimental methods have been greatly im-
proved, but these new methods were not yet used to record
electronic one-photon spectra of the prototype organic mol-
ecule benzene at increased resolution. In this work we want
to show that the combination of an extremely narrow band-
width pulsed tunable laser system with a well collimated
pulsed molecular beam permits the observation of rotation-
ally resolved one-photon spectra of benzene under condi-
tions of moderate rotational cooling. The combined use of
narrow band width lasers and collimated molecular beams
has rendered spectra of a number of molecules at a resolution
well below the room temperature Doppler-width before, but
in these investigations the needed laser frequency was either
in the visible region® or could be reached fairly conveniently
by direct frequency doubling of a cw laser.®'° This is not
valid for the S, « S, system of benzene, but pulsed amplifica-
tion of the cw laser and consequent frequency doubling is
shown to be a very efficient way to produce the desired nar-
row bandwidth UV light. The pulsed nature of the laser sys-
tem allows the use of a pulsed molecular beam, which re-
quires a much smaller vacuum system than the continuous
molecular beams used in conjunction with cw lasers.

{I. EXPERIMENTAL

The scheme of our experimental setup is shown in Fig. 1.
It basically consists of an extremely narrow bandwidth
pulsed tunable UV laser system, a pulsed molecular beam
apparatus, and the detection electronics.

To produce the narrow bandwidth tunable UV laser
light, the output of a commercial single mode cw dye laser
(CR 699/21; Coumarin 102 dye; Av=1 MHz) is amplified
in three stages (Coumarin 307 dye) pumped by 10%, 20%,
and 70%, respectively of the output of a XeCl excimer laser
(EMG 1003 MSC).%!! At the wavelength of about 510 nm,
typically 200 mW of cw light are sufficient to obtain light
pulses with 5 to 10 mJ energy from 100 mJ pump pulses. The
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frequency width of the resulting visible pulses is about 50
MHz (seeSec. III A), i.e., they are nearly Fourier transform
limited in frequency space. The pulse length of 15 ns, which
is slightly shorter than the length of the pump pulses, would
correspond to a frequency width of 30 MHz. To decouple the
amplifiers from the cw laser, an optical isolator consisting of
two polarizers and a home built Faraday rotator is used.
Amplified spontaneous emission resulting from the first am-
plifier stage is effectively suppressed by spatial filtering, a
narrow bandwidth interference filter and an additional po-
larizer between the first two amplifier stages.®'! The narrow
bandwidth pulsed light is frequency doubled in a BBO crys-
tal. No attempt has been made to maximize the efficiency of
doubling, since the resulting pulse energy of typically 400 pJ
is by far sufficient to saturate all investigated transitions (for
details see Sec. III B 2). Indeed, the UV light is typically
attenuated by a factor of 100 for the recording of spectra. No
change of the phase matching angle was needed during a
single scan of the cw dye laser of up to 30 GHz.

The spectral purity of the cw light is monitored with a
scanning Fabry-Perot interferometer (FPI) and its frequen-
cy is routinely measured to an absolute accuracy of better
than 0.02 cm™! with a commercial wavemeter (Burleigh,
WA 20). For a highly precise absolute calibration of the
spectra, the I, absorption spectrum is recorded simulta-
neously and compared with the spectrum of Ref. 12. A pre-
cise relative frequency scaling is obtained from the transmis-
sion spectrum of a 150 MHz free spectral range (FSR)
confocal FPI (Burleigh, CFT 500) which was evacuated
and temperature stabilized. Its FSR was determined to bet-
ter than 1 part in 10° by comparison with the I, spectrum. '?
To avoid problems with variations in phase shift with chang-
ing wavelength,'® Al-coated mirrors were used in the FPI
leading to a finesse of 7.

