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Controlling Photodissociation Pathways via Fano Profiles: NO State Distributions in FNO(S,)

Decomposition
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We report coherent control of the NO[v=1,J/v=2,J] ratios obtained following photodissociation in the FNO-
(S1+-So) (2,0,0) resonance. In FNO dissociation, interference between the simultaneously excited resonance
and continuum channels leads to asymmetric absorption line shapes (Fano profiles). The profiles obtained when
monitoring NO in v = | and v = 2 are different due to different phase shifts associated with the vibrationally
adiabatic (v =2) and nonadiabatic (v = 1) dissociation channels. This leads to variation of the NO[v=1,J/
v=2,J] ratios by a factor of ~40 when the dissociation wavelength is changed within the (2,0,0) resonance.

Radiative control of product branching ratios or state distri-
butions in a chemical reaction has long been a goal of photo-
chemistry, and recent work has shown that state and product
specificity is possible in favorable cases. A straightforward
approach is to access optically an excited state that correlates
preferentially with a distinct product channel or internal state
(e.g., CINO(T,), CH,IBr).!2 Another approach, pioneered by
Crim and co-workers, involves vibrationally mediated photodis-
sociation, which results in favorable cases mode and even bond
selectivity.’ However, this type of mode-selective control is
ultimately limited to systems for which excitation localized on a
time scale comparable tothat of reaction is possible (i.e., restricted
IVR). An alternative approach involves control of branching
ratios by the experimenter, exploiting quantum interference effects
induced by controlling the phases of the pumping lasers. Several
schemes have been proposed, for example, by Brumer and
Shapiro,* and one of them has been recently implemented by
Elliot and co-workers’ and Gordon and co-workers.¢. In this
method, two nanosecond laser pulses having a definite phase
relationship are used-for simultaneous excitation via differing
paths (e.g., one- vs three-photon pumping). Interference between
these paths is then controlled by adjusting the phase difference
of the two beams. This technique has been successfully used to
control the efficiency of a single channel (e.g., photoionization
of an atom or a diatomic molecule) but has not yet been extended
to multiple channel systems.

In this letter, we report our study of the photodissociation of
a triatomic molecule, FNO, and demonstrate coherent control
over the vibrational-state distribution of the diatomic fragment
by exploiting quantum interference between an unstable resonance
inthe excited state and the excited-state continuum. Specifically,
we show that in the photoinitiated dissociation of FNO on the
first excited singlet surface:

FNO(X'A") + hv(» ~ 33000 cm™) —
FNO[1'A”,(v,,0,,03)] (1)

FNO[1'A”,(v,,0,,05)] = NO (X’ILuJ) + FCP) (2)

the NO(v=1,J) /NO(v=2,J) ratio can be varied by a factor of
~40 by tuning across a single resonance absorption band. This
selectivity derives from the difference in the asymmetric absorption
lineshapes obtained when monitoring NO(v=1) and NO(v=2).
Such asymmetric absorption line shapes (known also as Fano
profiles)”? arise from interference between the simultaneously
excited unbound continuum and resonance states. Since a Fano
line shape deriving from the interaction between a resonance and
a single continuum vanishes at a specific wavelength,”8 in principle
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different product channels can be quenched at wavelengths
determined by their Fano profiles (see below).

The first excited state of FNO, S;(1!A”), is predominantly
repulsive with a shallow well (~400 cm™!) which is separated
from the F + NO exit channel by a small barrier lying near the
Franck—-Condon region.’ As has been shown by time-dependent
2D calculations, a wave packet initially localized in the Franck-
Condon region of FNO(S,) splits into two parts: one part
dissociates directly while the other part is trapped in the well for
several vibrational periods. After each vibrational period the
wave packet recurs to the Franck~Condon region and again partly
leaks to the dissociative continuum.!® The autocorrelation
function describing the time evolution of the wave packet thus
exhibits recurrences which in turn lead tothe structured absorption
spectrum observed experimentally.®10 The absorption spectrum
consists of an intense progression in the NO stretch (»;,0,0), and
weaker progressions which include bending quanta.®!2

