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Coherent phase control was demonstrated for a bound-to-continuum transition of a polyatomic
molecule. Three UV photons of frequencyv1 and one vacuum ultraviolet~VUV ! photon of
frequencyv353v1 simultaneously excited H2S above its ionization threshold. The parent ion, H2S

1,
and fragment ions, HS1 and S1, produced by absorption of additional photons, were observed. All
three ion signals were modulated as the phase difference between the light fields was
varied. © 1995 American Institute of Physics.
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The Letters to the Editor section is divided into four categories entitled Communications, Notes, Comments, and Errata.
Communications are limited to three and one half journal pages, and Notes, Comments, and Errata are limited to one and
three-fourths journal pages as described in the Announcement in the 1 January 1995 issue.
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Controlling the outcome of a chemical reaction has be
a long standing goal in reaction dynamics. A number of wa
of using coherent light to manipulate the reactants have be
proposed over the past decade.1 One general approach is to
exploit the principle of quantum mechanical interference b
tween two competing reaction paths to control the reacti
probability.2 With this method the phase difference betwee
the paths is used to modulate the cross section. A seco
approach is to use shaped ultrashort light pulses to cont
the temporal evolution of a wave packet.3

Experimental progress in implementing these proposa
has been slow. Most demonstrations of coherent control e
ployed weak fields to control transitions in atoms and d
atomic molecules. Elliott and co-workers4 used the competi-
tion between one- and three-photon excitation to control t
6s 1S0→6p 1P1 transition in Hg, while Gordon and
co-workers5,6 used one and three photons to control rotatio
ally resolved transitions to Rydberg states of HCl and CO
Using a pair of ultrashort light pulses to prepare an excite
state wave packet, Schereret al.7 controlled theX←B tran-
sition of I 2. Baranovaet al.

8 and Yin et al.9 used one and
two photons to control the angular distributions of photoele
trons produced from alkali atoms. Because the continuu
states populated in these experiments are orthogonal to e
other, control over the total cross section was not possib
Working with intense~.1013W cm22! fields, Mulleret al.10

used 1066 and 533 nm radiation to control the abov
threshold ionization of Kr.

Much work remains to be done before active control o
chemically interesting reactions becomes a reality. A key st
is to demonstrate that it is possible to control transitions
polyatomic molecules. It is also important to show that th
total cross section of a bound-to-continuum transition can
controlled with a weak field. It is conceivable that the suc
cess achieved so far was due in part to the low state den
of atoms and diatomic molecules and in part to the cons
erable simplification obtained with discrete state-to-sta
transitions. One might imagine that with thermal mixtures o
polyatomic molecules and nonideal light sources the degr
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of control possible for bound-to-continuum transitions would
be substantially reduced.

We report here the first observation of coherent contro
of the total cross section of a bound-to-continuum transition
in a polyatomic molecule. In this experiment we used the
quantum mechanical interference method of Shapiro
Hepburn, and Brumer11 to control the direct ionization of
H2S. With this approach, three UV photons of frequencyv1
and one VUV photon of frequencyv353v1 ~or wavelength
l153l3! simultaneously excite the parent molecule. The
transition probabilityP is given by the expression

P5I 3S31I 1
3S112@ I 3I 1

3#1 /2S13 cosDf. ~1!

HereI 1 is the intensity of the UV beam,I 3 is the intensity of
the VUV beam,S1 andS3 are the respective absorption co-
efficients,S13 is a mixed matrix element,

11 andDf is a phase
difference,

Df5f323f11d13, ~2!

wheref3 andf1 are the constant terms in the phases of the
two light sources, andd13 is a molecular term. Equation~1!
shows that by experimentally varyingDf it is possible to
modulate the transition probability.

The apparatus is similar to one described previously.5,6,12

The UV beam was generated by doubling the frequency o
an excimer-pumped dye laser~Lambda Physik Lextra 50 and
Scanmate II, DMQ dye,;2.0 mJ/pulse, 10 Hz!. Tunable
VUV radiation between 117.6 and 118.9 nm was produce
from the UV beam by third harmonic generation in;5 Torr
of Xe. The phase difference between the two sources wa
varied by passing the laser beams through a tuning cell con
taining H2 gas. Since the refractive index of H2 differs in the
UV and VUV,12 the relative phases of the two beams is
shifted by an amount proportional to the hydrogen pressure
The tuning cell contains a pair of dielectrically coated con-
cave mirrors~f520.3 cm! which focus both beams into a
vacuum chamber. This chamber contains a pulsed valve an
a set of Wiley–McLaren13 electrodes used to extract ions
generated by the focused beams. The pressure of pure H2S in
5863863/4/$6.00 © 1995 American Institute of Physicst¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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FIG. 1. Intensities of the parent and fragment ions as functions of UV wavelength. The baselines of the HS1 and S1 signals are shifted for clarity.
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the valve was;1 atm. The ions enter a field-free flight tub
equipped with einzel lenses, deflection plates, and a mic
channel plate detector. Under our experimental conditio
we do not expect any clustering,14 and no evidence was see
for it.

