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DOPPLER-FREE SPECTROSCOPY, AN OPPORTUNITY FOR STATE SPECIFIC
INVESTIGATIONS IN LARGE MOLECULES

E. Riedle

Institut flr Physikalische und Theoretische Chemie
Technische Universitdt Minchen

Lichtenbergstr. 4

D-8046 Garching, West Germany

ABSTRACT. Conventional high resolution spectroscopy in
the gas phase allows the selection of single vibronic states
of large molecules. The extreme rotational cooling in a
supersonic jet can be of great help for this selection.
However, many investigations point to the important role
of rotation-vibration coupling for the dynamic behaviour
of large molecules. Sub-Doppler experiments like Doppler-
free two-photon spectroscopy permit the necessary resolution
of single rovibronic transitions. It is demonstrated for
the example of benzene, that experiments can now be per-
formed, which completely resolve the rotational structure
of the vibronic bands and permit the measurement of the line
width and the decay behaviour of single rovibronic states.
These investigations lead to a detailed understanding of the
influence of rotation on the spectroscopy and the dynamics
of the benzene molecule.

1. INTRODUCTION

Spectroscopy is the prime source of information on the
energy levels, the structure and the dynamic behaviour of
molecules. Especially high resolution optical spectroscopy
has contributed a large deal to the present understanding
of molecular systems. For large molecules the obtainable
resolution in conventional studies is principally limited
by the Doppler-broadening in the gas phase. This prevails
in most cases the observation of single rovibronic transi-
tions. The additional problem of hot band congestion and
extensive rotational inhomogeneous broadening was partially
overcome by the use of supersonic jets and their low rota-
tional and vibrational temperatures. However, still the
vast majority of all dynamic investigations of large mole-
cules is only able to study single vibronic levels (SVL)
instead of single rovibronic levels (SRVL).
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388 E. RIEDLE

In recent years different Doppler-free techniques were
developed to increase the resolution beyond the limit set
by the Doppler-broadening and successfully tested for atomic
systems and small molecules /1/. The application of these
techniques to the study of large molecules is nontrivial
due to the large number of thermally populated levels and
the complexity of their spectra. However, recently a number
of investigations have shown, that techniques like Doppler-
free two-photon spectroscopy /2/, spectroscopy in highly
collimated molecular beams /3/, intermodulated fluores-
cence /4/ and saturation spectroscopy /5/ render rotatio-
nally resolved spectra even for these molecules. In addition
to the rotationally resolved spectra also line width measu-
rements /6/ and decay time measurements /7,8/ of single
rovibronic states were obtained and even the measurement
of emission spectra of these states seems now possible.
The experimental arrangements needed for these investiga-
tions and typical results, that show the importance of
such ultra high resolution experiments, will be discussed
for the example of Doppler-free two-photon spectroscopy of
benzene.

2. CW DOPPLER-FREE TWO-PHOTON SPECTROSCOPY
2.1. The experimental set up

The recording of Doppler-free two-photon spectra is based
on the simultaneous absorption of two photons from conter-
propagating light beams of an extremely narrow band tunable
laser /9/. Contrary to the Doppler-broadened absorption of
two photons from one laser beam, the Doppler-shift of the
two photons balances itself excactly for this situation
and a Doppler-free spectrum can be observed. Since the
absorption probability in the two-photon process is very
weak and depends quadratically on the laser intensity, a
dramatic increase in signal is observed if the experiment
is not performed by simple backreflection of the laser
beam but rather within the standing wave field of an exter-
nal resonator /6,10,11/. The experimental set up derived
from this consideration and used in our experiments is
shown in fig. 1 and has been described in detail /6,12/.

