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Our knowledge of the process of photodissociation is built on a foundation of molecular spectroscopy developed
since the 1920’s.  However, modern photodissociation dynamics has been mainly created by the introduction of laser
light sources around 1970.  This review of molecular photodissociation emphasizes findings based on techniques devel-
oped in the past ten–fifteen years.  These include measurement of the energy dependence of the branching ratios of the
yields of different photodissociation channels and the distribution of velocity and internal states of the fragments.  The
time scale of the separation of the fragments is shown to vary from the microsecond to the femtosecond regime depend-
ing on whether the dissociation is indirect or direct.  Multiphoton dissociation can be incoherent or coherent.  In the latter
case, if two different optical paths can accomplish dissociation, changing the relative phase of the transition matrix ele-
ments of the two paths can control the branching ratio of different channels.  The branching ratio can also be controlled
by aligning the parent molecule in an electric field or by using successive ultraviolet and infrared transitions.  The review
concludes with some applications of photodissociation to the terrestrial atmosphere and to the generation of reactive rad-
ical sources.

 

Photodissociation is the formation of two (or more) frag-
ments following absorption of light by a molecule.

 

1–6

 

  This
process has been extensively studied indirectly.  The indirect
method is to irradiate a gas for a certain period of time and
then to analyze the products.  However, these stable products
may or may not be the fragments produced by photodissocia-
tion.  The radicals are quickly transformed into other species
and even the stable molecules may result from secondary reac-
tions, in particular, that of radical recombination.

Detection of the primary fragments of dissociation requires,
therefore, detection on a time scale short compared to the
mean time between reactive collisions.  The ratio of these two
times can be minimized by minimizing the time between for-
mation and detection or by maximizing the time between colli-
sions.  The oldest and simplest method is to use photon ener-
gies sufficiently high that one of the fragments is electronically
excited as expressed by the equation
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where A

 

*

 

 is electronically excited and fluorescent.  The time
scale for observation is then limited to pressures so low that the
fluorescence lifetime (typically nanoseconds) is short com-
pared to the mean time between collisions.  The first experi-
ments of this type, reported in the 1930’s were on the alkali ha-
lide molecules in which A

 

*

 

 was an alkali atom in an excited

state.
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  Later examples include the generation of OH(A
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  Because the rate of
internal conversion increases rapidly with the number of atoms
in the molecule fluorescence is limited to small fragments.  In-
deed the fluorescent fragments so far reported with more than
two atoms are NO

 

2

 

 from N
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O
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,
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 NCO from HNCO,
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from CHFCl
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 and CHFBr
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  Fluo-
rescence is also inhibited by increasing the number of atoms in
a parent precursor molecule.  For example, fluorescence is
seen from CN radicals dissociated from HCN but is not ob-
served for CN dissociated from CH

 

3

 

CN.
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  Production of the
electronically excited photofragments requires high photon en-
ergies in the vacuum ultraviolet region (VUV) and relatively
small molecules in size.  Otherwise, quantum yields of emis-
sion are zero or very low due to rapid energy dissipation paths.
Thus, the detection of emission is a relatively simple way to
study photodissociation dynamics, but is limited in its applica-
bility.

Infrared fluorescence from vibrationally excited levels
would appear to be a very general detection method.  However,
because typical IR radiative lifetimes are long compared to
mean free times between collisions, this is a difficult experi-
ment.  In other words vibrational relaxation rates are often fast-
er than IR emission rates.  The time-resolved emission from
various levels of 

 

ν

 

4

 

 of CH

 

3

 

 dissociated from CH

 

3

 

I and NO
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from NO

 

2

 

 are successful examples.
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A far more general way to detect a fragment is to use one la-
ser to dissociate a molecule and a second laser to probe the
fragment just a short time after its formation.  These nascent
fragments that are detected at such short times and at such low
pressures that they have undergone only a few or even no colli-
sions, are clearly primary products of photodissociation.  What
is actually detected is not the fragment but fluorescence that is
characteristic of the fragment.  Ions can be formed by the ab-
sorption of a single VUV photon or a series of photons, usually
resonant with a particular molecular energy level.  A desirable
check is the measurement of the mass of the ion by a mass
spectrometer.

An alternate way of preserving the pristine character of the
fragment is to photolyze a molecular beam of parent molecules
in a very high vacuum chamber and then detect the fragments
in a second chamber some distance away.

 

21–25

 

  Schematics of
the time-of flight measurement are shown in Fig. 1.  The frag-
ments are ionized using either accelerated electrons or pho-
tons, and the ions are detected by use of an electron multiplier
or a phosphor behind it.  This is the most general way of de-
tecting molecular fragments.

 

1. Photodissociation Dynamics

1.1. Photon Energy Dependence of Product Channel
Branching Ratios.    

 

When a molecule is excited to an energy
level above the threshold energies for two different product
channels, it can, in principle, dissociate in two different ways.
The higher the photon energy, the more dissociation channels
are open.  For example, depending on the available energy, an
excited diatomic molecule can dissociate into an extended se-
ries of product channels, characterized by the states 

 

n

 

, 

 

m

 

 of the
atomic products:

AB 

 

+

 

 

 

�

 

ω

 

 →

 

 A(

 

n

 

) 

 

+

 

 B(

 

m

 

) (2)

Dissociation of polyatomic molecules can give rise to chemi-
cally different channels whose branching ratios are often
strongly energy dependent.  Typically, at the lowest energy, the
mechanism of dissociation is a simple bond cleavage, a two-
center process.  As the photon energy increases, dissociation
takes place by three and four center mechanisms and atomic
migration takes place over an internal barrier producing molec-
ular fragments.  For example, CH

 

2

 

O near its threshold dissoci-
ates into the radical pair H and HCO with an increasing forma-
tion of the molecular pair, H

 

2

 

 and CO, as the photon energy in-
creases.
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  This branching ratio is an important factor in deter-
mining the concentration of HO

 

2

 

 radicals in the Earth’s tropo-
sphere by the reaction  CHO 

 

+

 

 O

 

2

 

 →

 

 HO

 

2

 

 

 

+

 

 CO.  An exten-
sive study has been carried out on the energy dependence of
the photodissociation channels of HNCO.
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  As the photon en-
ergy was increased the lowest energy product channel CO 

 

+

 

NH(X

 

3

 

Π

 

) was gradually replaced by H 

 

+

 

 NCO and the latter
was, in turn, replaced by CO and NH(A

 

1

 

∆

 

).  In fact, when ex-
citing in the VUV, H 

 

+

 

 NCO(A
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) are observed.
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  A particu-
larly detailed study has been made on the photon energy de-
pendence of the photodissociation of ethylene and its partially
deuterated isotopomers.

 

28–30

 

  After the photoprepared electron-
ically excited ethylene crosses over to a vibrationally hot
ground state molecule, the ground state dissociates at compa-
rable rates into several channels.  Vinyl radicals and hydrogen
atoms are formed by a two-center bond rupture.  Hydrogen
molecules and both vinylidene and acetylene are produced by
three- and four-center reactions, respectively.  These branching
ratios depend strongly on photon energy.

 

1.2. Velocity Distribution of Photofragments.    

 

 Prior to
around 1970 it was understood that when a molecule dissociat-
ed into two fragments, their momenta were equal and opposite
and that the maximum relative translational energy was the dif-
ference between the photon energy and the energy required for
dissociation.  Aside from these verities the molecular gas was
an impenetrable system.  The modern age of photodissociation
began with experiments intended to measure the velocity dis-
tribution of photofragments.  The underlying philosophy was
the same as that used in crossed molecular beam reactions.
The collision or in this case the dissociation was to be regarded
as a problem in classical or quantum mechanics, in which a
point representing the system moved on excited and ground
state surfaces toward its asymptotic destination.  The equations
of motion could be solved and the results compared with ex-
periment.