In a previous communication, we described how interference
between the direct and indirect dissociative paths of FNO(S,)
correlating with a specific NO(v,J) state leads to asymmetric
Fanoprofiles.!? These profiles were readily observed in the state-
specific photofragment yield (PHOFRY) spectra by monitoring
different NO(v,J) states and scanning over several resonances in
the absorption spectrum. In this report, we turn our attention
tothe Fano profiles associated with a single excited-state resonance
but correlating with different NO vibrationallevels. Specifically,
we show that for excitation of the (2,0,0) resonance the different
line shapes associated with monitoring NOinv =2 orv = 1lead
to a large variation of their ratio when scanning across the
resonance. To the best of our knowledge, this is the first
demonstration that Fano line shapes in photodissociation can be
used to control product state distributions.

The experimental arrangement has been described in detail
before.'>-14 Briefly,a 5% mixture of FNO in helium was expanded
from a pulsed source at stagnation pressures of 500-760 Torr
into a vacuum chamber and intersected approximately 15 mm
(30 nozzle diameters) from the nozzle orifice by the frequency
doubled output (300-320 nm, 2-4 mJ/pulse) of a Nd:Yag laser
pumped dye laser system (Quanta-Ray DCR-1/PDL). The
resulting NO fragments were detected by laser-induced fluo-
rescence (LIF) on the diagonal sequence of the (A2Z* «— X2II)
transition (y system) by the frequency-doubled output of an
excimer laser pumped dye laser system (Lambda Physik
EMG201MSC/FL3002), delayed 80—100 ns with respect to the
pump pulse. The two laser beams were collinear but counter-
propagating with parallel linear polarizations and orthogonal to
both the pulsed nozzle and the photomultiplier tube (PMT) used
for fluorescence detection.
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Figure 1. NO rotational state distributions in » = 2 (upper panel) and
v = 1 (lower panel) following excitation in the (2,0,0) band of the FNO
(S1+-So) transition at 310.96 nm (32 158 cm™).

Two types of experiments were carried out. In the first
arrangement, the photolysis laser frequency was set near the peak
of the (2,0,0) resonance at 310.96 nmand the probe laser frequency
was scanned over the (1,1) and (2,2) bands of the NO « system
to obtain the rotational state distributions in NO v = 1 and 2,
respectively. In this arrangement the probe pulse energy was
attenuated to ~ 10 uJ/pulsein a 5.0-mm diameter beam to avoid
saturation of the strong NO transitions. In the second arrange-
ment, the probe laser frequency was set to monitor a specific
rovibrational level of NO and the photolysis laser frequency was
scanned to obtain the PHOFRY spectra in the region of the
(2,0,0) band. In this arrangement higher probe pulse energies
were used (~10—40 uJ) to minimize shot-to-shot fluctuations.
For both arrangements the PMT signal was digitized, stored, and
transferred to a personal computer which controlled both data
acquisition and laser frequency stepping.

Figure 1 displays the rotational state distributions of the NO
fragment for both the vibrationally adiabatic and nonadiabatic
channels (i.e., those yielding NO v = 2 and 1, respectively)
following excitation near the peak of the (2,0,0) band at 310.96
nm (32 158 cm™). Thedistribution for the vibrationally adiabatic
channel, which is Gaussian in shape and quite narrow (fwhm ~
10 J), is well fit by a modified rotational reflection model in
which the excited-state wave function at the transition state is
reflected into the NO rotational distribution, mediated by the
exit-channel interactions.® The distribution for the vibrationally
nonadiabatic channel is very similar, suggesting that the angular
dependence of the potential is similar for both channels. Analysis
of these distributions yields a vibrational branching ratio
[(NO(v=2)/NO(v=1)} = 0.83 £ 0.10 at 32 158 cm™..