The unfocused narrow bandwidth UV light with a beam
diameter of about 2 mm is crossed perpendicularly with a
supersonic beam of benzene, which is formed by expanding
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pure benzene or a mixture of 60 Torr benzene and varying
amounts of Ar (up to 2.5 bar partial pressure) through a 200
pm nozzle. The nozzle is mounted in a modified fuel injec-
tion valve, which is capable to produce gas pulses of typically
500.us duration. The distance between the nozzle and the
interaction region could be varied between 0 and 200 mm.
The vacuum chamber consists of two parts, pumped by
turbo molecular pumps with 330 and 170 ¢/s pumping
speed, respectively. Typically a background pressure of
4 107° Torr was maintained in the second chamber to en-
sure collisionless excitation conditions. To record sub-
Doppler one-photon excitation spectra, the interaction re-
gion is imaged onto a 2 mm aperture by two planoconvex
fused silica lenses of 80 mm focal length and 37 mm effective
aperture. The light transmitted through the aperture is de-
tected by a photomultiplier (56 DUVP; Valvo). The small
solid angle of collection proved to be sufficient for the re-
cording of the spectra with superior signal to noise ratio. It is
worth mentioning, that in a recent experiment to record the
rotationally resolved electronic spectrum of the cyclopenta-
dienyl radical,'* a similar setup to the one reported here was
used, but a somewhat lower effective collimation of the mo-
lecular beam and a larger laser linewidth resulted in a three-
fold larger experimental linewidth than reported here. For
optimum spectral resolution and lower background pressure
a home built skimmer with a circular opening of 1.5 mm
diameter was placed between the nozzle and the interaction
region. The total UV power transmitted through the appara-
tus was recorded with a photodiode to allow normalization
of the spectra. To hinder stray light of the laser from reach-
ing the photomultiplier, a light baffle consisting of apertures
of 8, 7, and 6 mm diameter is installed at the entrance side of
the beam chamber and a Brewster-angled window on the
exit side.

The signal from the photomultiplier was either integrat-
ed in a SR 250 gated integrator to record spectra or its wave-
form was digitized in a Tektronix WP2221 system for decay
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time measurements. Data were stored in a Mini FORCE 2P5
and finally transferred to a VAX 8200 computer for evalua-
tion. For the recording of decay curves, the laser was not
scanned with the commercial control unit, but instead by the
output of a computer controlled 16 bit DA converter. By this
procedure the laser frequency can be positioned on top of
any desired spectral feature for sufficient time.

IIl. RESULTS AND DISCUSSION
A. Spectral resolution of the collimated beam
experiment

In a collimated molecular beam the distribution of
transversal velocities (i.e., the transversal translational tem-
perature) is strongly reduced and, as a consequence, the
Doppler width decreases drastically. The experimentally ob-
served linewidth of single transitions is determined by the
homogeneous width of the molecular lines, the heterogen-
eous width due to the reduced Doppler width and the
linewidth of the laser. In the investigated case of benzene
transitions leading to excited states with relatively low vibra-
tional excess energy in .S, the homogenous linewidth is ex-
pected to be on the order of a few MHz at most, since the
decay time of these states is known to be just slightly less
than 100 ns'® and collisional broadening can certainly be
neglected in the molecular beam. As the laser bandwidth is
about 70 MHz, the homogeneous width does not significant-
ly enter into the measured linewidth.

The effective collimation of the molecular beam is given
by the distance between the nozzle and the laser beam-mo-
lecular beam interaction region and the observed size of the
interaction region, as determined by the quality of the imag-
ing optics and the size of the aperture in front of the photo-
multiplier. If we used a skimmer to collimate the beam me-
chanically, the distance between nozzle and skimmer
becomes determining. However, too high a collimation will
lead to a low number of observed excited molecules and con-
sequently a low signal. A reasonable value for the effective
collimation is found, if it is good enough to reduce the distri-
bution of transversal velocities (i.e., in the direction of prop-
agation of the laser beam) and consequently the residual
Doppler width to a value comparable to the laser linewidth.
Any better collimation will only reduce the signal, but not
lead to a significantly better resolution. It is also worth men-
tioning at this point, that the Doppler width does not only
depend on the collimation of the beam but also on the abso-
lute velocity of the molecules. In a supersonic expansion the
velocity of the seeded gas (benzene) is approximately equal
to the thermal velocity of the carrier gas. To reduce this
value argon (M = 40 amu) was preferred to helium (M = 4
amu) as a carrier gas in our experiments.

