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Experimental Observation of Laser Control: Electronic Branching
in the Photodissociation of Na2
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Control over the product branching ratio in the photodissociation of Na2 into Nas3sd 1 Nas3pd
and Nas3sd 1 Nas3dd is demonstrated using a two-photon incoherent interference control scenario
Ordinary pulsed nanosecond lasers are used and Na2 is at thermal equilibrium in a heat pipe. Results
show a depletion in the Nas3dd product of at least 25% and a concomitant increase in the Nas3pd yield
as the relative frequency of the two lasers is scanned.

PACS numbers: 34.50.Rk, 33.80.Gj
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We report the experimental observation of laser con
over a branching photochemical reaction. The reac
studied is the two-photon dissociation of the Na2 molecule
at energies where one Na atom is in its ground state
one Na atom is in the 3p, 4s, or 3d states, i.e.,

Nas3sd 1 Nas3pd ,

Na2
2hn
! Nas3sd 1 Nas4sd , (1)

Nas3sd 1 Nas3dd .

Control is demonstrated over the Na(3d)yNa(3p) branch-
ing ratio.

Achieving laser control over dynamical processes
been a long-standing goal of both physicists and chem
Recent theoretical work [1–3] has shown that this g
may be achieved by manipulating quantum interferenc
an area of research known as coherent control. Exp
mental verification of the basic principles of coherent co
trol have followed [4–12] showing, for example, that tot
ionization rates can be coherently modulated [6–9] a
that current directionality can be phase controlled [7–1
However, there has only been one very recent report
of the primary aim of coherent control: to successful
manipulate integral yields intodifferent competing prod-
uct channels. Here we present an experimental demo
stration of such control.

Our approach is based upon our recent theoretical
diction [14] that laser induced continuum structure (LIC
[15] can give rise to final channel selectivity. In th
arrangement one gives structure to the continuum by o
cally dressing it with a bound state. We showed theor
cally [14] that if we dress the continuum with an initiall
unpopulated bound state using a laser field of freque
v 2, while exciting a populated bound state to this dres
continuum using a laser field of frequencyv 1, then a quan-
tum interference arises whose destructive or construc
character depends upon the final channel. (An illustra
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of this scenario as it applies to Na2 is shown in Fig. 1.)
Theoretical studies [14] further showed that the charac
of this interference depends on the relative frequency
tween the two light fields, and that selectivity between t
Na(3p) and Na(3d) channels [Eq. (1)] can be achieved b
varying v 1 or v 2. This effect is virtually independent o
the relative phase between the two light fields; i.e., the li
fields need not be coherent. Thus, although the control
pends on quantum interference, these interferences are
destroyed by incoherence of the incident laser radiation

The fact that this control scenario does not require la
coherence makes it especially attractive for laboratory

FIG. 1. Incoherent interference control (IIC) scheme a
potential energy curves for Na2. In this scheme a 2v 1-photon
excitation interferes with anv 2 photon. The two-photon
process proceeds from an initial sate, assigned here as (y ­
5, J ­ 37), via they ­ 35, J ­ 36, 38 levels, belonging to the
interactingA1

Suy3Pu electronic states, acting as intermedia
resonances. Thev 2 photon dresses the continuum with th
(initially unpopulated)y ­ 93, J ­ 36 andy ­ 93, J ­ 38 levels
of the A1

Suy3Pu electronic states.
© 1996 The American Physical Society
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since generally available, nontransform limited, nsec d
lasers can be used. In our experiment we use two
lasers pumped by a frequency-doubled Nd-YAG las
One dye laser, whose frequencyv 2 was tuned between
13 312 and13 328 cm21, was used to dress the contin
uum with a vibrotational state of theA1Suy3Pu mixed
electronic state [16] of Na2. The other dye laser, whos
frequencyv 1 was fixed at17 474.12 cm21, was used to
induce a two-photon dissociation of they ­ 5, J ­ 37
ground state of Na2, through intermediate resonances (a
signed asy ­ 35, J ­ 38 and y ­ 35, J ­ 36) of the
A1Suy3Pu mixed state. Ourv 1 and v 2 pulses, both of
,5 nsec duration with the stronger amongst them (v 2)
having an energy of,3.5 mJ, were made to overlap in
a heat pipe containing Na vapor at 370–410±C. Spon-
taneous emission from the excited Na atoms [Nas3dd !
Nas3pd and Nas3pd ! Nas3sd] resulting from the Na2
photodissociation was detected and dispersed in a s
trometer and a detector with a narrow bandpass filter.