When a molecule AB is dissociated into two fragments, A
and B, the available energy, 
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 is defined by the conservation
of energy equation:
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or, in other words, the internal energy of the parent molecule
plus the photon energy is equal to the dissociation energy plus
the relative translational energy plus the internal energy of the
fragments.  If the thermal motion of the parent molecule AB is
neglected, the total kinetic energy release 

 

E

 

t

 

 is subdivided
among the fragments in a fixed ratio, 
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) or 
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).  The relative translational energy can be written as

 

Fig. 1.   The velocity 

  

νννν

 

 distribution of photofragments is
shown by the hatched area for the parallel electronic transi-
tion where the angular distribution is defined by 

 

β = 2 in
Eq. 5.  θ is the angle between the fragment velocity and the
electric vector of dissociation light.  Photodissociation into
fragments occurs at the center.  Time-of-flight measure-
ment is performed with a detector fixed L away from the
photodissociation point.  The translational distribution is
obtained by Eq. 4 using a flight length L.  The photofrag-
ment imaging technique with a combination of multichan-
nel plates and a CCD camera makes possible for us to see
this velocity distribution image.
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Et = [mAmB/(mA + mB)]ν2/2 (4)

where ν = |ννννA − ννννB| is the relative speed between the frag-
ments.  Speeds of fragments can be determined by time of
flight methods,22,24,25 by the Doppler broadening of absorption
lines of light fragments, or by velocity map imaging.31–33  For
diatomic molecules, a fixed photon energy and fixed final
states of the atoms yield a fixed translational energy.  In the
case of a polyatomic molecule where there are many other
ways of distributing the excess energy besides translation, the
distribution of the latter is often very broad.  A generalization
can be made on the release of kinetic energy.  A large kinetic
energy would result from a descent on a strongly repulsive sur-
face.  The wave function would rapidly become highly oscilla-
tory and the associated transition dipole matrix elements
would become very small.  In other words, rapid oscillation of
the wave function greatly diminishes the overlap integral of the
ground and excited state wave functions.  An open channel
with less kinetic energy would have larger transition matrix el-
ements with the ground state.  Thus, in general, nature prefers
lower kinetic energies.

Linearly polarized light whose electric field has a specific
direction in space can generate an anisotropic distribution of
velocities of photofragments originating from molecules ori-
ented randomly in the gas phase.  This anisotropy is made pos-
sible by the fact that, in general, molecules are anisotropic ab-
sorbers of light.  The principal interaction of light with mole-
cules is through the electric field of the light wave and the elec-
tric dipole moment of the molecule.  The latter is a vector, each
of whose matrix elements has a specific direction in the frame-
work of the molecule; therefore the absorption coefficient will
be anisotropic.  The maximum probability for absorption oc-
curs when the transition dipole moment happens to be parallel
to the electric vector of the light as shown in Fig. 2.  Thus po-
larized light creates a set of excited molecules whose axes are
anisotropically distributed.  For instance, for a parallel transi-
tion in a diatom, the transition moment lies parallel to the in-
ternuclear axis.  Hence, the parallel transition leads to a prefer-
ential excitation of molecules that are oriented parallel to the
electric vector.  If the recoil time of the fragments is short com-
pared to the parent molecule's rotation time, i.e., direct dissoci-

ation, the fragments will appear in a cos2θ distribution, thus
preferentially parallel to the laser polarization.  Likewise, a
perpendicular transition would yield a sin2θ distribution.
These two photofragment angular distributions are the two ex-
tremes for a dissociation process following a one-photon exci-
tation through an electric dipole transition:

(5)

where β is the anisotropy parameter, θ is the angle between the
electric vector and the recoil velocity vector, and P2(cosθ) is
the second order Legendre polynomial.  Equation 5 is the first
of a number of correlation relations in photodissociation.34–37

The direction at which fragments are ejected is correlated with
the direction of the electric field of the photon.  Equation 5
shows that the angular distribution is characterized by one pa-
rameter, β, which ranges from −1 for a perpendicular transi-
tion to +2 for a parallel transition.  If β = 0 the distribution is
isotropic in space.

Generally, the anisotropy parameter is given by,

β = 2P2(cosχ) (6)

where χ is the angle between the transition moment µ and the
recoil velocity vector, νννν.  Thus, β is a function of molecular
structure.  The values of β determined by Equation 6 can only
be obtained if the dissociation lifetime τ of the excited state is
much shorter than the rotation period τrot of the parent mole-
cule.  If this condition is not fulfilled, the anisotropy of the an-
gular distribution is lowered according to

(7)

where ω is the molecule’s angular velocity.  For the very slow
dissociation processes (τ >> τrot) the anisotropy is therefore
lowered by a factor of 4.  Lowering of measured anisotropy pa-
rameters is also seen if two different transitions with different
signs in β (parallel and perpendicular transitions) occur simul-
taneously.

1.3. Internal State Distributions of Photofragments.
The dynamics of photodissociation can be studied by measur-
ing the angular distribution of the photofragments, their kinetic
energy distribution and the time required for their formation.
However, the internal state distribution of the fragments is the
method that has been used most commonly and it is extremely
informative.  These distributions can be determined conve-
niently if the fragments can be excited to fluorescent states or
to resonant intermediate states on the path to ionization.  Al-
most any atom can be so probed.  The important molecular
fragments which have been probed include the diatomics, OH,
CN, NH, CO, NO, H2, N2, MH(M = Li to Cs), CS, SO, HF
and the polyatomics, NCO, HCO, SO2, CO2, CH2, and CF3.
HF and CO2 have been probed by infrared fluorescence.  CH3

and other polyatomic radicals have been probed by resonance-
enhanced multiphoton ionization (REMPI) detection of frag-
ments,38,39 or by one-photon VUV ionization.40  Laser probing
of fragments is well suited for this purpose, because only those
fragments that are in the probed state (electronic, vibrational,
and rotational) will appear in the spectrum.

Fig. 2.   Transition dipole moment µµµµ and electric vector Ed of
dissociation light.  See Eq. 5 for the angular distribution of
the photofragment.
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Rotational distributions are usually determined by measur-
ing the relative intensities of the rotational lines of laser in-
duced fluorescence excitation spectra.  High-resolution veloci-
ty distributions from the time-of-flight and velocity imaging
spectra can also reveal the rotational distributions by energy
conservation in Equation 3.41–43  This elegant method has been
made even more elegant by the ability to lower the rotational
temperature of the precursor molecule to a few K by expansion
through a nozzle.44  Angular momentum is generated by
torques.  If a linear triatomic molecule preserves its bond angle
in the upper state before dissociating, the fragments will be ro-
tationally cold.  For example, when the linear molecule OCS is
excited at 157 nm to a linear upper state, the CO molecules are
rotationally cold.45  The same is true of the OH radicals formed
in the A ← X transition in H2O, in which the separating H
atom retreats along the original O–H bond direction.46  Be-
cause an H atom is much lighter than an O atom, the center of
mass in an OH group lies almost at the center of the O atom.
Thus, the torque induced by the leaving H photofragment atom
is small and causes no rotational excitation in the OH group.
The opposite is true for the B ← X transition in water follow-
ing which the bent HOH bond opens to nearly a linear struc-
ture before dissociation occurs, inducing a large torque.47  The
OH radicals so produced are rotationally hot.8  The XCN tri-
atomics (X = H, Cl, Br and I) all have linear ground states and
bent upper states.  The resulting torque produces rotationally
hot CN radicals.48

1.4. Adiabatic and Nonadiabatic Photodissociation.
Photolysis of a diatomic molecule can be understood in terms
of two contributing processes as shown in Fig. 3: (i) the initial
absorption of radiation populates one or more electronically-

excited potential energy surfaces (PESs) at the molecular re-
gion, and (ii) subsequent fragmentation proceeds either adia-
batically on the originally excited PES or through nonadiabatic
transitions between surfaces at the asymptotic region.  The
contribution of each of these steps in describing the photodis-
sociation dynamics and product branching depends sensitively
on the forms of the PESs.  Non-adiabatic transitions occurring
at the asymptotic region can affect the relative yield of differ-
ent product channels at the atomic region.  In other words,
branching ratios among the fine structure levels of open-shell
atoms produced in photodissociation are determined not only
by correlations between molecular and atomic states but also
by adiabaticity of the dissociation process.  In the UV photoab-
sorption of Cl2, the 1Πu(1u) state of Cl2 correlates to two
Cl(2P3/2) atoms, while the 3Πu(0u

+) state of Cl2 correlates to the
combination of Cl*(2P1/2) and Cl(2P3/2).  The Cl*(2P1/2) state
lies 2.5 kcal mol−1 above the Cl(2P3/2) state.  In the wavelength
range between 375 and 475 nm, the translational energy of the
Cl photofragments from the photodissociation of Cl2 is low
and the dissociation processes from the photoexcited Cl2 states
are entirely adiabatic, that is, the Cl atoms from the 1Πu(1u)
state of Cl2 has an angular distribution with β = −1, while the
Cl* atom distribution from the 3Πu

+(0u
+) state has β = 2.

Cl2(X1Σg(0g
+)) + �ω → Cl2(1Πu(1u)) 

→ Cl(2P3/2) + Cl(2P3/2),
Cl2(X1Σg(0g

+)) + �ω → Cl2(3Πu(0u
+)) 

→ Cl(2P3/2) + Cl*(2P1/2).

