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We report the first observation of Autler-Townes splitting in multiphoton ionization of mole-
cules and its application to measure vibronic transition moments between excited electronic states.
The effect was observed in the two-color, four-photon ionization of H; via the resonant levels
E,F's}, v=6,J=1 and D 'I,, v=2, J=2. Calculations give good fits to the observed spectra.
They yield a vibronic transition moment of 2.0 £ 0.5 a.u. between the above excited states, in
agreement with the ab initio value 1.97 a.u. calculated by Huo and Jaffe.

Multiphoton ionization (MPI) of molecules is a subject
of great interest for its potential as an analytic tool in
excited-state spectroscopy, molecular-dynamics studies
(such as ionization, dissociation, and reaction), and
species identification. The strong interaction between
molecules and high-powered laser radiation in multipho-
ton experiments may produce nonlinear effects. Two such
effects, power-broadening and optical Stark shift of
molecular spectral lines, have been observed in some re-
cent multiphoton experiments.!~'® The understanding of
these effects is important if multiphoton processes are to
become a practical and common technique in analytic
chemistry.

In this Rapid Communication, we report the observa-
tion of another nonlinear effect, the Autler-Townes split-
ting!! of molecular spectral lines. Although it has been
observed in atoms'? and in rovibrational lines in ground
electronic states in molecules,!!®!4 this appears to be the
first report of its observation in electronic-excited states of
molecules. The calculated MPI spectra based on a
density-matrix theory give good fits to the observed spec-
tra. These fits yield a value of the vibronic transition mo-
ment in agreement with the calculated value of Huo and
Jaffe.!> We compare the use of the Autler-Townes split-
ting to measure transition moments between excited elec-
tronic states in molecules with other methods !-2° and dis-
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cuss its advantages.

The Autler-Townes effect (also known as ac, optical, or
dynamical Stark splitting) is the high-frequency analog of
the splitting of two degenerate molecular levels by a dc
Stark field. If two molecular levels connected by an elec-
tric dipole transition moment d interact with a “pump”
laser beam of electric-field amplitude E and a frequency
detuning A, the separation S for the two new eigenener-
gies of the “molecule +field” system is given by

S=(A2+x)12 (1)

upon the solution of a simple 2X2 eigenvalue problem.
Here X=dE/h is the Rabi frequency and we assume that
X is much larger than the molecular relaxation rates and
the laser bandwidth. In double-resonance experiments, a
second laser is used to probe these two split eigenlevels by
inducing transitions to a third level, revealing two distinct
resonance peaks. One sees from Eq. (1) that when
X2> A2, the Autler-Townes separation S ==X is propor-
tional to E, unlike the optical Stark shift which is propor-
tional to E2. From Eq. (1), one sees that if A and E are
known, a measurement of S will give the transition mo-
ment d. It was proposed using this method to measure
molecular transition moments with MPI in H, as an ex-
ample.?!
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The present experiment was carried out in H, with the
MPI energy scheme shown in Fig. 1. Two pulsed
neodymium-doped yttrium aluminum garnet (Nd:
YAG)-pumped dye lasers (10-Hz repetition rate) were set
to arrive coincident in time in the ionization region of a
time-of-flight mass spectrometer (see Fig. 1 in Ref. 22 for
a similar experimental setup). One laser operated on rho-
damine 590 dye pumped by the second harmonic of the
Nd:YAG laser. Tunable light (568-572 nm) from this
laser was frequency doubled and focused into a high-
pressure H, Raman shifter. The fourth anti-Stokes beam
(at wavelength 193 nm, bandwidth =0.7 cm !, pulse
length =5 ns, and 80 uJ/pulse, =8 mm diam) was iso-
lated by matched Pellin-Broca prisms, which compensated
for beam walkoff due to wavelength scanning, and focused
into the chamber by a 125-mm lens to an estimated 10-
um beam waist. This uv beam was tuned near the
X(w=0,/=1)-E,F(v=6,J =1) two-photon transition.

The sample region of the vacuum chamber contained
H; gas (supplied by Matheson) at 2.3 mTorr. A repeller-
extractor combination (typically biased at =200 V/cm)
accelerated the laser-ionized H* and H, " ions through
the extractor slit, which also served as a vacuum wall for
differential pumping, and into the time-of-flight chamber
(=107 Torr). Mass-selected H," ions were measured
by a boxcar averager as the uv beam was scanned. A typi-
cal MPI spectrum is shown in Fig. 2(a).