The high spectral resolution (1 MHz) is provided by a cw
ring laser sytem (Coherent CR 699/21) pumped by the violet
lines of a Kr* laser (CR 3000K UV) and providing typically
300 mW laser power around 5000 B with Coumarin 102 dye.
The benzene cell is placed within the concentric external
resonator (mirrors of 70 % and 99 % reflectivity), whose
length is locked to the laser frequency. Experiments are
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Figure 1. Experimental set up used for the recording of
Doppler-free two-photon spectra of benzene /6,12/.

typically performed with benzene pressures below 1 torr to
achieve nearly collisionless conditions. The fluorescence
emitted by the excited molecules is monitored with a single-
photon-counting system, i.e. fluorescence excitation spectra
are recorded. For the calibration of the spectra the trans-
mission of a highly stable 150 MHz Fabry-Perot-Etalon is
recorded simultaneously with the molecular spectrum. The
free spectral range of this etalon has been measured to 1
part in 106,

2.2. The rotationally resolved spectrum

As a typical result the first 6 em~! of the Doppler-free
spectrum of the Q-branch of the 141g-band of CgHg at
39656.90 cm~! is shown in fig. 2 /13,14/. The spectrum
consists of 6 individual laser ‘scans and the frequency
scale has been linearized according to the transmission
pattern of the 150 MHz FPI /15/. The observed lines corres-
pond to well resolved single rotational lines. The Doppler-
width of 1.7 GHz would not allow the resolution of the
individual rovibronic transitions since typically 10 lines
are located within the Doppler-width. All the lines can be
assigned within the model of a semirigid symmetric top. A
fit to the observed line positions renders the rotational
constants of the excited state with an accuracy of 10-7
em=1 and the quartic centrifugal distortion constants with
an accuracy of 1010 em=-1 /15/. A similar accuracy has
even been reached for the asymmetric top molecule benzene-
di /167/.
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Figure 2. Part of the Doppler-free room temperature spec-
trum of the Q-branch of the 141g-band of CgHg /13, 14/.
Every line corresponds to an individual rovibronic transi-
tion. All the lines have been assigned.

The remaining deviations (residuals) between the calculated
line positions and the observed ones are about 10 MHz.
This extreme agreement is demonstrated in fig. 3 for the
141 9-band of 1,3,5-CgH3D3 /15/. It is again seen, that
Doppler-free two-photon spectroscopy allows the complete
resolution of the electronic spectrum and the spectrum is
extremely well reproduced with the simple model of a semi-
rigid symmetric top.
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Figure 3. Part of the Doppler-free spectrum of the Q-branch
of the 1410-band of 1,3,5-CgH3D3. The experimental spectrum
(lower trace) is compared to the calculated spectrum (upper
trace) of a semirigid symmetric top /15/.

2.3. Perturbations in the spectrum

In some parts of the spectrum, at higher rotational energy,
differences between the experimental spectrum and the calcu-
lated one are observed. Single lines of the calculated
spectrum are not observed in the experimental one, instead
two weaker lines are observed at slightly shifted positions
/1T7/. If these pairs of lines are labeled with the rota-
tional quantum numbers of the missing line, the dependence
of the deviations on the quantum number J of total angular
momentum can be plotted for each value of K, the quantum
number of the projection of 3 on the figure axis of the
molecule. The result is shown in fig. U4 for the Q-branch
of the 14'3-Band of CgHg /13,14/.

The typical J-dependence of the deviations found is that
of an avoided crossing. A careful analysis shows /17/,
that the observed perturbations are caused by the coupling
of light rotational states of the 147 vibronic state to
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Figure 4. Residuals (calculated - observed) of the fre-
quencies of rotational lines in the spectrum of the 1u10-
band of CgHg as a function of the final state quantum number
J' for several values of K' /13,14/.

dark rovibronic states in the electronic Sy state. As a
result two eigenstates with mixed vibronic character result
and both can be seen in the spectrum. These are the two
lines observed in the experimental spectrum. From the posi-
tions of the two lines the coupling matrix element can be
calculated for each pair /18/. The coupling shows a strong
dependence on J and K. This leads to the conclusion that
the observed coupling must be caused by perpendicular Cori-
0lis coupling rather than by anharmonic or parallel Coriolis
coupling /18/. This rotational dependence of the vibronic
nature of the eigenstates can only be determined from rota-
tionally resolved spectra.