To measure the linewidth of our laser, we chose to re-
cord a spectrum with a known homogeneous width of the
molecular lines of significantly less than the laser width.
From cw Doppler-free two-photon spectroscopy'® and de-
cay time measurements® we know that this condition is ful-
filled for the rotational lines in the 144 1) two-photon band.
Therefore, the pulsed amplified visible laser light was not
frequency doubled but directly focused onto the molecular
beam in order to induce two-photon transitions to the elec-

tronically excited state. To obtain a reasonable signal, the
molecular density had to be kept high by choosing a small
distance of about 5 mm between the nozzle and the laser. The
resulting two-photon spectrum in the vicinity of the known
rotationless origin of the 14} 1} band is shown in Fig. 2 (¢).
In comparison with room temperature conditions>'!"'¢ a
narrow Q-branch spectrum is observed, as is typical for the
rotational cooling at the backing pressure of 1.5 bar. Since
two-photon absorption with one laser beam is not Doppler-
free and the collimation of the molecular beam is low in this
experiment, the residual Doppler width is quite large and the
rotational structure is not resolved. To resolve the rotational
structure a Doppler-free two-photon experiment was per-
formed, which is expected to lead to Doppler-free transitions
independent of the collimation of the molecular beam. The
visible laser beam was reflected back by a spherical mirror
and the Doppler-free spectrum shown in Fig. 2(b) was ob-
tained. The rotational structure is now resolved as expected

. for a Doppler-free experiment. The rotational cooling in the

molecular beam (7,,, = 7.6 K) can nicely be seen from the
comparison with the room temperature spectrum of our pre-
vious work'! shown in Fig. 2 (a). This spectrum was mea-
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FIG. 2. Two-photon excitation spectra of the 14} 1}, band of benzene, C H,,
recorded under different experimental conditions after excitation with the
visible light of the pulsed amplified cw laser. (a) Part of the Doppler-free
spectrum obtained in a fluorescence cell at room temperature (Ref. 11). (b)
Doppler-free spectrum after absorption of two photons from counterpropa-
gating light beams in a noncollimated supersonic molecular beam. Both ro-
tational cooling and rotational resolution is observed under these condi-
tions. (¢) Doppler-limited two-photon spectrum after excitation with one
laser beam in a noncollimated supersonic molecular beam. No rotational
resolution is obtained due to the limited collimation of the molecular beam.
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sured with a pulsed amplified laser with a somewhat larger
frequency width. To our knowledge the spectrum shown in
Fig. 2 (b) is the first Doppler-free two-photon spectrum at
jet conditions reported for a molecular system. To ensure
that no power or saturation broadening is observed, the laser
focus was placed 4 cm in front of the interaction region and
thus the diameter of the laser beam in the interaction region
increased to about 0.5 mm. This resulted in a considerably
higher fluorescence signal. The measured linewidth in the
Doppler-free jet spectrum [Fig. 2 (b) ] is 70 MHz. This al-
lows us to estimate that the frequency width of the visible
laser is 50 MHz and upon frequency doubling increases to
the value of 70 MHz observed in the Doppler-free two-pho-
ton spectrum.

A last point to be considered in this discussion of the
achievable resolution is possible saturation or power broad-
ening in the one-photon spectra. It will be shown later (Sec.
III B 2), that for correct intensities of the rotational lines in
the sub-Doppler one-photon spectrum, very low laser inten-
sities have to be used in the experiment. If this condition is
met, no broadening due to the laser power is observed.

B. The 6; band of CgHg
1. Experimental conditions

The 6, band of C4H, at an Ar backing pressure of 1.5
bar was measured with the high resolution setup described in
Sec. II. These expansion conditions lead to a rotational tem-
perature of about 8 K. The distance between the nozzle and
the interaction region was chosen to be 6 cm and no skimmer
was used. Five overlapping individual scans of the cw dye
laser were needed to cover the whole band under these condi-
tions. The frequency scale was linearized by comparison
with the transmission signal of the 150 MHz FSR confocal
FPI. The resulting total spectrum is shown in Fig. 3. Clearly
the rotational structure of the vibronic band is resolved for
the observed linewidth of 130 MHz. The sharp spectral fea-
tures in most cases correspond to individual rovibronic tran-
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sitions. The moderate rotational cooling allows the observa-
tion of many transitions and therefore a precise analysis of
the rotational structure of the band. In a previous experi-
ment Beck et al.'” were also able to resolve single rotational
lines in the 65 band of benzene with a laser of tenfold larger
linewidth, but only under conditions of extreme rotational
cooling and the consequent drastic reduction of the spec-