The ratios of absorption coefficients for the 1Πu(1u) ←
X1Σg(0g

+) and 3Πu
+(0u

+) ← X1Σg(0g
+) transitions in this wave-

length range can be derived from the obtained branching ra-
tios.  However, at 308 nm, and hence, when the translational
energy of the Cl photofragments is increased, the dissociation
becomes nonadiabatic.  At 308 nm, Cl* appeared with β =
−0.7, which was nonadiabatically produced from the 1Π(1u)
state.49

The following is an interpretation of the adiabatic and nona-
diabatic processes in electronically excited Cl2.49  The five 1u
electronic states of the C12 molecule arise from two 2PJ (J =
1/2 or 3/2) chlorine atoms.  In the adiabatic approximation, the
lowest two lu states (including the 1Π(1u) state) correlate to
Cl + Cl, while the next two lu states correlate to Cl + Cl* and
the final 1u state correlates to C1* + C1*.  In the asymptotic
region, as schematically shown in potential curves for a
diatomic molecule (Fig. 3), these adiabatic PESs asymptotical-
ly become degenerate with the free atom energies that are split
by units of 2.5 kcal mol−1.  When the speed of the separating
atoms is high enough, nonadiabatic couplings among the lu
states can take place according to the selection rule for the
mixing with the nuclear kinetic energy operator (∆Ω = 0).
The degree of adiabaticity is expressed by the following rela-
tion, which corresponds to the ratio of the dissociation lifetime
to the electron precession time due to the spin-orbit interac-
tions:

ξ = (∆R/ν)/(�/∆E) (8)

where ∆R is the length of the asymptotic interaction region, ν

Fig. 3.   Schematic of interaction between two potential ener-
gy curves: The solid curves represent adiabatic potential
curves, and the broken ones show non-adiabatic potential
curves for production of Cl(2P3/2) + H and Cl*(2P1/2) + H
from HCl.  An electronic transition by photoirradiation oc-
curs in the molecular region.  Non-adiabatic interaction
among potential energy curves occurs in the asymptotic re-
gion.
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is the relative speed of the separating atoms, and ∆E is the en-
ergy separation of the interacting states.  For ξ << 1 the sys-
tem is in the sudden regime and the dissociation takes place di-
abatically, while for ξ >> 1 the dissociation proceeds adiabat-
ically.  For a fast separation speed of the photofragments with a
large kinetic energy, the adiabaticity parameter ξ is small be-
cause there is no time for the electron to presses.  In this case,
both J = 3/2 and 1/2 are generated as the final photoproducts.
In the diabatic limit, the ratios of [Cl*]/[Cl] are calculated to
be 1/2 for the 1Πu(1u) state and 1 for the 3Πu

+(0u
+) state using

transformation coefficients between the molecular and atomic
states.50  The above discussion clarifies the contribution of the
nonadiabatic dissociation from the 1Πu(1u) state at 308 nm.

Theoretical studies have established that the first UV ab-
sorption band of HCl arises predominantly from transitions
from the ground X state to the repulsive A1Π state. A small
(< 0.5%) contribution to the total oscillator strength is predict-
ed to occur only at long wavelengths from excitation to the
repulsive a3Π state. At 235–190 nm, HCl can dissociate via
two thermodynamically accessible product channels via the
following adiabatic processes as schematically shown in Fig.
3:51–60

HCl + �ω → HCl(A1Π) → H + Cl(2P3/2),
HCl + �ω → HCl(a3Π0

+) → H + Cl*(2P1/2).

Since the measured β value of the H fragment at 193 nm was
close to −1, the 193 nm transition is mostly perpendicular.
However, non-adiabatic transitions occur as the molecule
breaks apart.  The Cl* channel constitutes a significant fraction
of the total product yield: [Cl*]/[Cl] = 2/3 at 193 nm and 1/2
at 235 nm.  The initial population associated with the state is
redistributed at relatively large A1Π internuclear separation be-
tween all the Ω = 1 states correlating to the Cl and Cl* chan-
nels, that is, the A1Π, a3Π1, and t3Σ1 states.

1.5. Time Dependence of Dissociation.    “There is noth-
ing new under the sun.”61 The time dependence of photodisso-
ciation has been studied for three quarters of a century, first
implicitly and later explicitly.  The earliest observations were
that in some spectra the rotational lines were unusually broad
and became ever broader the greater the photon energy.  By the
uncertainty principle this breadth was inversely related to the
lifetime, which, for example, must be of the order of picosec-
onds for BrO, SH, and HNO in the first electronically excited
state.62  Another example is the predissociative broadening by
the crossing of dissociative states.  The phenomenon of predis-
sociation has also been observed with the gradual decrease of
fluorescence lifetimes as a function of the rotational levels in
SD(A2Σ).63

Observation of the angular distribution of fragments allows
an alternate implicit measure of lifetime according to Eq. 7.
The measurements in the time domain of single bond dissocia-
tions are explicit.  At the fastest time scales these measure-
ments are the Fourier transforms of what was long ago mea-
sured in the frequency domain.  To begin with, dissociations
take place either directly on an excited state potential surface,
or indirectly on the ground state surface.  If dissociation is on
an excited surface whether it is the initially excited state or one
close to it, dissociation is fast.  For example, if a fragment

achieves a terminal speed of 105 cm/s and reaches a terminal
energy after traveling about two angstroms, the dissociation
time is very roughly 100 fs, much faster than a typical rotation
period.  Hydrogen atoms, being light, when dissociating from
excited states have an order of magnitude larger terminal ve-
locities and an order of magnitude shorter times of separation.

In Zewail’s famous experiment a fs pulse was applied to
ICN and a subsequent fs pulse was used to probe the CN frag-
ment by laser-induced fluorescence.64

ICN + �ω → I≥CN → I + CN

There was a delay before the CN fluorescence could be ob-
served after which the laser-induced fluorescence intensity in-
creased to a constant maximum.  The interpretation of this rise
time was that it was the time required for the I–C bond to
break.  Just when a bond can be said to have broken is hard to
define.  More precisely it was the time required for the CN rad-
ical to be sufficiently far from the I atom that it exhibited the
same absorption as that of the bare radical.65  This rise time
was about 100 fs.

In the time before a collision occurs, if the excited molecule
crosses to the ground state, energy is conserved and the ground
state is a strongly vibrationally excited “hot” ground state.  A
general statistical theory, RRKM (Rampsberger, Rice, Kassel
and Marcus) enables the calculation of the rate of dissociation.
The necessary assumptions are that the vibrational energy is
statistically distributed among the molecular vibrational modes
and that there is a transition state, a surface of no return whose
structure and vibrational frequencies are known or calculable.

In the most common case a molecule’s lowest optically ac-
cessible excited state lies considerably above the minimum en-
ergy required for dissociation.  An extreme example is the hy-
drogen molecule whose bond energy is 4.4 eV but whose first
electronic absorption is at 9.0 eV.  A typical case is that of
(CH3)3N, whose UV absorption produces fluorescence and
predissociation via the hot ground state.  As the photon energy
increases, the internal conversion rate increases shortening the
fluorescent lifetime, and its dissociation rate is calculated by
the RRKM theory.66

(CH3)3N + �ω (λ > 250 nm) → (CH3)3N* 
→ (CH3)3N + 300 nm,

(CH3)3N + �ω (λ < 250 nm) → (CH3)3N* → (CH3)3N≠ 
→ CH3 + (CH3)2N,

where * stands for the electronically excited state and ≠ for the
vibrationally excited ground state.  Another typical case is that
of toluene.  At a high enough energy the hot molecule slowly
dissociates, primarily into a benzyl radical and a hydrogen at-
om.  With 193 nm excitation the lifetime is 300 ns, a proof of
an indirect dissociation.67  Ketene, CH2CO is an exceptional
case in that it absorbs light, albeit weakly, at the threshold for
forming CH2(3B1) + CO(X1Σ).  Delicate high resolution ex-
periments have provided a more stringent test of the RRKM
theory showing that there are discontinuities in the rate of dis-
sociation as the photon energy is increased above the threshold
energy.68  The discontinuities arise from discontinuities in the
numbers of available quantum states.  The photofragments of
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an even larger molecule, 1-iodonaphthalene exhibit angular
anisotropy proving that its lifetime estimated from Eq. 7 is a ps
or less and therefore dissociation must be direct from an excit-
ed state on a time scale of no longer than a picosecond.69