Figure 2 shows experimental Na(3d) and Na(3p) emis-
sion as a function ofv 2 at a fixedv 1. Each point rep-
resents an average over a few hundred laser shots,
chosen to have anv 2 pulse energy which deviates by les
than 5% from 3.5 mJ. At these energies we estimate
pulse intensity to be,107 Wycm2. We see that when
the Na(3d) yield dips, the Na(3p) yield peaks, in accor-
dance with theoretical expectation [17]. The controll
modulation of the Na(3p)yNa(3d) branching ratio is seen
to exceed 30%.

The theoretical calculations [17] of the Na(3d) yield
resulting from photodissociation of a single initial Na2

bound state are presented in Fig. 3 and contrasted
the experimental results of Fig. 2. The same is do
in Fig. 4 for the Na(3p) yield. We see two major
Na(3d) dips, accompanied by Na(3p) peaks, in good

FIG. 2. Experimental Na(3d) fluorescence (solid) and
Na(3p) fluorescence (dashed) (both uncalibrated) for t
Na2 ! Nas3sd 1 Nas3dd, Nas3pd IIC scenario whose details
are given in Fig. 1, as a function of thev 2 frequency. Thev 1

frequency is fixed at17 474.12 cm21.
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agreement with the experiment. The calculations we
done for the initially unpopulatedy ­ 93, J ­ 31 and
y ­ 93, J ­ 33 levels of the mixedA1Suy3Pu electronic
state, accessed via they ­ 33, J ­ 31 andy ­ 33, J ­
33 intermediate resonances by the 2v 1-photon process.
Thesey, J values differ slightly from those which we
experimentally assigned (y ­ 35 and J ­ 36 and 38),
but the line shapes were found to change very little w
small changes iny, J. Considering the uncertainties in th
theoretical potentials used [17,18], the agreement betw
theory and experiment [especially in the Na(3d) signal]
is impressive. Additional computations [14] suggest th
the observed experimental substructures may be due
the excitation of numerous additional, as yet unassign
thermally populated vibrotational Na2 energy levels.

The Na(3p) experimental signal is superimposed on
high background due to population of the Na(3p) state
by emission from the Na(3d) and Na(4s) states, and due
to direct population of Na(3p) from the Na2 molecule
by anv1 1 v2 absorption [not possible energetically fo
the Na(3d) channel]. We also had to overcome radiatio
trapping effects by monitoring the Nas3pd ! Nas4sd
emission off line center. The results shown in Figs.
and 4 are obtained by subtracting the contribution of the
processes from the observed Na(3p) signal. To do so
we calibrated the contribution from the Nas3dd ! Nas3pd
emission via a separate experiment, where we monito
the Na(3p) signal resulting from the direct two-photo
excitation of the Na(3d) state. The directv1 1 v2
contribution was accounted for by measuring the Na(3p)
signal at different v1 1 v2 intensities. Because we
saturate the one-photonv 1 resonance, the dependenc

FIG. 3. Comparison of the experimental and theoretic
Na2 ! Nas3sd 1 Nas3dd yields as a function ofv 2. In the
calculation, an intermediatey ­ 33, J ­ 31, 33 resonance
is used andv 1 is fixed at 17 720 cm21. The intensities
of the two laser fields areIsv1d ­ 1.72 3 108 Wycm2 and
Isv2d ­ 2.84 3 108 Wycm2. The v 2 frequency axis of the
calculated results was shifted by21.5 cm21 in order to better
compare the predicted and measured line shapes.
2887
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FIG. 4. Comparison of the experimental and theoretic
Na2 ! Nas3sd 1 Nas3pd yields as a function ofv 2, with
parameters as in Fig. 3.

of the v1 1 v2 process was found to be linear in th
v 2 intensity. Hence, determining the slope and interce
of this linear dependence allowed us to subtract out
contribution at the experimentalv 1 andv 2 intensities.