. trum to 13 observed lines. The excellent signal to noise ratio

in the spectrum of Fig. 3 is a consequence of the high spectral
quality of the laser system used in this work. In the pulsed
amplification the linewidth of the cw laser is homogeneously
broadened and no structure in the frequency distribution is
present, as it is typical for light pulses of narrow bandwidth
pulsed oscillators with a few oscillator modes of fluctuating
intensity. In our experiment the pulse to pulse fluctuations of
the signal are less than 10% and it suffices to use a scan
speed, which is equivalent to 15 pulses per observed
linewidth in the molecular spectrum. In addition a digital
polynomial filter'® is used for smoothing of the raw data.

2. Power dependence of line intensities

Before we analyze the rotational structure of the spec-
trum, we would like to comment on the dependence of the
relative line intensities on the laser intensity. For experimen-
tal reasons the investigation of this question was document-
ed best for the 6; 1, band, but identical results were found for
the 6, band and the discussion of both results is presented in
this section. In Fig. 4 part of the (normalized) R-branch
spectrum is shown on an extended frequency scale as record-
ed with three largely varied laser intensities. The assignment
of the transitions is indicated on top of every line. It is ob-
vious that the relative intensities of the rovibronic lines de-
pend strongly on the laser intensity. Note for example the
2,« 1, transition as compared to the 2, — 1, transition. This
observation can be explained in the following way.

The strength I, of a rovibronic transition in the ab-
sence of saturation is given by

.
GHg 6,

voo = 38606.089(8) cm”!

P-Branch

Q-Branch

R-Branch

FIG. 3. Rotationally resolved one-pho-
ton excitation spectrum of the 6} band of
benzene, C;H,. The iodine absorption
spectrum shown in the upper trace is
used for the precise absolute calibration
of transition frequencies.
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FIG. 4. Part of the rotationally resolved one-photon spectrum of the 6,1,
band of C,H,, at different intensities of the exciting laser light. Note the
changing relative intensities of the different rovibronic transitions. Intensi-
ties of lines marked by an asterisk are discussed in the text.

Iy, =6'AK"J"'(ZJ" + 1)'gK~,~'e—E;:"/kT'°‘, (1)

The constant Cis the strength of the vibronic transition,
which is not dependent on the rotational quantum numbers
and thus the same for all rovibronic transitions investigated
inFig. 4. A.;. isthe Hénl-London factor'® for the particu-
lar rovibronic transition. The factor (2J " 4 1) describes the
spatial M degeneracy of the rotational ground state and the
factor gg-.;- the nuclear spin degeneracy. Finally,
exp (— E,/kT) is the Boltzmann factor for the relative
population of the ground state. If we compare the two lines
2,1, and 2,«1,, we find that the M degeneracy and the
relative population of the ground state are equal for both
transitions and the differing intensity of the lines under low
intensity of the laser is exclusively caused by the differing
Honl-London factors (2.0 for the 2, — 1, transition as com-
pared to 0.33 for the 2, 1, transition). For low laser inten-
sity the ratio of line intensities observed in the spectrum of
Fig. 4(c) reflects the differing Honl-London factors. At in-
creasing laser intensity all rotational transitions are going to
be saturated and finally there would be equal population of
the ground and the respective excited state. In this limiting
case the fluorescence signal would no longer be given by the
Honl-London factors, but rather by half the number of mol-
ecules originally in the appropriate ground state. For the two
lines (2,+«1, and 2,4+ 1,) under consideration, this number
of molecules is equal as both originate from the same state
and an equal intensity of the lines would be observed. This
limiting case is not yet quite reached in the spectrum shown

in Fig. 4 (a), but the two lines already possess similar inten-
sity. The transition 2, 1, is already completely saturated,
while the transition 2, 1, is not yet. This rotational selec-
tivity of the saturation leads to the observed dependence of
the relative line intensities on the laser power.