1.6. Multiphoton Dissociation.    1.6.1. Coherent and In-
coherent Emissions and Absorptions.     At ordinary field
strengths Maxwell’s equations are linear in the electromagnet-
ic fields.  However, the electric and magnetic susceptibilities,
properties of the media in which the fields exist do depend
very slightly on the strength of the field.  At the very high field
strengths produced by a focused laser, the electromagnetic
field equations become nonlinear.  Some consequences were
first analyzed theoretically by Goeppert-Mayer in 1931.70  In-
vention of the laser enabled the experimental study of coherent
absorption processes involving two or more photons.  At the
outset we must distinguish between coherent and incoherent
multiphoton emission and absorption.71  Consider first mul-
tiphoton emission.  An atom or a molecule when excited to a
high energy level decays by a cascade of photons, a series of
incoherent emissions descending the ladder of energy levels.
In a few special cases such as the 2s state of an H atom or He+

ion, the atom can only decay radiatively by a two-photon emis-
sion which is necessarily coherent.72  Similarly, a two-photon
absorption in which the intermediate state is virtual is also co-
herent.  On the other hand a succession of two or more inde-
pendent absorptions from lower levels to higher levels is inco-
herent.  This means that the different absorption matrix ele-
ments have random phases.  A coherent absorption process in-
volves simultaneous absorption of two or more photons.  There
is a single overall matrix element for the entire process consist-
ing of a product of matrix elements with definite phase rela-
tions.  Coherent multiphoton processes can be tested by chang-
ing the polarization of the incident laser light from linear to
circular.  The absorption coefficient decreases if the transition
is parallel or is between two electronic states with the same
symmetry.  It increases if the transition is perpendicular or is
between states with different symmetries.  A typical case is
that of the two-photon absorption of Br2 with linearly and cir-
cularly polarized light.  The Q-branch absorption for the ∆Ω =
0 transition is diminished by two circularly polarized photons,
while those of S- and O-branches are enhanced, comparing to
those with two linearly polarized photons.73

An interesting test is a measurement of the angular anisotro-
py β of photofragments in two-photon dissociation with a ns
laser.  Multiphoton processes via real state(s) are often used for
study of multiphoton dissociation dynamics.  If the first photon
excites the ground state molecule to a repulsive state (τ = 0 in
Eq. 7), the photon-molecule interaction time in the second
photoexcitation step is short.  After the second ns photon pro-
motes the molecule in this repulsive state to a higher repulsive
state, then, photofragments are produced.  The angular distri-
bution of the photofragment from the higher repulsive state re-
flects both the first and second angular distributions:

I(θ) = [1 + β2 P2(cosθ) + β4P4(cosθ)]/4π (9)

where P4(θ) is the fourth order Legendre polynomials.  The in-
termediate repulsive state becomes practically virtual.  On the
other hand, if the intermediate state is bound and its lifetime τ

is considered to be infinite in Eq. 7, memory of the molecular
phase created by the interaction of the first photon with the
molecule in the bound state is lost before the molecule absorbs
the second ns photon.  In this case, the angular distribution is
well represented by Eq. 5 and not by Eq. 9, reflecting only the
second photodissociation dynamics (as if it were a one-photon
process as for the angular distribution).  Experimental results
for these two cases are clearly derived for NO2, CS2, and
CH3ONO.74  The photodissociation of CS2 at 300 nm first gen-
erates the bound CS2* state (this state can fluoresce), and then
this bound state absorbs another 300 nm photon to decompose
into S + CS.  Angular distribution of the S atom is well repre-
sented by Eq. 5 because the intermediate CS2* has a long life-
time on the time scale of a ns laser pulse.  Irradiation of NO2 at
< 398 nm produces the repulsive NO2 state that absorbs anoth-
er photon to decompose into O + NO.  In this case, the angular
distribution of the NO fragment is represented by Eq. 9 be-
cause the intermediate NO2 has a quite short lifetime.  If a fs
photon is utilized, this kind of difference will not appear be-
cause the photon-molecule interaction is essentially coherent.

1.6.2. Vibrational Excitation Followed by Electronic Ex-
citation.    The ultimate key to understanding a direct dissocia-
tion is knowledge of the excited state potential energy sur-
face(s) on which the dissociation occurs.  One way of studying
these surfaces is to observe the change in quantum state distri-
butions and relative yields of the various product channels by
altering the photon energy.  Such a study is made more effec-
tive if the absorption spectrum itself contains information on
the excited state.  A nice example is HONO whose spectrum in
the 390 to 300 nm range has vibrational structure correspond-
ing to the N–O stretch in the upper state.75

A more profound method of probing involves Crim’s “vi-
brationally mediated photodissociation”.  The molecule is ex-
cited vibrationally, in practice by an overtone of the O–H or
N–H stretch, and then photodissociated by a UV photon.  The
yields and state distributions can be compared with those ob-
tained by photodissociation using a single UV photon with the
same energy as the total energy of the other two.  When the
HOD molecule is excited with four quanta in the O–H stretch,
the ratio of the decomposition channel OD + H to that of OH
+ D is > 15 because the coupling between the two vibrational
modes is weak.76  At a still higher energy, selectivity is lost and
the same ratio becomes unity.  When HNCO is excited with a
single photon of energy 44440 cm−1, the yield of NH(a1∆) +
CO is about 0.8 and that of H + NCO is about 0.2.77  However
when the N–H bond is excited with three quanta and the mole-
cule is dissociated using the same total energy, the product
yields are reversed.  The yield of H + NCO is now 0.8 and that
of NH(a1∆) is 0.2.  The wave packets projected onto the upper
surface from the vibrationally excited molecule and from the
ground state molecule are largely located in different regions
of the potential surface leading to very different outcomes.  In
general, the vibrationally hot ground state molecule has an en-
hanced photodissociation quantum yield.  This effect will be
discussed below in detail in connection with the dissociation of
ozone.

1.6.3. Infrared Multiphoton Dissociation.    The outstand-
ing example of incoherent multiphoton absorption applied to
photodissociation is the use of a CO2 laser.  For example, when
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a typical CO2 laser with photon energies near 1000 cm−1 is fo-
cused in SF6 gas, photons are absorbed at a rate of the order of
one/nanosecond.78  After about 40 photons are absorbed an F
atom and an SF5 radical are produced.  The time interval be-
tween absorptions is much longer than the dephasing time
caused by internal vibrational redistribution, particularly at
high energies.  This multiphoton absorption has been likened
to driving a system up a ladder of equally spaced energy steps.
The metaphor fails both because of anharmonicity and the fact
that the density of states becomes large after the absorption of
several photons.  This large density of states means that at en-
ergy of a few thousand cm−1 the molecule becomes “black”,
i.e. it absorbs all wavelengths.  Only those molecules whose
vibrational absorption overlaps the infrared laser output are
observed to dissociate.  Thus the initial few absorption steps
are resonant.  After that, many more photons are absorbed by
the “black” molecule until dissociation occurs.  The question
of how much above threshold absorption occurs has bedeviled
this type of experiment.  The relative rates of dissociation and
absorption are not well enough known.  This ratio must surely
depend upon the laser power.  With this IR multiphoton tech-
nique reactive atoms and radicals are easily produced in a reac-
tion gas cell filled with a reactant.  The reactions of F atoms
are easily tested with the infrared multiphoton production of
SF6.79

2. Control of Photodissociation Dynamics

2.1. Coherent Control of Phototransition.    The coherent
absorption of n photons each of energy �ω does not necessarily
produce the same result as the absorption of a single photon of
energy n�ω.  The reason is that each photon has a matrix ele-
ment with a separate Franck–Condon factor.  The product of n
such factors will usually leave the system with a different spa-
tial distribution on the dissociating state surface than the direct
absorption of a single energetic photon.  However, if the final
products are the same, the n-photon absorption is merely a
possibly more convenient way to reach the dissociative sur-
face.  Coherent multiphoton transitions make possible a subtler
means of control of the branching ratios of product channels
than simple energy variation.

One method of control, originally proposed by Tannor and
Rice envisioned an excitation (PUMP) of a molecule to an ex-
cited surface by a very short light pulse.80  The wave packet
thus generated would move to a different region of the excited
surface and then a second very short light pulse would cause a
deexcitation (DUMP) to a lower surface on which selective
dissociation would occur.  Prudent selection of the shapes and
relative timing of the two pulses would enable control of the
product branching ratios.  The PUMP-DUMP scheme has been
successful but in an application strikingly different from those
originally proposed.  Averbukh et al. excited Br2 molecules
with a fs visible light pulse.81  The roughly 100 fs pulse was
sufficiently short that it excited a wave packet of vibrational
states on the upper B state.  This wave packet initially diffuses
but because it has a finite number of components eventually re-
turns to its initial relatively narrow shape.  At that time a sec-
ond light pulse nonresonantly ionizes the molecule.  The recur-
rence or revival time is different for different isotopes.  Thus at
the instant when a 79Br–79Br molecule wave packet has re-

vived, a 81Br–81Br molecular wave packet may still be quite
diffuse and therefore only weakly absorbing.  In this way iso-
tope separation has been achieved.