Figure 1 shows the three-photon spectrum of the par
and fragment ions. The ionization threshold of H2S near 356
nm is clearly visible.~This experimental threshold is lowe
than the measured15 ionization potential of 84 432 cm21 be-
cause of the Stark shift16,17 produced by the electric field
gradient between the extraction electrodes.! Below the
threshold are visible a number of discrete Rydberg tran
tions. Above the ionization threshold the total ion signal
roughly constant, indicating that a direct ionization mech
nism dominates. Intensity dependence measurements
tween 353.0 and 356.5 nm confirmed that H2S

1 is produced
above the threshold shown in Fig. 1 by three photons, wh
HS1 and S1 are produced by four or five photons.

Figure 2 shows modulation curves for H2S
1, HS1, and

S1 at l15355.48 nm. These signals were generated by
justing the Xe pressure in the tripling cell so that the cont
butions to the H2S

1 yield from the UV and VUV sources
were approximately equal. The H2 pressurePM in the tuning
cell was then increased from 1 to 7 Torr. The ion peaks ha
modulation depths of;25%, which are comparable to th
values obtained for bound-to-bound transitions of HCl wi
the same optics.18 The modulations of all three ions are i
phase, as is expected, since HS1 and S1 are produced by
photodissociation of H2S

1. A least-squares fit of the data t
the functionA1B cos~cPM1d! gives a period of 1.370 Torr
for all three curves. This period is proportional ton32n1
@see Eq.~2! of Ref. 12#, whereni is the refractive index of
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H2 at l i . From the data we obtain a value o
12n35~3.5160.06!31024 at 118.53 nm, in excellent agree
ment with the calculated value of 3.57331024.19 Most of the
experimental error is due to uncertainty in measurements
the path length. Experiments performed in half nm interva
from 353.0 to 356.0 nm showed similar modulation.

Our results are significant for several reasons. Since
final states of the H2S

1 ion and the ejected electron are gov
erned by one- and three-photon selection rules, there
many angular momentum states reached by three pho
that cannot be reached with one photon. For these additio
states there is only one path, and control is impossible. Si
for each mass we measure the total ion signal summed o
all final states, the level of control must be reduced. B
since the observed level of control for H2S

1 is comparable to
that of the bound-to-bound transitions of HCl,6 we conclude
that the combined probabilities of these additional transitio
must be small.

Consider first the rotation of the ion. The change in r
tational angular momentum follows a propensity ru
uN1-J9u< l 9,20,21 whereN1 is the total angular momentum
quantum number of the ion~excluding spin!, andJ9 and l 9
are the total and orbital angular momentum quantum nu
bers of the initial state. The two-photon15 zero kinetic energy
electron ~ZEKE! spectrum of H2S shows transitions with
uN1-J9u greater than those in the one-photon spectrum.22 On
the whole, however, the two spectra are strikingly simila
The tendency for one- and two-photon ZEKE spectra to
very similar has also been reported for NO.23,24Although we
are unaware of comparable three-photon nonresonant ZE
spectra, our present results indicate that the one- and th
photon spectra of H2S should also be quite similar. A genera
2, No. 14, 8 April 1995t¬to¬AIP¬license¬or¬copyright,¬see¬http://jcp.aip.org/jcp/copyright.jsp
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FIG. 2. Parent and fragment ion signals as functions of gas pressure in the phase tuning cell. The smooth curves are least-squares fits of th
A1B cos~cPM1d!.
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reason why this should be true is that the rotational lin
strengths of three-photon allowed, one-photon forbidde
transitions are proportional to a third rank tensor multip
moment,25 and are an order of magnitude smaller than th
first rank ~both one- and three-photon allowed! line
strengths.26

Consider next the angular momentum of the electro
The larger change inl possible for three-photon excitation
could substantially reduce the level of control, even though
has only a minor effect on the ZEKE spectrum.22 For ex-
ample, in the case of Na ionization, Nakajimaet al.27 calcu-
lated that at some wavelengths the production off waves by
three photons dominates and no control is possible, while
other wavelengthsp waves dominate and strong modulatio
could be achieved. One reason why this may not be a pro
lem here is that scattering of the photoelectron by the no
spherical ion core increases the range ofl for both one and
three photons.28 Another factor is that the electric field gra-
dient between the electrodes promotesl mixing,17 thereby
diminishing the differences between one- and three-phot
excitation. If more than one final value ofl is present, it
follows that for H2S the molecular phased13 is insensitive to
l .

From our study we also conclude that thermal averagi
does not have much of an effect. Rotational cooling in o
molecular beam is inefficient, and many states of H2S are
initially populated. We conclude therefore that for this mo
eculed13 is insensitive to the initial rotational quantum num
bers. Our observation of robust control of the ionization of
triatomic molecule by direct excitation to the continuum
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leads us to believe that control of bound-to-continuum pro
cesses in still larger molecules should be possible.
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Shi, and Dr. Karen Trentelman for their assistance with som
of the experiments, Professor He´lène Lefebvre-Brion, Pro-
fessor Paul Brumer, and Professor Moshe Shapiro for helpf
discussions, and the National Science Foundation for its ge
erous support.
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