Besides the limited laser intensity available, there are a
number of reasons which can prevent the described ideal
saturation behavior for particular transitions: (i) The ab-
sorption of an additional photon can lead to ionization of the
molecule and thereby decrease the fluorescence signal. (ii)
Due to the nonuniform intensity distribution of the laser in
the interaction region, both medium and high intensity be-
havior is observed at the same time.

From the results presented in Fig. 4, a preliminary value
of 1 X 10* W/cm? can be determined for the saturation inten-
sity of the strongest rotational lines in the 6} and 6} 1} bands
of benzene. This value differs by a factor of 1000 from the
value of 1X10” W/cm? determined previously,?® but it
seems very reasonable in view of the fact that the laser
linewidth is smaller by this very factor of 1000 in the present
study and the spectral brightness is increased accordingly.
To measure spectra with interpretable line intensities, we
used laser intensities below 10* W/cm?. These low intensities
also ensured that no power broadening is observed.

3. Assignment of the spectrum and determination of
rotational constants

The assignment of the individual lines in the rotational-
ly resolved spectrum of the 6, band to the values of the quan-
tum number J of the rotational angular momentum J and K,
the quantum number of the projection of J on the figure axis,
is straightforward following the analysis of Callomon,
Dunn, and Mills (CDM).” There are three main branches in
the spectrum corresponding to lines with A/ = — 1,0, + 1,
i.e., the P, Q, and R branch. These are nicely separated under
our experimental conditions. For the observed perpendicu-
lar transition’ it holds that AK = + 1. CDM pointed out
that each rotational state in the degenerate 6' final state is
split into the — / and + / vibrational angular momentum
substates due to Coriolis coupling. Transitions with
AK= +1 lead to + [ states and transitions with
AK = — 1lead to — Istates. The rotational part of the tran-
sition energy is given by

AE,=B""J-(J'+1)+(C'—B')K?
_ 2'C"§;ﬁ'l"K'

—[B"J"-(J"+1)+(C"—B"):K].

(2)

The quantities denoted with ” refer to the ground state

as usual, while those denoted by ’ refer to the excited state.
$ e = — & ¢ refers to the Coriolis coupling constant of the
degenerate excited state. The value of the vibrational angular
momentum quantum number / is 1 for the 6' vibronic state.
All observed lines down to about 1% of the highest ob-
served intensity could be unambiguously assigned within
this model. A total of 353 lines with J',K " up to 22 were used
to fit the rotational constants of the excited state by a stan-
dard least-squares method. For the electronic ground state
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the values of Pliva and Pines”! for B 7 and C (see also Table
I) were used. The resulting constants for the 6' state are
reported in Table I together with the previous best set of
values determined by CDM. The standard deviation of the
fit, i.e., the rms deviation between observed and expected
line positions, is 13.9 MHz and thereby about one order of
magnitude below the observed linewidth. This shows that
the 6) band can be completely reproduced by the energy
formula of Eq. (2). There are no perturbations in the rota-
tional line structure observed. The new values of the rota-
tional constants shown in Table I are significantly larger
than the previous ones of CDM. In addition, a slightly posi-
tive rotational defect A’ = I -, — 2:1;, of + 0.049 amu A?
is calculated from the values of B and C.. A rotational
defect of similar magnitude has already been reported for the
two-photon allowed 14' state.”'® The values of the rota-
tional constants of this state are included in Table I for com-
parison. In view of the observed negative sign of the rota-
tional defect of the 14! state, it was interpreted as a possible
indication of a slight nonplanarity of the S, benzene.! How-
ever, for the 6) band the rotational defect has changed sign
and therefore it is more likely that the rotational defect ob-
served for all investigated vibronic states of benzene is not
due to an inertial defect of the equilibrium moments of iner-
tia but rather produced by harmonic averaging, rovibra-
tional coupling, and/or anharmonic terms.
In our determination of the rotational constants,of the
6! state a value for C? of 0.094 880 9 cm ™! was used. This
value of C{ has not been determined experimentally, but
rather it was calculated according to C§ = B /2 (Ref. 21)
in analogy to the planarity condition C, = B[ /2. Pliva
and Pine estimate the uncertainty of this assumption to be
+2%X107*cm™'. A changein C¢ by 2X 10~ *cm ™" due to
this uncertainty does not alter the value of B determined
from the rotationally resolved spectrum of the 65 band at all,
but it changes the value of C by an equal amount. The value
of £’ would be altered by + 0.0035. The error limits given in
Table I do not include this uncertainty, but only the uncer-
tainty of our frequency calibration and the statistical error.
The uncertainty in C; would lead to a value of A" of
+0.374 amu A? and to values of A’ of + 0.458 and
— 0.359 amu A2 Such a large rotational defect in the S,