The other method of the popular inversion is controlled by
fs chirp pulses or the photon frequency is temporally changed
in a time scale of ps.  Chirp is naturally caused by the propaga-
tion of laser pulses through matter, which leads to group veloc-
ity variations as a function of frequency within the pulse, thus
causing a frequency sweep.  A positive chirp is a pulse in
which the leading edge of the pulse is red shifted and the trail-
ing edge is blue shifted with respect to the central frequency of
the pulse.  A negative chirp corresponds to the opposite effect.
Wilson and co-workers investigated chirp effects on three-pho-
ton absorption yields in I2 vapor using tailored fs pulses.82a

Tailored pulses can be used to enhance single and multiphoton
excitation with a factor of 3.  After CH2I2 absorbs five visible fs
pulses, it is excited effectively to the VUV energy region,82b

and then it produces electronically excited I2 that emits UV
light as stated in the first section.12

CH2I2 + 5�ω(624 nm) → CH2 + I2(D′3Π2g),
I2(D′3Π2g) → I2(A′3Π2u) + 342 nm.

This emission intensity changes as a function of the degree of
negative and positive chirping.  Temporal matching of the pho-
ton energy with the time evolution of the electronically excited
state causes this change.  Zhang et al. observed a factor of 2.9
in the overall change in the yield for this pathway as a function
of chirp.82b

A second, rather different method of coherent control has
been proposed by Shapiro and Brumer.83  This method differs
from that of the PUMP-DUMP scheme that uses tailored ultra
fast pulses.  Suppose that an optical excitation excites a mole-
cule from its initial state to a specific state of dissociation prod-
ucts.  Figure 4 shows a schematic of this type of experiment.
When electronic excitation is accomplished by two different
pathways, the probability of the process is obtained by adding
the amplitudes for the different pathways and then squaring.
Thus the probability will become dependent on the phase dif-
ference of the transition matrix elements between the two am-
plitudes.  The following equations show the combined electric
field E(t) and the excitation probability P(∆φ):

E(t) = E1cos(ω1t + φ1) + E3cos(ω3t + φ3), (10)

P(∆φ) = I1
3 A1 + I3 A3 + 2(I1I3 A1A3)1/2cos(∆φ), (11)

A1 and A3 are proportional to the squares of matrix elements
between the initial molecular state and the final state of the
fragments. I1 = |E1|2 and I3 = |E3|2.  The appropriate weak
light fields are applied on a ns time scale and the degree of
phase control is, so to speak, decided by the system and not by
the experimenter.  This is altered by varying the pressure of Ar
or H2 gas through which the two light beams travel before
reaching the interaction cell for molecule and photons.  The
yield of each channel will vary sinusoidally with the relative
phase ∆φ  where

∆φ = φ 3 − 3φ 1 + δ13 (12)
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This scenario has been first applied to a number of areas of
molecular spectroscopy, especially coherent control of UV
photoabsorption.  The interference phenomenon between ap-
plied waves of different frequency was first observed in Hg
atom vapor by Elliott and coworkers.84  Later Gordon and co-
workers demonstrated interference between one and three pho-
ton amplitudes for excitation in relatively small molecules,
HCl, CO, H2S and CH3I at 118 and 355 nm.84  Bersohn and
coworkers have demonstrated phase control of absorption in
large polyatomic molecules in order to answer the question;
“Can interference between one and three photon amplitudes be
observed in molecules with much larger number of atoms than
CH3I in which many rotational states would be simultaneously
excited?”.85  Interference was indeed observed in N(CH3)3,
N(C2H5)3, (CH3)2N2H2 and c-C8H8 at 201 nm and 603 nm.  The
603 nm laser light was tripled in a gas cell and two laser beams
were changed in relative phase in an Ar gas cell, as shown by
the upper panel of Fig. 4.

(CH3)3N + [�ω3(201 nm) + 3�ω1(603 nm)] 
→ (CH3)3N* [controlled by ∆φ]

They concluded that molecular size is no obstacle and that as
long as a molecule has sufficiently strong absorption at the tri-
pled frequency and has sufficient vapor pressure, phase control
of interference is observable.

Most interesting applications to molecular photodissocia-
tion occur when two chemically different channels are open.  If
the phases of the transition matrix elements for the two differ-
ent channels are not the same, that is, δ13 and δ13′ are different
in Eq. 12, then, the yields of the two channels will be out of
phase and therefore can be controlled by Eq. 11.  An elegant
example is the molecule HI that at a certain high energy can
undergo either ionization or dissociation into a hydrogen atom
and an iodine atom, probably in an excited state.  By varying
the relative phase as defined above, Gordon showed that the
two channel phases are different and therefore the relative
yields of the two channels could be varied sinusoidally.84

HI + �ω3 + 3�ω1 → HI+, δ13

HI + �ω3 + 3�ω1 → H + I. δ13′

Modulation of HI+ and I+  signals result from irradiation of HI
with 353.80 nm light and its third harmonic.  The HI+ peak is
the result of one or three photon ionization.  The I+ peak is de-
rived from the product of a neutral dissociation into an H atom
and an electronically excited I atom that is then REMPI ion-
ized by absorption of an additional photon.  The period of the
oscillations depends on the phase difference between three
fundamental photons and their third harmonic as shown by Eq.
11.  Most importantly, note that the two chemically different
exit channels of HI have different channel phases, or δ13 ≠ δ13′.
The origin of the channel phase has recently been shown to de-
pend on a coupling of the continuous dissociating state to a
discrete state or to another continuum or to an intermediate
state which is resonant with one optical process but not the
other.84  The channel phase vanishes if these conditions are not
met, and hence, controllability by the photon phase is lost.

There will surely be more success in the future in the control
of photodissociation pathways via the (3ω1 + ω3) interference.
However, the need for both strong three-photon absorption and
frequency tripling will be limiting factors.  Fortunately, there
are other routes to phase control.  In an experiment involving
two colors, ω1 and ω2, the two-photon transition probability for
absorbing both ω1 and ω2 is proportional to the square of the
sum of two matrix elements.84c  A very important observable
for the photodissociation dynamics is the angular distribution
of fragments.  This angular distribution can be altered by vary-
ing the phase between one wave of frequency ω2 = 2ω1 and
two waves of frequency ω1.  Two different final states are in-
volved whose angular wave functions are orthogonal due to the
transition selection rules, i.e., g ↔ g/ u ↔ u for the two-photon
transition and or u ↔ g for the one-photon transition.  But
those radial wave functions are not necessarily orthogonal.
Thus if observations are made at a fixed angle, there can be in-
terference if the total flux is averaged over all angles there
would be no interference.  To illustrate, suppose dissociation is
very fast and the transition dipole axis and the axis of dissocia-
tion coincide.  Then, the matrix element for one-photon ab-
sorption would be proportional to cosθ and the angular distri-
bution can be described by Eq. 5 with β = 2 and Fig. 2.  Fur-
thermore, the matrix element for two-photon absorption would
be proportional to cos2θ if the virtual intermediate transition
were parallel.  The square of the sum of the two matrix ele-
ments would contain a term of odd parity, cos3θ.

Fig. 4.   Phase control of reaction branching.  Modulation of
the branching results from simultaneous irradiation of a
molecule by a fundamental photon ω1 and its third har-
monic ω3.  The branching ratios depend on the phase dif-
ference between three fundamental photons and their third
harmonic as defined by Equations 10–12.  The phase dif-
ference of incoming laser photons is altered by varying the
pressure of the gas (i.e. argon) through which the two light
beams travel before reaching the detection chamber as
shown by an experimental setup in the upper panel.
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I(θ) = [cos(θ + ∆φ) + cos2(θ + ∆φ)]2,
= cos2(θ + ∆φ) + 2cos3(θ + ∆φ) + cos4(θ + ∆φ). (13)

If the matrix elements were adjusted to be equal in magnitude,
by phase control in ∆φ, most of the one photofragment, say, A
fragment of AB molecule, would be sent in one direction and
the other fragment, B, in the other.  If we can set a proper trap
for one particular fragment, we can effectively select the
branching.