The second laser is a Nd:YAG-pumped dye laser (0.2-
cm ~! bandwidth and 10-ns pulse length) operating on
LDS750 laser dye at set wavelengths around 726 nm.
After collimation to 4.0 £0.4 mm diam, the beam was
overlapped with the uv beam inside the ionization region
of the sample chamber. This infrared (ir) laser was at-
tenuated by insertion of up to three filters (Corning 7-54)
in the beam path, each with a measured transmission of
0.44 at 726 nm. The unattenuated pulse energy was 10
mJ, measured by a calibrated calorimeter. Overlap of the
unfocused ir laser with uv laser focal point was optimized
after insertion of each filter by setting the uv laser on the
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FIG. 1. Schematic H energy-level diagram showing the mul-
tiphoton ionization with a uv (w,) and an ir (@) lasers.
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satellite peak of the Autler-Townes doublet and adjusting
the ir laser positioning for maximum signal. This method
compensated for imperfectly aligned filters and was found
to give reproducible MPI spectra (within < 10%) over
the few weeks that the data were taken. Figures
2(b)-2(d) show one set of such MPI spectra at a fixed ir
laser detuning A, =4.8 cm ~! from the E,F(v=6,J =1)-
D(v=2,J =2) resonance but at different pulse energies.
The increases in the peak separation and the satellite peak
height at higher ir laser power are the characteristics of
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FIG. 2. Comparison of the calculated multiphoton H,*-ion
spectra [(a)'-(d)'] with the corresponding observed spectra
[(a)-(d)] at ir laser pulse energies: (a) 0 mJ; (b) 1.9 mJ; (c)
4.4 mJ, and (d) 10 mJ. The ir laser detuning A, is 4.8 cm ~ .
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the Autler-Townes effect. The same effect was observed
for several detunings of difference magnitudes and/or of
opposite sign.

Labeling the X(v=0,J=1), E,F(v=6,J=1), and
D(=2,J=2) levels as 1, 2, and 3 (with energies A w;),
respectively, and the uv and the ir lasers as lasers @ and b
(with frequencies w,), respectively, we model the MPI
process as a two-color double optical resonance as shown
in Fig. 1. The density-matrix equations of motion for the
system are given by?!

doy/dt = y3160+ y31033+Im(X3012) 2)
doyp/dt = —Thop+Im(XF0,3) —Im(X o)) 3)
doss/dt = —T3033 —Im(X35023) @
do/dt = — (A, +T5/2)o1>

+ix12(o0n—0o1)/2—iX%Hho13/2 , (5)
doy/dt = — (iAy+T32/2) 023

+ix23(033— 022)/2+ixh013/2 (6)
dos/dt = — (iA,+iA, +T3/2) 013

+iX12023/2 —iX23012/2 @)

where X1,=3, XxX14/2Ar is the effective two-photon
Rabi frequency and the X;; are the Rabi frequencies
defined in Eq. (1). The detunings A,, Ay, and Ay are
defined as A, =2w, — (0 — w1), Ap =wp — (w3 — w,), and
A =wy — o)~ w,. The y;; is the decay rate from state i
to state j, while I'; denotes the total decay rate from state i
to all the other states. This may include spontaneous radi-
ative decay, collisional quenching, and laser-induced pho-
toionization. The effective transverse relaxation rates I'j;
are given in terms of the transverse relaxation rates Iy
and the laser full width at half maximum bandwidths y,
and y, as Iy =T2;+2y,, I'; =T+, and T =TIy
+2y,+ 7. In Egs. (2)-(7), the laser field fluctuations
have been approximated by the well-known phase-
diffusion model with the resulting laser line shapes being
Lorentzian.