Riedle et a/.: Rotationally resolved spectra of benzene

state does not seem reasonable and might be taken as an
indication that the rotational defect in the S, state is indeed
very small.

4. Determination of vgo

The analysis of the rotational structure of a vibronic
band does allow the precise determination of the rotationless
origin vy, of the band. Certainly, our detailed analysis of the
rotationally resolved spectrum should yield a value of v,
only limited by the accuracy in the measurement of absolute
laser frequencies. To obtain a high accuracy in the calibra-
tion of the spectrum, the iodine absorption spectrum at the
fundamental laser frequency was measured simultaneously
with the benzene spectrum. The result is shown in the upper
trace of Fig. 3. In addition, in a separate experiment we
checked that the molecular beam is crossed exactly at right
angle by the laser beam and no Doppler shift is present. For
that purpose the laser beam was reflected into itself after
leaving the vacuum chamber. If the crossing were not per-
pendicular, all lines in the spectrum would be doubled due to
the different angle of the incoming and the reflected light,
and therefore the correct adjustment of the crossing angle is
seen as a disappearance of this doubling.

The exact definition of v, is given by

Voo =AE(J i «J %) — AE,q, (3)

with AE(J . —J %.) thetotal transition energy for the tran-
sition from the J % . electronic ground state level to the J .
level of the 6' vibronic level and AE,, as given in Eq. (2). It
should be noted that the additional term C '¢ '? given by Herz-
berg,?* which would amount to 0.030 cm ! for the 6, band,
is not included in the definition of Eq. (3).

The value determined for v, is given in Table II. For
comparison earlier determinations from other laboratories
are included. The value of Ref. 23 was actually calculated
from their reported position of the band maximum and the
reported separation of the band maximum and the origin.
The value of Ref. 30 is calculated from the reported frequen-
cies of two maxima in the Doppler-limited spectrum. It is
interesting to note that both determinations of v,, from
Doppler-limited room temperature spectra’?® deviate sig-
nificantly from our value. We compared the maximum-to-

TABLE I. Rotational constants and Coriolis coupling constant &, of several vibrational states of C;H,. The
derived rotational defect A = I — 2-I;; is also given for each state. For the nondegenerate S, and 14' state the

value of £, is 0.

State B (cm™') C(cm™Y) bur A(amu A?)  Reference
So 0.189 761 8 (14) Ci=Bg/2* 0 21

6! 0.1810 (5) C,=B,2 —0.60 (5)° 0 7

6! 0.181 778 (2) 0.090 865 (3)° — 0.5785 (5)° + 0.049 this work
6't' 0.181648 (2) 0.090 855 (3)¢ — 0.5519 (5)° —0.063 this work
14 0.181283 6 (16) 0.0907110 (8)° —0.142 164

®Constrained according to the planarity condition. A possible error of +2X107*cm™" is assumed.
* Animproved value of — 0.575 is quoted according to a private communication by J. H. Callomon in Ref. 25.
¢ Values were determined with C{ = B /2. The uncertainties given do not contain the uncertainty of this

assumption. For details see the text.
9Values were calculated from the values of AB and AC given in Ref. 16.
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TABLEIL Rotationless origin vy (cm~!) of the 63 and 6} 1} band of C4H,.

6 61} Reference
38 608.5 e 7

38 607.6 39 530.9 23?