2.4, Homogeneous line width measurements

The broadening of the transitions of large molecules due
to fast nonradiative decay can normally only be inferred
from the diffuseness of the vibronic bands /19/. Only for
extremely strong broadening beyond the residual rotational
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contour in a supersonic jet and the favourable condition of
widely spaced vibronic bands is a measurement of line broa-
dening even for the GHz resolution of Doppler-limited spec-
troscopy possible /20/. However, such an experiment will
not reveal the rotational dependence of the broadening. On
the other hand, the extremely high resolution (Av below 10
MHz) of our cw set up allows the measurement of homogeneous
line widths of single rovibronic transitions. This has
been shown for the 1415125-band of CgHg at 3412 cm-1 vibra-
tional excess energy /6/. In this band only the K = 0 lines
are observed in our rotationally resolved fluorescence
excitation spectra /21/, since all K # 0 states decay very
rapidly and no fluorescence is observed from these states.
The remaining K = 0 lines are also broadened and the broa-
dening is found to increase from 1.3 MHz for the J = 0
state to 46.1 MHz for the J = 14 state /6/. This strong
rotational dependence of the homogeneous line width shows
the importance of rotationally resolved observations for
the determination of the decay behaviour of excited states
of large molecules.

2.5. Emission spectra

The vibronic character of excited molecular states can be
determined from SVL emission spectra. However, the analysis
of line positions shows, that the vibronic character depends
strongly on the rotational state of the molecule (see
above). Therefore the SRVL emission spectrum is needed for
the identification of the coupled background states. To
obtain such an emission spectrum, a single rovibronic state
has to be pumped in a Doppler-free experiment and the emis-
sion has to be spectrally resolved. This requires, that
the dye laser frequency remains in resonance with the mole-
cular transition frequency for a long time, typically to a
precision of 1 MHz/h. In addition enough fluorescence inten-
sity has to be produced to allow spectral resolution. These
problems have recently been solved in our laboratory. First
emission spectra of single rovibronic states will be presen-
ted in a forthcoming publication /22/.
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3. PULSED DOPPLER-FREE TWO-PHOTON SPECTROSCOPY
3.1. The experimental set up

For the investigation of the decay of individual 1levels
pulsed excitation of the molecules has to be used. The
experimental set up is shown in Fig. 5 /7,13/. Extremely
narrow band pulsed laser light is produced by pulsed ampli-
fication of the cw light. With three stages of excimer
laser pumped amplifiers we can generate light pulses of
500 KW peak power and nearly Fourier transform limited
bandwidth. With an additional parasitic cavity around the
second amplifier the pulse length can be varied between
2.5 ns and 10 ns and the frequency width accordingly between
50 MHz and 180 MHz. After passing through the sample cell
the laser beam is reflected back into itself to allow the
Doppler-free absorption. The two beams are counterclockwise
circularly polarized to suppress the Doppler-broadened
background /23/. The resulting UV-fluorescence signal is
either integrated for the recording of spectra or its time
behaviour is recorded with a transient digitizer. It is
worth mentioning that in Doppler-free two-photon absorption
all molecules regardless of their velocity contribute to
the observed signal. Molecules are only excited to one
single level if the laser frequency is set to a resolved
rotational line in the spectrum regardless of the number
of lines within the Doppler-width. This allows the observa-
tion of the decay of an individual level /7,8/.