Since both lasers are linearly polarized, the selection
rule AM; =0 holds so that there are three (M; =0, +1)
independent channels of MPI contributing to the total ion
signal. The two-photon Rabi frequency X, is calculated
from the two-photon vibronic transition moment in Ref.
15 and the rotational factors from Ref. 23. With the uv
laser intensity I, = 10'© W/cm?, 2, is only about 10° s ™!
(due to large intermediate-state energy detunings Ag).
The radiative decay rate of level 2 has been measured ! to
be 107 s 7!, The radiative decay rate of level 3 is estimat-
ed to be 3x10% s 7! based on ab initio calculation?* and
its radiative decay to level 2 alone should, therefore, be
much smaller. Collisions are negligible due to very low
pressure. The ionization cross section from the level 2 by
the uv laser is estimated?>2% to be 2.6 x 10 ~'® cm?2 so that
the ionization rate is 2.6x10'° s ™!, The uv ionization
cross section from level 3 is estimated from Ref. 26 to be
=10 "!8 cm? for its final energy is much higher above the
ionization threshold than that for level 2. We have per-
formed calculations with values of this cross section
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=107""® cm? and found that the spectra changed only
very little while the peak separation (important in deter-
mining the transition moment) remained unchanged due
to dominance by other factors such as the Rabi frequency
(see discussions below). We came to the same conclusion
when we tested the ir ionization cross section from level 3
by letting its value go as high as 10 7! cm2 The relative
insignificance of the ir ionization rate is due to the
moderate intensity (=<8 MW/cm?) of the ir radiation.
The vibronic transition moment (Ref. 27) p,3 is an adjust-
able parameter in the fitting procedure. The rest of the
parameters such as the laser bandwidths are experimen-
tally determined. With the initial conditions that all the
population is in the ground level 1, Egs. (2)-(7) are nu-
merically integrated for the interaction time T'=35 ns to
obtain ¢;;(T). Since we see from above that the laser-
driven rates dominate over the spontaneous decay rates,
the ion signal is given to an excellent approximation by
the conservation of total number of molecules, Pjo, =1
—Y,0i(T). The results are then Doppler averaged for
300 K.

In the fitting process, the calculated spectrum for zero
ir intensity is normalized in height with the corresponding
experimental spectrum. This is necessary because the ion
signal was not measured on an absolute scale. It does not
affect the subsequent determination of u,;. Then the peak
separations of an entire set of observed spectra for
nonzero ir powers can be fitted with one value of u,3. One
such set of calculated spectra is shown in Fig. 2
[(a")-(d")] for comparison. This procedure yields a value
for u,3 to be 2.0 = 0.5 a.u., where the estimated errors are
largely due to the uncertainty in the measured average ir
intensity. This is in good agreement with the ab initio
value 1.97 a.u. calculated by Huo and Jaffe.!®> In the fu-
ture, the use of narrow-band single-mode lasers will im-
prove the accuracy of the experiment and facilitate the
modeling.

We note that in the above method, the determination of
the peak separation of the Autler-Townes doublet (and
hence X) is a frequency measurement, which can be done
usually with high accuracy. Another advantage of the
method is that in the strong saturation regime, the accura-
cy of the determined transition moment does not depend
critically on precise knowledge of the molecular relaxation
rates, the photoionization rates, or the laser bandwidths.
To illustrate this point, we compare the value of 6.3 cm ~!
for the peak separation obtained from fitting the results of
Egs. (2)-(7) to Fig. 2(d), with that of S calculated from
Eq. (1) in which all relaxation and decay rates are
neglected. Using the measured value of the vibronic tran-
sition moment, we obtain 3.6 cm ! for M, = %1 and 4.1
cm ~! for M;=0 (corresponding to frequencies = 10!
s ™) for the values of X3 at 10 mJ ir pulse energy. These
are much larger than the molecular relaxation rates, the
photoionization rates, and the laser bandwidths, indicat-
ing strong saturation. Substitution of the above values of
X23 and the ir laser detuning A, =4.8 cm ~! into Eq. (1)
gives 6.0 cm ~! (M;==*1) and 6.3 cm ! (M, =0) for
the peak separation S. These values are indeed almost
identical to the fitted value 6.3 cm ~ .

One may extend the above measurement to obtain the
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vibronic transition moments of vibrational bands within
the same pair of electronic states and attempt to deduce
the electronic transition moment by the R-centroid ap-
proximation. Field and co-workers!®!” have viewed the
conventional methods (absorption coefficients, fluores-
cence intensities, and radiative lifetimes)!®-2° of deter-
mining the transition moment and discussed their draw-
backs compared to their laser gain method. In order to
obtain absolute values of the transition moments, these
techniques generally require absolute measurements of
populations, fluorescence intensities, or lifetimes of radia-
tive decay to numerous lower states, whereas the method
here is pairwise state selective, independent of absolute
population and requires only the measurement of laser in-
tensity and frequency detuning. These features makes it
particularly advantageous for measuring transition mo-
ments between excited electronic states.
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In summary, we have observed Autler-Townes splitting
in excited electronic states of molecules using MPI of H,.
Calculated results give good fits to the observed spectra.
We have determined the E,F(v=6)-D(v=2) vibronic
transition moment to be 2.0 = 0.5 a.u., in agreement with
the ab initio value 1.97 a.u. of Huo and Jaffe.!> The
method appears well suited for extracting transition mo-
ments between stable excited states. It is possible, in prin-
ciple, to extend the measurement to deduce electronic
transition moments by the R-centroid approximation.