A third control method, “optimal control”, proposed by Jud-
son and Rabitz is completely empirical.86  The light pulse is
dispersed into many different frequencies each with its own
amplitude and relative phase.  These parameters are varied so
as to improve constantly the yield of a given photoproduct.
Gerber and Levis have obtained striking results with the use of
a fs pulse combined with a liquid crystal spatial light modula-
tor (SLM).87  The very short pulse consists of many frequen-
cies which are spatially dispersed by a grating into multiple
frequencies, each with its own phase and amplitude.  These are
initially chosen randomly.  The strong (> 1013 W cm−2) light
pulse dissociates the molecule and ionizes the fragments al-
though not perhaps in that order.88  The signal due to a particu-
lar mass is fed back to the SLM where the various phases and
amplitudes are adjusted until the yield of a particular ion is
maximized or minimized.  This extremely general method has
been applied to the formation of CH3CO+ from CH3COCH3,
both CH3

+ and CF3
+ from CH3COCF3, and both C6H5CO+ and

C6H5
+ from C6H5COCH3.87b  Most remarkable, a new product,

toluene was formed from acetophenone; it is not observed with
weak light fields.87b  In other words, a strong light field has
brought about a new dissociation channel.  Much remains to be
learned about the phenomena occurring in very strong laser
fields.88

The original theoretical conception was that the PUMP and
DUMP pulses would be tailored to fit the potential surface.  To
apply this method one would either have to have extensive
knowledge of the potential surfaces or acquire this knowledge
by repeated trials of different pairs of pulses.  The successful
feed back experiment is a tour de force, a triumph of engineer-
ing and empiricism.  One learns nothing about the potential
surface.  One does not know how many of the 800 nm photons
were used for pumping and how many for dumping.  Neverthe-
less, effective control is exerted over competing channels of a
photodissociation.  Because the strong field does not have to be
resonant, the method is not limited by spectroscopy and is very
general.

2.2. Control of Dissociation Branching by Alignment of
Parent Molecules.    A neutral molecule placed in an electric
field can be aligned because of the anisotropy of its polariz-
ability tensor.  As an alternative to high static electric fields,
the electric field of a pulsed laser can be used for alignment.
The control parameter γ of the degree of alignment for a linear
or a quasi-linear molecule is:

γ = −(〈α〉 − αzz)(E2/2kT)P2(cosχ) (14)

where 〈α〉 is the mean polarizability, αzz is the element of the
polarizability tensor along the symmetry axis and E is the rms
optical electric field.  χ is the angle between the electric vec-

tors of the aligning and dissociating lasers.  If the electric vec-
tors of the aligning IR and dissociating UV lasers are set paral-
lel to each other, the observed anisotropy parameter, β2, for
P2(cosθ) in Eq. 5 is given by:

β2 = βo + γ(1 + 2βo/7 − βo
2/5) (15)

where βo is the anisotropy parameter in the absence of the
aligning radiation.  The angular distribution has been con-
trolled in this way for I2, CH3I, CS2, C6H5I, and OCS.89–91  A
recent experimental demonstration showed control of the
branching ratio of two different photodissociation channels for
I2 and Cl2 using aligned molecules.92,93  The photodissociation
of Cl2 at 404 nm has two channels via adiabatic excited poten-
tial surfaces as described above.  The molecules are either ex-
cited to the B3Πu

+(0u
+) state that dissociates into Cl + Cl*, or

to the 1Πu(1u) state that dissociates into 2Cl.  The B3Πu
+(0u

+)
state is connected to the ground X1Σg(0g

+) with a parallel tran-
sition moment with β0 = 2, whereas the transition moment
from the ground state to the 1Πu(1u) state is perpendicular with
β0 = −1.  Selective excitation is obtained by controlling the
spatial alignment of the molecules with respect to the polariza-
tion of the exciting light so that either parallel transitions are
enhanced and simultaneously perpendicular excitations sup-
pressed or vice versa.  A strong nonresonant laser field controls
the alignment of the molecules since the interaction between
the induced dipole moment of the molecules and the strong lin-
early polarized laser field forces the molecules to align along
the polarization axis according to Eq. 14.93

Cl2 + 1.06 µm → Cl2(aligned)
Cl2(aligned) + 404 nm → 2Cl(2P3/2) or Cl(2P3/2) + Cl*(2P1/2).

The upper panel of Fig. 5 shows that the anisotropy parameter
ratio βeff/β2

0 of Cl increases with nonresonant IR laser intensity
where βeff and β2

0 are the anisotropy parameters in the pres-
ence and absence respectively of the IR aligning laser.  For
each IR laser intensity the cross sections can be expressed in
terms of the control parameter γ of Eq. 14 by the relations:
σ‖

align is 1 + 2γ /5 and σ⊥
align is 1−3γ /5, where σ represents an

absorption cross section.  From the speed distributions of the
Cl photofragments as shown by the inset of Fig. 5, we can de-
termine the Φ‖/Φ⊥ branching ratio relative to the nonresonant
laser field.  The quantum yield Φ‖ of the Cl* + Cl channel in-
creases while Φ⊥ of the Cl + Cl channel decreases with IR la-
ser intensity, when the parent Cl2 molecules are aligned along
the IR laser polarization axis and the two channels correlate
adiabatically with two excited potential energy surfaces ac-
cessed through a parallel and a perpendicular transition, re-
spectively.

2.3. Control of Dissociation Branching by Upconversion
via Bending Mode Excitation.    OCS is linear in its ground
state and bent in its first excited state.  It serves as a model for
the effect of bending on photodissociation dynamics.  When
OCS is excited in its first UV band, the following channel is
the main dissociation pathway that produces rotationally hot
but vibrationally cold CO molecules along with an S(1D)
atom,91
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OCS(ν = 0) + �ω (UV) → OCS*(11∆(21A′)) 
→ CO(X1Σ+, J) + S(1D).

The potential curves are shown schematically in Fig. 6.  Be-
cause bent states are involved in the UV dissociation, most of
the available energy is allocated to the rotational motion of
CO.

In the vacuum UV absorption band, S(1S) and CO are pro-
duced from the photodissociation via direct VUV excitation of
the 1Σ+ ← X 1Σ+ transition.  At 154–157 nm the partition of
internal and translational energy was investigated for this re-
pulsive state.45,95  Due to the linear structure of OCS and the
stiffness of the C–O bond, a) most of the available energy is al-
located to relative translational motion, and b) the angular

anisotropy is as high as β = 1.8.  If a stepwise transition
through the UV prepared OCS* occurs by multiphoton absorp-
tion to the VUV energy region, the dissociation pathway may
be controlled.  The upper repulsive state is prepared by infra-
red (IR) excitation at 1.06 µm through OCS*.  Switching of
the S(1D) formation to S(1S) is achieved by upconverting the
lower electronic state with the IR photons.  This method is dif-
ferent from Crim’s vibrationally mediated photodissociation.
The UV and IR laser pulses must overlap in time for the OCS*
to absorb additional IR photons to produce S(1S).  This situa-
tion is demonstrated by the images in the upper panel of Fig. 6.

OCS(ν = 0) + �ω(UV) → OCS*(21A′, strongly bent),
OCS*(21A′, strongly bent) + 2�ω(IR) → OCS**(41A′ (21Σ+)) 

→ CO(X1Σ+) + S(1S).

After the additional two IR photons are absorbed, the excited
OCS* crosses to the upper OCS**(41A′(21Σ+)) potential sur-

Fig. 5.   The upper panel shows a change of the anisotropy pa-
rameter ratios βeff/β2

0 with 1064 nm laser intensity for
Cl(2P3/2) photofragments from the photodissociation of Cl2

at 404 nm (linearly polarized visible light, VIS).  β2
0 with-

out IR laser.  The VIS and IR lasers have parallel polariza-
tion.  The inset shows a typical photofragment image (two
circles) and the direction of the electric vector E of the dis-
sociation VIS laser light (arrow).  The outer circle corre-
sponds to the Cl2 + 404 nm → 2Cl(2P3/2) process with the
perpendicular transition while the inner circle to the
Cl*(2P1/2) + Cl(2P3/2) process with the parallel transition.
The difference in the diameters of the two circles arises
from the energy difference of 0.109 eV between Cl and
Cl*.  The lower panel shows changes of the Φ‖ /Φ⊥ branch-
ing ratios with 1064 nm laser intensity.  The open circle are
the observed branching ratios with and without the 1064
nm IR laser pulse, ρIR/ρ0 = [Φ‖/Φ⊥]IR/[Φ‖ /Φ⊥]0.  The open
triangles are the ratios, ρIR/ρ0, calculated from the anisotro-
py parameter ratios, βeff/β2

0.