To confirm that the observed Na(3d) dip and Na(3p)
peak structures are indeed due to incoherent interfere
control, i.e., the interference between thev 1 and v 2

induced optical processes, we ran the following checks
(1) We verified that what we are seeing is astrong field

effect by changing thev 2 power. Reducing the power by
a factor of,50 resulted in the complete vanishing of th
dip and peak structures.

(2) We verified that the observed structures are due
the combinedaction of the two lasers by delaying thev 1

pulse relative to thev 2 pulse. A delay of619 nsec,
guaranteeing no overlap between the pulses, comple
eliminated the Na(3d) dips.

(3) We rotated the planes of polarization of the tw
lasers and noted no change in the observed Na* fluor
cence. This indicates that the observed peaks and val
are not due to the polarization of the sodium atoms.
also demonstrates that the Na atoms resulting from
dissociation are unpolarized.

(4) Real time measurements of the rise and decay
the Na(3d) and Na(3p) signals were performed. If the
observed structures are due to an accidental second
transfer of population from the Na(3d) to the Na(3p)
state then such a mechanism would be reflected in
time dependence of the Na(3d) signal. Specifically, if a
(collisional or other relaxational) mechanism was in effe
at onev 2 frequency and not at another, thus giving rise
the observed Na(3d) dip and Na(3p) peak at that particular
v 2 frequency, we would see a faster decay of the Na(3d)
signal at that frequency relative to the other. Our findin
show anidentical decay curve for the Na(3d) signal atall
2888
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v 2 frequencies probed. The only thing which changes
the area under the decay curve. This indicates that
the actual production of the Na(3d) [Na(3p)] state which
is affected by changingv 2, and not its subsequent deca
[buildup].

(5) We shifted thev 1 frequency (by 20.19 and
20.40 cm21) and examined the effect of such shifts o
the dependence of the Na(3d) and Na(3p) yields onv 2.
Since the two-photonv 1 absorption is mediated by a
(saturated) intermediate one-photon resonance, thev 2

dependence of the Na(3d) and Na(3p) structures should
move by an amount equal to thev 1 shift. This is
indeed the case, as demonstrated in Fig. 5, where
v 2-dependent structures are seen to redshift, respectiv
by 0.23 and0.37 cm21. These values are, within ou
frequency resolution of60.04 cm21, in perfect accord
with the above expectations. A similar shift of the Na(3p)
peaks was also observed, thus verifying the optical ori
of the effect.

In summary, we have experimentally demonstra
laser control of branching photochemical reactions us
quantum interference phenomena. In addition, we h
overcome two major experimental obstacles to the gen
implementation of optical control of reactions: (a) w
have achieved control using incoherently related lig
sources, and (b) we have affected control in a bu
thermally equilibrated, system.

We wish to acknowledge the invaluable help of I. Lev
and Z. Kotler in building the experiment. This work wa
supported by the Minerva Foundation, Germany, by
Israel Academy of Sciences Equipment Programme

FIG. 5. The Na(3d) fluorescence as a function ofv 2 for
three differentv 1 frequencies. The lowest trace correspon
to an v 1 value of 17 474.12 cm21. The upper traces resul
from redshifting thev 1 frequency by 0.19 and0.40 cm21.
We observe a redshift in thev 2 dependence of the Na(3d)
yield of, respectively, 0.23 and0.37 cm21, each being, without
experimental uncertainty of60.04 cm21, identical to the
respectivev 1 shift. Note that the other substructures of th
Na(3d) line shapes show similar shifts.
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