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Other capabilities of velocity imaging have been described in previous
articles.2%2! An interesting demonstration is the imaging of D and photo-
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26 Photoionization and Photodetachment

shorter wavelengths. This includes most small molecules that are impor-
tant in atmospheric photophysics?? such as O, O3, OH, and even CH;3I. O,
and ozone govern the wavelength spectrum of solar light that penetrates
the atmosphere. The free radical OH, also called the “detergent of the
atmosphere” predissociates rapidly at wavelengths shorter than 250 nm.
Large amounts of methyl iodide are released into the atmosphere by ma-
rine algae. Then, photodissociation of methyl iodide by sunlight produces
I atoms that are important catalysis in ozone destruction. Most interesting
is the absorption by vibrationally excited CH3lI in the region above 300 nm,
where ultraviolet light begins to penetrate the stratosphere.®

Careful characterization of hot atom sources is crucial in the new
field of Doppler-based spectroscopy of nascent reaction products.?? In these
experiments, a simple di- or tri-atomic molecule is photodissociated with
a narrow-band UV laser, producing in the most favorable case, mono-
energetic product atoms. These atoms generally possess sufficient kinetic
energy to overcome barriers to reaction on colliding with a reactant molecule
also present in the photolysis cell. Single collision conditions are assured by
detecting the newly-formed product molecules a short time after formation
with a second laser, using REMPI or laser-induced fluorescence (LIF). The
probe laser bandwidth is chosen to be sufficiently small to be able to scan
over the Doppler profile of the products. By carrying out the photolysis
and detection with several geometries, the full product angle-velocity dis-
tribution can then be extracted in a very simple experiment. Central to
the analysis of the Doppler data is the angular distribution of the reactant

hot atoms. Most desirable is an atom with a cos?

distribution, but even
a fully isotropic angular distribution is useful if well-characterized. Table 1
lists four of the most popular precursor molecules for reactive hot atoms

along with a typical photolysis wavelength.

Table 1. Precursor molecules for hot atom sources and their typical photolysis wave-
lengths.

Atom  Precursor ~ Wavelength (nm)
H HI 200-300
Cl Clz 300-400
(0] N2O 200-250
N* NO 270-275
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Fig. 8. Raw Cl and Cl* images, along with simulations of the Cl images, used in the
decomposition of the Cly A-band.

A typical experimental method in decomposition studies is to first dis-
sociate the molecule with one laser and perform REMPI on the resulting
fragments with a second laser. Since the fragments often attain a large
kinetic energy, it is important to avoid escape problems with a short time
delay between dissociation and probe, and also to scan the probe laser
over the full Doppler profile of the fragment. These measurements must
be repeated across the full dissociation continuum. Figure 8 shows a set
of such measurements for photodissociation of Cly and detection of the
nascent Cl (?P3/5 (Cl) and 2Py /5 (Cl )) atoms. As seen in the figure, the
velocity map image increases in size as the photon energy increases, and
a large angular anisotropy is evident. A full understanding of one-photon
dissociation of molecular chlorine, as discussed briefly in the next section,
will allow the optimal design of a hot-atom experiment using Cly as the
precursor molecule.

3.1.1. Decomposition of the A-Band of Halogen Containing Species

All of the simple halogen-containing molecules including the halogens (Clz,
Bry, I), the inter-halogens (BrCl, IC], IBr), the hydrogen halides (HCI,
HBr, HI) and the methyl halides (CH3I, CH3Br, CH3Cl) have the same
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Fig. 9. Correlation diagram for Cla.

basic lower excited electronic state structure. Figure 9 is a valence shell
correlation digram for Cly, which shows the connections of the electronic
states arising from the possible molecular orbital combinations with the
corresponding separated atom limits. As the bond lengthens, Hunds’ case
(c) (2 = 0;1;2) is most appropriate and as seen in the figure, levels of
the same ) do not cross. On the molecular orbital side, the highest occupied
molecular orbital (HOMO) has only one electronic state, the ground X 1Zg+
state of Cly. Excitation of one of the non-bonding lone pair electrons from
the HOMO to the next highest in energy antibonding 5  orbital (n !

in the figure) represents the lowest unoccupied molecular orbital (LUMO),
which has both a single and triplet II electronic manifolds. Population of
the anti-bonding upper orbital results in bond dissociation, i.e., the excited
states are primarily repulsive in nature. In the limit of weak spin-orbit
coupling, only the singlet electronic state 'II; can be optically excited from
the ground electronic state. Under stronger spin-orbit coupling, the LUMO
triplet manifold splits into four electronic states, with {2 values in increasing
energy order of Q = 2,, 1,, 0, , and 0,%. Optical selection rules allow
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excitation from the 04,% ground state to the 1, and 0, " states only for the
triplet manifold, and to the upper 1, state which is the 'II; state of the
singlet manifold. These allowed transitions are labeled “A”, “B”, and “C”
in the figure. This group of lowest energy transitions in the UV absorption
spectrum of halogen-containing molecules is called the “A-band”.