We wish to thank Winifred Huo for helpful discussions
and for providing us with unpublished results from Ref.
15. This work was supported by the U. S. Department of
Energy, Office of Basic Energy Sciences, Division of
Chemical Sciences.

IC. E. Otis and P. M. Johnson, Chem. Phys. Lett. 83, 73 (1981).

2G. J. Fisanick, A. Gedanken, T. S. Eichelberger IV, N. A. Kue-
bler, and M. B. Robin, J. Chem. Phys. 75, 5215 (1981).

3E. E. Marinero, R. Vasudev, and R. N. Zare, J. Chem. Phys.
78, 692 (1983).

4H. Pummer, H. Egger, T. S. Luk, T. Srinivasan, and C. K.
Rhodes, Phys. Rev. A 28, 795 (1983).

5T. Srinivasan, H. Egger, T. S. Luk, H. Pummer, and C. K.
Rhodes, IEEE J. Quantum Electron. QE-19, 1874 (1983).

6B. Girard, N. Billy, J. Vigue, and J. C. Lehmann, Chem. Phys.
Lett. 102, 168 (1983).

7N. Bjerre, R. Kachru, and H. Helm, Phys. Rev. A 31, 1206
(1985).

8W. M. Huo, K. P. Gross, and R. L. Mckenzie, Phys. Rev. Lett.
54,1012 (1985).

9W. R. Garrett, W. R. Ferrell, J. C. Miller, and M. G. Payne,
Phys. Rev. A 32, 3790 (1985).

10D, W. Chandler and L. R. Thorne, J. Chem. Phys. 85, 1733
(1986).

11S. H. Autler and C. H. Townes, Phys. Rev. 100, 703 (1955).

12Gee, for example, P. T. H. Fisk, H. A. Bachor, and R. J.
Sandeman, Phys. Rev. A 34, 4762 (1986); and J. E. Wessel
and D. E. Cooper, ibid. 35, 1621 (1987).

13D. Dangoisse and P. Glorieux, Opt. Commun. 32, 246 (1980).

14C. R. Pidgeon, W. J. Firth, R. A. Wood, A. Vass, and B. W.

Davis, Int. J. Infrared Millimeter Waves 2, 207 (1981).

I5W. M. Huo and R. L. Jaffe, Chem. Phys. Lett. 101, 463
(1983); and (private communication).

16 B. Koffend, R. Bacis, and R. W. Field, J. Chem. Phys. 70,
2366 (1979).

I7R. W. Field, Faraday Discuss. Chem. Soc. 71, 111 (1981).

18] Tellinghuisen, J. Chem. Phys. 58, 2821 (1973).

19M. M. Hessel, E. W. Smith, and R. E. Drullinger, Phys. Rev.
Lett. 33, 1251 (1974).

20p. R. Crosley and R. K. Lengel, J. Quant. Spectrosc. Radiat.
Transfer. 17, 59 (1977).

2IA.M.F. Lau, Sandia National Laboratory Report No.
SANDS85-8697, 1985 (unpublished).

22T. A. Spiglanin, R. A. Perry, and D. W. Chandler, J. Phys.
Chem. 90, 6184 (1986).

23A. M. F. Lau, Phys. Rev. A 18, 172 (1978), Appendix.

24M. Glass-Maujean, At. Data Nucl. Data Tables 30, 301
(1984).

25p. J. Kligler, J. Bokor, and C. K. Rhodes, Phys. Rev. A 21,
607 (1980).

26A. Cohn, J. Chem. Phys. 57, 2456 (1972).

27The rotational factors multiplying u to give the transition mo-
ment d are given, for example, in M. Mizushima, The Theory
of Rotating Diatomic Molecules (Wiley, New York, 1975).