16 bit
I D/A VAX

= Dye Laser=q Kr* Laser | 117780
I DCS
k- - - - — Reference | ] |
| Cavity WP2221
g ___ "L o— _
@* Dagitizer |° Box-Carf x.f
opt. {
Isolator 11
amplifier |1 | | Amplifier
I A 11 [[ETEVT
Excimer 1' ]
Laser

Figure 5. Experimental set up for decay time measurements
of individual rotational levels of S{ benzene. Fluorescence
decay is observed after pulsed Doppler-free two-photon exci-
tation with the amplified light of the cw laser (taken
from ref. 7,13).
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3.2. The resolution achieved with pulsed excitation

The resolution achieved with the pulsed set up is limited
by the length of the light pulse to about 100 MHz. This is
by one order of magnitude lower than the resolution achieved
with the c¢cw set up. However, still most of the rotational
lines in the two-photon spectra of the Q-branch can be
resolved /23/, as can be seen from the upper part of fig.
6 /7T/. The top spectrum shows part of the Doppler-free
spectrum of the 1H1o—band of CgHg as recorded with the cw
set up and the lower spectrum the same spectral range as
recorded with the pulsed set up. Clearly the resolution of
single rovibronic lines can be seen.

CeHe (AN 17 Gz
21 i
v Doppler Width

Decay

7=91ns 7=120ns -3

-4

T T 7T T LI B

T
0 200 400 0 200 400 tlns]

Figure 6. Part of the Q-branch of the 1410—band of CgHg
under the high resolution of the cw set up (top) and the
lower resolution of the pulsed set up (middle trace). At
the bottom the fluorecence decay curves measured for the
two neighbouring lines (J'g1=2197)3 and J'g1=18g are shown
on a half-logarithmic sacale. Both lines are well resolved,
even with the pulsed set up. J'gr=(2117)3 is one component
of the perturbed zero order state Jd'kr=2117, whereas
J'k1=18g 1s an unperturbed state (taken from ref. 7).
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3. 3. Decay time measurements

The resolution of single rovibronic lines with the pulsed
set up allows the measurement of the decay behaviour of
single rovibronic states. These measurements have been
performed for a number of states in the 141 manifold /7/.
Two examples are shown in the lower part of fig. 6. All
decay curves measured were found single exponential. For
states found unperturbed in the spectral analysis a constant
decay time was found independent of the rotation of the
molecule. This is in agreement with theoretical predictions
for a inter-system-crossing (ISC) decay in the statistical
limit /247/.

The two decay curves shown in fig. 6, however, show a dif-
fering decay behaviour of the unperturbed J'k:r=18g8 and the
perturbed (J'gr=2117),5 state. The faster decay results from
the coupling of the 1light 1417 rotational state to a dark
state, that decays much faster. Through the above mentioned
mixing of the states, the resulting eigenstate has a decay
time intermediate between the dark and the light state.
Since the spectral analysis allows us to determine the
degree of mixing of the states, we can determine the decay
time of the unperturbed dark state from the measured decay
time of the eigenstate. It is found to be much shorter than
the decay time of the 141 state. In this way does the mea-
surement of the decay of perturbed states allow the deter-
mination of the decay behaviour of states normally not
observable (i.e. dark states).

L, SUMMARY AND CONCLUSION

Sub-Doppler techniques can be used successfully for the
complete rotational resolution of the electronic spectrum
of large molecules. In this article this has been demonstra-
ted for the example of Doppler-free two-photon spectroscopy
of benzene. The rotational resolution is important for the
investigation of dynamic processes, as rotation-vibration
coupling (seen as perturbations in the spectrum) influences
the decay behaviour of large molecules significantly. The
extremely high resolution of the cw set up allows the measu-
rement of the homogeneous line width of single rovibronic
lines. Doppler-free excitation with extremely narrow band
pulsed laser light permits the measurement of the decay
time of single rovibronic states.

The increased selectivity in sub-Doppler spectroscopy will
lead to a more detailed understanding of the dynamical
processes in large molecules. In view of the presented
examples of strong rotational effects on the decay behaviour
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of benzene, one should be very careful in the interpretation
of experimental results with limited spectral resolution.
The experimental set up needed for sub-Doppler investiga-
tions is nontrivial, but the existing problems can be over-
come by careful design of the experiment. The wealth of
additional information available from experiments with
completely defined molecular states will certainly justify
the invested effort.
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