Fig. 6.   Lower panel shows the potential energy curves of
OCS as a function of bond angle θ and internuclear dis-
tance R.  Up-going arrows from OCS*(21A′) to
OCS**(21A�) indicate the excitation processes for UV +
2IR photons.  Left-going arrow indicates this dissociation
pathway via bend and stretch modes Upper panel shows
the images of CO from OCS.  When the time delay be-
tween the UV and IR pulses is over 5 ns and hence the two
laser pulses do not temporally overlap to each other, S(1D)
atom is produced via OCS*(21A′).  When the two laser
pulses temporally overlap to each other (delay = 0 ns), the
up-conversion to OCS**(41A′) from the strongly bent
OCS*(21A′) is completed and S(1S) is produced via
OCS**(41A′).
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face that correlates with S(1S) + CO.  According to a quantum
mechanical calculation, the vertical excitation energy of
OCS** from the linear ground state is about 11 eV, far above
the total energy of UV + 2IR (7.7 eV), as shown in the lower
panel of Fig. 6.94  However, the potential energy of OCS** is
lowered in the bending coordinate, and the potential surface
eventually intersects with OCS* in linear geometry at an ex-
tended bond length.  Because the photoprepared OCS* has a
deep minimum in the bending coordinate, it is excited to
OCS** by two-IR photon absorption that results in formation
of CO(J) + S(1S) via crossing to OCS**.  When the IR light
intensity is so strong that the upconversion rate is much larger
than the dissociation rate of the lower OCS* state, total upcon-
version of the lower repulsive state in the bent state is
achieved.

3. Photochemistry of Hot-Molecules in the Earth’s 
Atmosphere

Translational energy of a photofragment is calculated from
its time-of-flight spectrum as shown in Fig. 1.  In the case of
diatomic molecules, the internal energy of the parent molecule
appears in Eq. 3.  The results for Cl2 show that some of the Cl
atom photofragments are faster than expected for dissociation
of a cold molecule.  The translational energy is calculated from
Eq. 3 with vibrational energy of the hot parent molecule.96

Formation of higher rotational levels of CO from OCS sug-
gests the hot band channel even in an expanded molecular
beam, which comes only from the bent OCS, 520 cm−1 above
the ground level.  At 289 K, 8% of the molecules are in ν2 = 1.
There may be somewhat less in the expanded molecular beam
but it is likely that a few % are still in the ν2 = 1 level because
vibrational cooling in the molecular beam was not com-
plete.44  Thus, even if the fraction of the OCS(ν2 = 1) level is
small, the photoexcitation of the hot band is not negligible.
This contribution is explicable in terms of the Franck–Condon
factor for optical excitation from the ν2 = 1 level at the partic-
ular wavelength being much larger than that of excitation from
the ν = 0 level.

This is the case for the hot band dissociation of ozone under
molecular beam conditions.96,97  It is interesting to review the
photochemistry of hot ozone under atmospheric conditions.98

The quantum yields for production of the first electronically
excited state of oxygen atom, O(1D), in the ultraviolet photoly-
sis of O3 is a good example of the photochemistry of vibra-
tionally excited molecules in the Earth’s atmosphere.  It is be-
lieved that vibrationally excited species do not play a major
role in the chemistry of the Earth’s lower atmosphere, since
they are much less abundant compared to the ground state spe-
cies under the atmospheric temperature condition.  The most
notable exception is the photodissociation of ozone below the
thermodynamical threshold for the formation of O(1D).  The
primary reason for the extreme importance of this very low
abundance species is that O(1D) reactions produce highly reac-
tive species from unreactive species.  Specifically, the OH rad-
ical in the stratosphere and troposphere are mostly produced
from the reactions of O(1D) with inert H2O.

O(1D) + H2O → 2OH

The major source of O(1D) in the lower atmosphere is the
photolysis of ozone in the Hartley and Huggins bands.  Trans-
lationally hot O(1D) is generated.99  The strong increase in the
ozone absorption cross section below 330 nm and the conse-
quent absorption by overhead ozone leads to the sharp de-
crease of the solar actinic flux, which becomes practically zero
below 290 nm in the lower stratosphere and troposphere.  Be-
cause the photolysis of atmospheric ozone depends on the
overlap of the wavelength dependent actinic flux and the ozone
absorption cross section, the opposing wavelength dependence
of these two quantities essentially restricts the photodissocia-
tion to 290–330 nm.  This is precisely the wavelength region
where O(1D) production increases from near zero values
around 330 nm to near unit values around 290 nm.  Therefore,
the calculated atmospheric O(1D) production rate is very sensi-
tive to changes in the quantum yield for its production in the
photolysis of ozone in this wavelength range.  It is also this re-
gion where the UV absorption cross sections of ozone and the
quantum yields for O(1D) production are highly sensitive to
temperature because the formation pathway is due to a “hot”
O3 species.  These changes in O(1D) quantum yields are very
important to atmospheric modeling.  Talkudar et al. suggested
that the contributions of the tail dissociation process due to the
290–330 nm tail can make the formation of O(1D) five times
larger at solar zenith-angle of 85° than the value estimated
without them.101  The importance of this O(1D) channel is
shown in the inset of Fig. 7 about the changes of the absolute
yields of OH formation in the atmosphere, which shows the ra-
tios of the OH concentration with and without the O(1D) for-
mation from the hot band dissociation process.

There are five energetically possible fragmentation path-
ways in the UV/vis photolysis of O3:

O3(ν = 0) + �ω(λ < 310 nm) → O(1D) + O2(a1∆g), (Ⅰ)
O3(ν3 = 1) + �ω(λ < 330 nm) → O(1D) + O2(a1∆g), (Ⅱ)
O3(ν = 0) + �ω(λ < 411 nm) → O(1D) + O2(X3Σg

−), (Ⅲ)
O3(ν = 0) + �ω(λ < 1180 nm) → O(3P) + O2(X3Σg

−), (Ⅳ)

where the long wavelength limits given in parentheses indicate
the thermodynamic thresholds for the fragmentations at 298 K
when the parent O3(X1A1) molecule is excited from its ν3 vi-
brational level.  For photodissociation in the Hartley band (1B2

← X1A1) at λ < 300 nm, it has generally been accepted that
channels (Ⅰ) and (Ⅳ) are predominant, with the quantum yields
of 0.9 and 0.1, respectively.  In the UV Huggins band (λ > 300
nm), production of the O(1D) atoms above 310 nm has been at-
tributed to both channel (Ⅱ) via the photodissociation of hot
O3, and (Ⅲ) via the spin-forbidden dissociation.  The contribu-
tions made by these excitation processes to the quantum yields
for O(1D) atom from O3 photolysis are indicated in Fig. 7.

The structured part of the Huggins band at λ = 310–330 nm
has been assigned as transitions to bound vibrational levels of
a 1A1 state reached in a two electron transition from the ground
1A1(0,0,1) state but with an odd quantum number change in the
antisymmetric stretch mode ν3 (b2 symmetry), making the
overall symmetry 1B2, and presumably gaining intensity from
the nearby one photon 1B2 state.  Translational anisotropy mea-
surements are consistent with a positive value of the transla-
tional anisotropy factor β = 0.6 that corresponds to transition
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to the 1B2 state.  This process is temperature dependent.  How-
ever, the temperature independent part of the O(1D) quantum
yield in the Huggins band region above 320 nm is attributed to
spin-forbidden process (Ⅲ).  The measured translational ener-
gy distributions of the O(1D) fragments are entirely consistent
with those expected from process (Ⅲ).

4. Photodissociation Processes as Reactive Radical Sources

The atom-diatomic molecular reactive scattering is one of
the fundamental elementary chemical reactions103 as well as
one of the reaction processes in the Earth’s air.104  To study this
process, an elaborate molecular beam scattering technique that
requires massive construction has been used.  Alternatively, a
similar reaction system can be studied in a simple gas cell by
probing the nascent product before it is relaxed by collisions in
the cell.68  For this type of experiment, photofragments with
translational energies of a few eV are often used as reactants
because the kinetic energy and angular distributions of the
fragments are well characterized by Eqs. 3 and 5.  The UV
photodissociation of H2S, HBr, HI, C3O2, NO, O2, O3, N2O,
SO2, F2, CS2, HCl, Cl2, Cl2CO and Cl2SO for example, produc-
es H, C, N, O, F, S, and Cl, whose electronic states, energy and
angular distributions are well defined as described above.
Some examples are shown below.