38 606 39 530 27

38 606.18 e 30°

38 606.089 (8) 39 529.630 (8) this work

*Values derived from the position of the band peak and the peak origin
separation of 3.7 cm .

bReference 17 in the work of Chewter et al. (Ref. 30) is identical to prelimi-
nary work of the present investigation.

origin separation for spectra calculated with our set of rota-
tional constants and the one given by CDM, but could not
explain the large deviation in this way. The deviation actual-
ly seems to reflect a fairly large error in the frequency cali-
bration of the previous Doppler-limited spectra. Indeed, re-
cent Doppler-limited Fourier transform UV spectra of the
6 band confirm this idea. The results of these new spectra
recorded at room temperature will be reported in a separate
communication.?*

The high accuracy in the determination of v, of the 6,
band should prove quite useful in the precise determination
of the frequencies of the normal modes of S, benzene. In-
deed, the large deviation found for v, might be paralleled by
a similar inaccuracy in Ty, the pure electronic transition
frequency. As the value determined by CDM,’ which is cur-
rently used in the normal coordinate analysis,?>*® is closely
linked to their determination of v, of the 6, band, some
significant changes in the values of the fundamental frequen-
cies might be the consequence of the detected deviations
of vye.

4561

C.The 651 band of CgHg
1. Rotational analysis

The rotationally resolved spectrum of the 651; band
was measured at Ar pressures of 0.1, 0.5, and 1.5 bar. A
preliminary assignment of the spectra and the evaluation of
the relative intensities of the J' = K’ lines of the R branch
show that these pressures lead to rotational temperatures of
50, 15, and 8 K, respectively. In Fig. 5 the main part of the
6015 band at T,,, = 15 K is shown. The resolution of 85
MHz was obtained by insertion of a skimmer between the
nozzle and the excitation region for improved collimation of
the molecular beam. The analysis of the spectrum was per-
formed similarly to the 6} band.

In the spectrum recorded at 8 K rotational temperature,
252 lines were assigned with J', K’ up to 17. The rotational
constants were fitted according to Eq. (2) and included in
Table I. The value for the rotationless transition frequency
Voo 1S included in Table II. The standard deviation of the fit is
19.0 MHz. This is significantly larger than the value ob-
tained for the 6; band. If only the 227 lines with K '<10 are
used for the fit, a standard deviation of 12.3 MHz results.
From this it may be concluded, that the low K’ states are
unperturbed in agreement with the unperturbed character of
the 6'1' state reported by Stephenson et al.”” for extreme
rotational cooling. For K’ values larger than 10, significant
deviations of experimental and calculated line positions are
found. Since lines with X' up to 22 could be fitted without
inclusion of higher order terms in the energy formula [Eq.
(2)] for the 6} band, it seems very unlikely that the devia-
tions observed can be interpreted in terms of centrifugal dis-
tortion or other higher order effects. Instead, we believe that
there are slight rotational perturbations, like they have been
previously identified in the two-photon bands 14, and
14} 1} .8 To clarify this situation, an attempt was made to

CHy 65Ty Tt = 15K

"
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FIG. 5. Rotationally resolved excitation
spectrum of the 6} 1} band of benzene,
C.H,. The relatively high rotational
temperature of 15 K was obtained by a
low pressure (0.5 bar) of the Ar carrier
gas in the expansion. To obtain the ob-
served linewidth of 85 MHz, a skimmer
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assign lines with higher J' and K’ values in the recording at
T, = 15 K. This was not uniquely possible in the crowded
Q and R branch, but seemed possible at first sight in the P
branch. Unfortunately, however, the relevant portion of the
spectrum around — 7 cm ™' rotational energy contains a
large number of rotational lines, which clearly do not belong
to the 65 1) band. Stephenson et al.?’ did indeed find addi-
tional bands at — 6 and — 9 cm~! from the 6} 1) band in
their low resolution spectra at extreme rotational cooling,
which they assigned as 6313, 6)18) of *C'?’CsH, and
1731552, 163 175 of C¢H, respectively. At the rotational tem-
perature of 15 K the intensity of the P-branch lines in the
vicinity of these considerably weaker bands seems to be just
the same as the one of the rotational lines from these weak
bands and therefore the unique assignment of presumably
perturbed lines is not possible. Only at the rotational tem-
perature of 50 K the P branch of the 6} 1, band has gained so
much intensity in this part of the spectrum that a unique
assignment seems possible and the clear identification of the
observed deviations should be possible. The assignment of
the large number of lines in the 50 K spectrum is now in
progress.