Displayed in Figure 2 are pairs of state-specific PHOFRY
spectra taken while monitoring NO in J = 26.5 and 29.5 of,
respectively, v = 1 and v = 2. The spectra were obtained by
excitation of the Q,; transitions in the 4(1,1) and v(2,2) bands.
Note the obvious asymmetry of the (2,0,0) resonances, a
phenomenon observed also in the PHOFRY spectra of other
monitored NO levels. In each panel, the spectra for v = 2 and
v = 1 are normalized such that their relative intensities at 32 158

The Journal of Physical Chemistry, Vol. 97, No. 3, 1993 541

Photofragment Yield Spectra of FNO

monitoring
J=26.5 in
= NO v=1
et NO v=2

esasNO v=2

—~
5

S

.é.' .-".. o“' *taued
(7} Ql"

5 monitoring

"'5" J=29.5 in

a = NO v=|
—

*
Q

-"'
.

:

1

350 35 338

Excitation Energy (x 10° em’)

Figure 2. Photofragment yield spectra (PHOFRY) in the region of the
FNO [81(2,0,0) + S¢(0,0,0)] transition. The upper panel displays two
PHOFRY spectra obtained by monitoring NO(J=26.5) in v = 1 and v
= 2, respectively. Similar spectra for NO(J=29.5) are shown in the
lower panel. The spectra in each panel are normalized to the rotational
populations displayed in Figure 1.
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Figure 3. Rotational state specific yield ratios of NO(/) v = 1 vsp =
2 in the region of the FNO[S;(2,0,0) «~ S¢(0,0,0)] transition, obtained

by dividing the smoothed and normalized PHOFRY spectra displayed
in Figure 2.

cm™! are equal to the relative rotational populations of the
corresponding NO(v,J) levels. In Figure 3 we show the fv=1/
v=2] ratios for the monitored rotational levels as a function of
excitation wavelength. These curves were obtained by dividing
the smoothed curve for v = 1 by that for » = 2. (The smoothing
does not alter the shapes of the curves.) Clearly each ratio varies
strongly across the (2,0,0) resonance, particularly in the region
32 200-32 400 cm™!. The [v=1/v=2] ratio in this region varies
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from a minimum of ~0.5 to a maximum of 20 when monitoring
either J = 26.5 or 29.5.

In characterizing the asymmetric line shapes, it is customary
to fit them to a Fano line profile:’

o= +ay(g+¢’/(1+ ) 3)

where gy is the cross section for direct excitation to the continuum
associated with a specific v,J level of NO, ¢’ is the cross section
for excitation of other continua and g is the so-called asymmetry
parameter (or shape profile index) given by’

_ (bluli)
1 iy (cHb)

In this equation [i), [b), and |c) are the wave functions for the
initial state, bound resonance (modified by the interaction with
the continuum), and continuum states, respectively, u is the
transition dipole moment, ¢ = (E — E")/(T'/2), and (c|H'b)
represents the coupling between the bound and continuum states
with H’ being the interaction Hamiltonian. Since the matrix
elements are signed quantities, ¢ can be positive or negative.
Also, note that when only one continuum participates, the cross-
section vanishes when g = —e. In the case of the FNO, we have
shown that many lineshapes can be well fit by eq 1.12