When an H atom reacts with methane, both abstraction reac-
tion and substitution reaction occur.  Experimentally deuterat-
ed methane CD4 was used in order to distinguish the product
and reactant atoms.  The source of the H atom was the photo-
dissociation of H2S with a linearly polarized 193 nm photon:105

H2S + 193 nm → H + SH,
H + CD4 → HCD3 + D.

The kinetic equation for the substitution reaction can be writ-
ten:

d[D]/dt = k[H][CD4] (16)

where k is the rate coefficient and [i] is the concentration of
component i.  If the probing laser is pulsed at a short time t lat-
er than the dissociating laser, the rate coefficient can be written

k = [D]/([CD4][H]t) (17)

k can also be written from kinetic theory as

k = <νσ(ν)> (18)

where σ(ν) is the cross section at relative speed ν.  Methane is
so unreactive to H atoms that σ(ν = 2 km s−1) is only 0.08 A2.
A proof that the reaction takes place by inversion is based on
velocity anisotropies as shown in the lower panel of Fig. 8, in
which Doppler shapes of the reactant H atom and product D
atom are shown.  The H atom is produced from the photodisso-
ciation of H2S by a linearly polarized 193 nm photon.  Since
the 193 nm transition corresponds to β(H) = −0.94, the Dop-
pler shape g(ω) of the H atom absorption has a dip in its center
position:

g(ω) = (1/νω0)(1 − β/2)P2[c∆ω/ω0ν]} (19)

where ω0 is the central frequency of the Lyman-α transition

Fig. 7.   O(1D) quantum yields from the O3 photolysis for
203–298 K in the wavelength range 305–330 nm (Solid
lines).  Contributions made by the various dissociation pro-
cesses to the quantum yields for O(1D) atoms are indicated
in three different regions.  Region Ⅰ corresponds to excita-
tion of the parent cold molecule and dissociation via chan-
nel, O(1D) + O2(a1∆g).  Region Ⅱ (hatched area with verti-
cal lines) indicates the contribution from the hot band exci-
tation process leading to O(1D) formation via O(1D) +
O2(a1∆g), at 298 K, whose quantum yield is temperature
dependent.  Region Ⅲ (hatched area with slash lines) rep-
resents the contribution from the spin-forbidden process
via O(1D) + O2(X3 Σg−), whose quantum yield is tempera-
ture independent.  The inset shows a 1-box model calcula-
tion for the changes of the absolute yields of O(1D) atoms
and OH radicals in the Earth’s air.  The enhancement fac-
tors of the O(1D) and OH concentration due to the hot band
dissociation process of O3 depend on the altitude because
the UV spectral distribution around 300 nm from the Sun
strongly depends on the altitude.

Fig. 8.   Substitution reaction, SH2 of a D atom in deuterated
methane with a hot H atom.  The H atom source is the
photodissociation of H2S with linearly polarized 193 nm.
The Doppler profile of the H atom corresponds to β(H) =
−0.94 with 2.5 eV translational energy.  The solid curve is
a fitted Doppler shape.  The Doppler profile of the product
D atom corresponds to β(D) = −0.78 and 80% of the orig-
inal translational energy of the H atom, suggesting that the
substitution reaction takes place almost collinearly.
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and ∆ω is its shift due to the fragment speed distribution. c and
ν are the speed of light and the speed of the fragment, respec-
tively.  The Doppler profile of the product D atom has an
anisotropy similar to that of the reactant H atom.  The dynam-
ics of the substitution reaction are revealed by the energies
(calculated from the Doppler width) and the anisotropy param-
eter (β(D) = −0.78 calculated from the Doppler shape) of the
product D atom.  The translational energies are 80% of the
original translational energy of the H atom because the D atom
rolls down the repulsive potential surface via the inversion re-
action.  One can show the average angle between product D
and reactant H velocities,

<P2(cosΘ)> = β(D)/β(H) (20)

From the observed numbers, Θ is 20 deg.  Such a small angle
suggests that the velocity of the leaving D atom is approxi-
mately parallel to that of the entering H atom, as shown sche-
matically in Fig. 8.

The reaction of O(1D) with a hydrogen molecule is a typical
example of a heavy-light-light system with a large exoergicity
of 43.5 kcal mol−1.106  In this case, the photodissociation of O2,
O3, or N2O are convenient sources of O(1D) atoms.

O3 + 266 nm → O(1D) + O2(a1∆g),
O(1D) + HD → HOD≠ → HO + D/ H + OD,

where HOD≠ stands for the strongly bent intermediate state, in
which the H and D atoms collide with each other within one
bending oscillation.  In a classical sense, when the insertion
dominates, the O(1D) atom forms a complex with HD.  The
isotopic branching ratios of Φ(H+OD)/Φ(D+OH) in the reac-
tion with HD were measured.  The translational energy re-
leased to the H atom Et(H) was found to be twice that released
to the D atom Et(D).  The measured product [H]/[D] ratio was
about 1.4.  In this hot and short-lived HOD≠ complex the H or
D atom collide with each other so strongly in the very bent
state that one of them leaves the hot complex as a product.
Hence, Et(H)/Et(D) becomes two due to momentum conserva-
tion between H and D during that internal collision process.
Since H leaves the complex with higher probability due to its
lighter mass, a [H]/[D] ratio larger than unity is explained.

Similarly, the reactions of O(1D) with HCl, Cl2 and chloro-
fluorocarbons were studied.107,108  In the reaction of HCl with
O(1D), HO and Cl(2Pj) are the products.  Because the H atom
leaves the Cl atom with a large velocity due to its light mass,
the reaction process is diabatic, resulting in the diabatic distri-
bution in the j-branching of Cl(2Pj: j = 1/2, 3/2) according to
Eq. 8.  However, in the reaction of Cl2 only j = 3/2 was pro-
duced, because ClO leaves the Cl atom with relatively small
velocity and hence the adiabaticity is large in this reaction.

The reaction of an H atom with an oxygen molecule is a typ-
ical example of a light–heavy–heavy system.  In this case the
reaction proceeds via the complex mechanism:

H + O2 → HO2
≠ → HO + O(3Pj)

The product branching ratio for the j-population in the O(3Pj)
atoms is governed by the non-adiabatic interaction at the as-

ymptotic region shown in Fig. 3, or the adiabaticity of the po-
tential surfaces is defined by Eq. 8 in that region.  The ob-
served branching ratios were found to be rather diabatic due to
the large translational energy of the H atom.109  The reaction of
a Cl atom with methane is a dominant source of HCl in the at-
mosphere.

The activation energy of this reaction is 2.7 kcal mol−1 that
is close to the spin-orbit separation (2.5 kcal mol−1) between
Cl(2P3/2) and Cl*(2P1/2).  Thus, it was expected that the reaction
rate of Cl* would be much faster than that of Cl.  In a laborato-
ry experiment, Cl* was produced by the 193 nm photodissoci-
ation of HCl.  Because of the large adiabaticity, however, the
reaction of Cl*(2P1/2) with CH4 proceeds mostly on the adia-
batic potential surface that does not correlate with the two
ground states, HCl + CH3.  Hence the reaction cross section to
the HCl + CH3 channel is small, while the electronic quench-
ing of Cl*(2P1/2) to Cl(2P3/2) occurs efficiently.110,111

Summary

Since Kent Wilson and Richard Bersohn first exploited the
angular distribution of photofragments in the 1970s after theo-
retical predictions by Richard Zare, the dynamical behavior of
molecules in electronically excited states has been studied ex-
tensively.  The development of research in photodissociation
dynamics has been accelerated by laser techniques.  Kent
Wilson named this mutual interaction as “Laser-in and Laser-
out”.  Edward Teller said, “The laser has been discovered by
the wrong people, namely, physicists.  The result is that the
chemists have not grabbed it to the extent they should.  In actu-
al fact, in every laser process, whether it starts with physics or
goes through chemistry, much of it will become pure chemis-
try.  The only people who can make real progress are the chem-
ists”.  In these days his prediction has been realized.  Not only
do we know the mechanism of photodissociation processes,
but also we visualize the structure of the molecule in the
ground state and dynamical movement of atoms in the photo-
excited molecule with fs lasers by Ahmed Zewail and with an
imaging technique by David Chandler and Paul Houston.
Even control of the excitation and dissociation has been exper-
imentally achieved by D.S.  Elliott and Robert Gordon.  In the
field of environmental science, research in photodissociation
helps to analyze the complicated atmospheric chemistry.  Fu-
ture research in the field of photochemistry will be closely con-
nected to innovative science.

M.K. thanks the Ministry of Education, Culture, Sports, Sci-
ence and Technology for a grant-in-aid for Scientific Research
in the priority field of “Radical Chain Reactions”. R.B. thanks
the U.S. Department of Energy.
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