2. Decay times of individual rovibronic states

Since nearly all rovibronic lines were resolved in the
spectrum of the 6} 1) band at 8 K and for the resolution
achieved with the pulsed amplified laser light, we were able
to measure the decay curves for various individual rovi-
bronic states. Typical results are shown in Fig. 6. For all
cases a clean single exponential decay over more than 5 times
the decay time was found. The values for the decay time of all
investigated rovibronic states are tabulated in Table III.

T=83ns

T=83ns

In (1/15)
I
]
I

T=82ns

-30

| |

200 400
TIME (ns)

o

FIG. 6. Fluorescence decay curves after pulsed selective excitation of three
individual rotational states of the 6'1' vibronic state of C,H,.

Riedle et a/.: Rotationally resolved spectra of benzene

TABLE III. Measured decay times for several selectively excited rotational
levels within the 6'1' vibronic state of C;H. The values are accurate to + 3
ns. For each state the rotational branch (AJ) for excitation is indicated.

State Excitation  Decay time
s branch 7(ns)
A1 R 78
+25 R 77
W2 R 78
~26(41%) + _5,(59%) Qo 83
3 R 83
_3 R 82
+4 R 83
_4, Q 78
+4h Q 83
_4, Q 83
_6, Q 81
_6o Q 78
+76 Q 79
+T Q 78
_104(43%) + _9,(57%) Qo 83

Within the experimental uncertainty, no dependence on the
quantum numbers /', K ’,and !’ is observed. Thisisin accord
with the unperturbed nature of the low X ' rotational states of
the 6'1' vibronic state and our recent results for unperturbed
rotational states in the 14! vibronic state.® The average value
of all decay times in Table III of 80 + 3 ns is in good agree-
ment with the value of 82 + 2 ns reported recently for not
rotationally resolved investigation of the 6'1' state.!> This
corroborates our previous conclusion,® that the responsible
nonradiative relaxation process, which is most likely ISC, is
in the statistical limit.

IV. SUMMARY AND CONCLUSION

Rotationally resolved fluorescence excitation spectra of
the 6;, and 6 1) bands of benzene, C¢H,, at moderate rota-
tional cooling (8 to 50 K rotational temperature) are report-
ed. The spectra were recorded by crossing a well collimated
pulsed molecular beam with the beam of an extremely nar-
row bandwidth tunable pulsed UV laser. Single rovibronic
lines with an experimental linewidth as low as 85 MHz were
resolved. The rotational structure of both bands was ana-
lyzed and a fit to the observed line positions rendered highly
precise values for the rotational constants. The 6; rotational
band structure was found to be totally unperturbed, while in
the 6415 band indications of rotational perturbations were
found for rotational states with K’ > 10. In addition, the fre-
quencies of the rotationless origin of the bands were deter-
mined with high accuracy.

Decay time measurements were performed for individ-
ual rotational states in the 6'1' vibronic state and no rota-
tional dependence of the decay time was found, in accord
with the unperturbed character of the states and the statisti-
cal limit character of the responsible electronic nonradiative
process. This behavior is comparable with the behavior of
the 14! two-photon state at similar excess energy. Hence, we
may conclude that in the region below the onset of “channel
three” the spectroscopic behavior of all states independent of
their symmetry is governed by sparse coupling to other vi-
brational states in S,, whereas the dynamic behavior is due
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to a nonradiative electronic coupling process in the statisti-
cal limit.

The employed experimental method should now allow
us to investigate the “channel three” region in benzene at
rotational resolution even for the one-photon allowed bands
originally investigated®® and compare the results with pre-
vious high resolution studies of two-photon allowed
bands.*” Such investigations are presently in progress in our
laboratory. In addition, the selective excitation of single
quantum states is now possible with great efficiency. This
should open the way to rotationally resolved double reso-
nance spectroscopy of large molecules. These investigations
should provide valuable information for the understanding
of vibration rotation couplings and their influence on the
nonradiative decay of large molecules.
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