Inthe absence of spectral overlap, the shapes of the Fano profiles
in the region of the (2,0,0) resonance do not change markedly
(i.e., similar ¢ and T') when different NO J levels are monitored
within the same vibrational level. The line profiles change,
however, when monitoring the vibrationally adiabatic versus the
nonadiabatic channel. The Fano fits show that the width
parameter I stays the same at 70 & 20 cm™! for both vibrational
levels, but g changes sign, although it is also of comparable
magnitude (i.e.,g ==%5+2). Asaconsequence,the crosssections
for these two channels should vanish at opposite sides of the
(2,0,0) resonance maximum. This behavior leadstoa fastchange
in the [v=1/v=2] ratio in the 32 200-32 400 cm™! wavelength
region, as depicted in Figure 3. The peak in this ratio corresponds
to the wavelength where the v = 2 cross section almost vanishes.
In principle, we expect a second region of selectivity where the
v = 1 cross section should have gone to zero (i.e., at ~32 100
cm™!); however, owing to overlap with the (1,0,3) resonance,!2
this is not the case, and the selectivity is reduced. Although we
present here vibrational branching ratios for only two pairs of
(v,J) levels, these rotational levels are at the peak of the v = 1
and 2 rotational distributions (Figure 1). Moreover, traces taken
by monitoring J levels between 22.5 and 41.5 in » = | show
similar Fano profiles that can be fit with similar q and T
parameters within experimental uncertainty. Thus, the state
selectivity demonstrated in Figure 3 for specific NO(v,J) levels
represents selectivity in the total [v=1/v=2] ratio.

To gain physical insight into the origin of the line shapes, an
alternative but equivalent representation involving the relative
phase shifts and their variation with excitation wavelength can
be invoked. In such a picture, which is widely used in scattering
theory,!s the partial absorption cross-sections are given in terms
of the resonant, ngr, and continuum, 5c, phase shifts:®

4

o(E) « sin’ (g + n¢) 5)
where
= —arctan [ﬂVEIlz] = —arctan (6)
R E-EA T arclane

and E’is the resonance position. The resonant phase shift, ng,
varies sharply across the resonance (i.e., by r),!5 causing sharp
variations of the excitation probability, while nc varies very slowly
intheregion of theresonance. When the continuum and resonance
are excited simultaneously and only one continuum is involved,
the interference causes the transition probability to vanish on one
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side of the resonance at excitation energy E = E, such that ngo
+ ¢ = 0 and’#

Ey-E'  E,~FE’
Vi r/2

Thus, the relative phase-shifts and their variations with wavelength
determine the shape of the absorption line.

Our results demonstrate that a large change in phase shift
between the vibrationally adiabatic and nonadiabatic channels
can lead to control of their ratio and that coherence can be
preserved even in nonadiabatic channels. We point out that in
fact neither channel is truly adiabatic as both require some degree
of vibrational-translational (V-T) coupling. This is a result of
the mismatch between the NO stretch vibration in FNO (~ 1000
cm™') and free NO (~ 1800 cm™'), which necessitates some energy
redistribution in each channel. The similarity of the v = 2 and
1 rotational distributions indicates that V-T energy transfer is
the predominant coupling mechanism in both the vibrationally
adiabatic and nonadiabatic channels, but the amount of energy
transfer is different. This may account qualitatively for the
different phase shifts involved in the two pathways, The
comparable yields of NO v = 2 and v = 1 near the peak of the
resonance indicate that both pathways are equally likely, and it
is intriguing that both involve a similar I, the effective resonance
width. The preservation of coherence despite the exit-channel
couplings may be a result of the small degree of mode-mixing in
FNO(S,) dissociation. For example, we have shown that the S,
bending mode is not coupled significantly to the other degrees of
freedom and is mapped into product rotation.? It is this weak
V-R coupling of the stretching motion, evidenced by the marked
similarity of the rotational distributions, that prevents the
destruction of coherence from the numerous accessible rotational
channels. It is likely that even though some degree of V-T
coupling must accompany the evolution of the NO stretch
vibration, only a small region of phase space is sampled, with the
resulting preservation of coherence.

The preliminary results described here represent a first example
of control of a branching ratio in photodissociation via inter-
ferences in the absorption cross-sections (Fano line shapes). At
this point the effect has been observed for a single FNO(S,+S,)
resonance, (2,0,0), and the observations have not yet been
described by rigorous theory. Clearly, additional results on
different S, resonances are desirable, as well as a theoretical
description of these intriguing observations.
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