On the side of the separated atoms, the possible total 2 combinations
of the two halogen atoms are listed. All halogen atoms have a 2Pgq ground
electronic state with inverted  levels (3=2 < 1=2) that are split due to
spin-orbit coupling. For convenience, the lower 2Pj /2 and upper 2p, /2
levels of a halogen atom are hereafter labeled X and X . Ground state
spin-orbit splitting is 881 cm !, 3685 cm ! and 7606 cm ! for Cl, Br, and
I atom, respectively. Two X atoms can combine within the constraints
of the exclusion principle to produce a wide range of molecular 2 values.
Matching these values with those derived from the molecular orbital side
shows that the ground state and the first three plus the fifth states of the
LUMO manifold correlate with two ground state Cl atoms, while the fourth
(triplet) level, the 0, state, must connect to the combination CI plus CI .

Several predictions on the photodynamics of Cly can be made from the
correlation diagram and transition symmetries. As mentioned previously,
a parallel transition (0 ! 0 in this case) will eject fragments along the
polarization direction of the light field for direct dissociation, while a per-
pendicular transition (0! 1), ejects fragments in the plane perpendicular
to the polarization direction. Three optically allowed transitions are pre-
dicted: “A” (0,7 ! 1,) and “C” (0,7 ! 1,), which produce two ground
state Cl atoms with = 1; and “B” (0,7 ! 0, ), which produces Cl
and Cl atoms with = 2. Note that these are simple diabatic correla-
tions; curve crossing can take place after optical excitation to change the
final atom channel. Coriolis coupling due to rotational motion, for exam-
ple, can induce curve crossing between the 0 and 1 states in Cly. It should
also be noted that several states from the second LUMO also correlate to
Cl+ Cl and Cl + Cl . Inversion symmetry (g - @) selection rules forbid
excitation to these states for Cly, but not for the inter-halogens. For most
halogen-containing molecules, states arising from the second LUMO lie sig-
nificantly higher in enegy and thus transitions to such states do not overlap
the A-band.

Exactly the same predictions made for Cly apply to the A-bands of the
other halogens, and also the inter-halogens, hydrogen halides and methyl
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30 Photoionization and Photodetachment

halides. The same lower part of the correlation diagram is valid if one
C12P3/2 atom is substituted by an H atom or CHs group. “A”, “B”, and
“C” transitions are allowed for each molecule; the “A” and “C” are perpen-
dicular and correlate with X products, while the “B” transition is parallel
and correlates with X products. Because each transition is to a repulsive
state, each absorption curve has a large spectral width and the three curves
overlap one another. For each molecule, the measurable quantities are the
absorption spectrum () itself, the relative yields of X and X , expressed
as branching ratios X =X or as quantum yields & =X =X + X ), and
the angular distribution parameters for each product atom, as a
function of , the absorption wavelength. The desired quantities are the
relative strengths of the “A”, “B”, and “C” bands separately, and informa-
tion on curve crossing, including information on the retention of predicted
M ; values for the atoms.

Atomic M ; distributions can be anisotropic following the Wigner—
Witmer rules, and for axial recoil can lead to vector correlations (u; v;J),
as discussed previously. Since J must be > 1=2 to show alignment for the
halogen atoms this applies to only the ground %P5 /2 state. The presence of
alignment in product atoms yields important information on the process of
dissociation. Alignment information has been obtained on Cl atoms from
Cl; photodissociation, as discussed briefly in this section.

In the following, the A-bands of HI, CH3l, and Cl, will be compared.
Velocity mapping has been used to separate the “A”, “B”, and “C” tran-
sitions of the latter two species, while the powerful Rydberg-tagging TOF
method for H atoms has been applied to HI by Ashfold and co-workers
(Bristol). The work on CH3l was carried out in Nijmegen, while the work
on Cly was a collaborative effort between Kitsopoulos’ group (Heraklion)
and the group at Nijmegen.

For all three molecules there are two final product channels:

HI | H+I (1a)
H+1 (1b)

CHsI | %(CHs); +1 (2a)
$(CHg); +1 (2b)
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Cl,! Cl+Cl (3a)
Cl+ Cl (3b)

Detection of the H atom product from HI, or the Cl product from Cls, gives
complete information on both channels (1a), (1b) and (3a), (3b). Methyl
iodide dissociation is more complicated to quantify than HI or Cly because
the CHjs product is excited in a wide distribution of ro-vibrational states,
and the distribution differs for the I and I product channels. For CH3l, the
I atoms (channel (2a)) and I atoms (channel (2b)) can only be detected
with separate REMPI processes. The relative sensitivity of the REMPI
detection processes must first be determined,?* and then calibrated to a
reliable I /I branching determined by independent methods.

Figure 10 contains a qualitative summary of results for the three mole-
cules. In the upper panel the total absorption spectrum is sketched, along

Decompostion of the A-band of
Halogen-containing Molecules
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Fig. 10. Summary of results for the decomposition of the A-bands of HI, CH3I, and
Cly. Data for HI is from the Ashfold group (Bristol), extracted from Ref. 25.
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32 Photoionization and Photodetachment

with the X =X branching ratios. Branching ratios are determined in Ry-
dberg tagging by measuring the H atom co-products, and by measuring
Cl atoms from Cls using velocity mapping. In the middle panel and
values are presented as a function of the dissociation wavelength. Com-
bining the total absorption, branching ratio, and beta information yields
the decomposed A-band spectrum in the lower panel of Fig. 10. Some
of the trends that support the suggested decomposition can be listed for
each molecule.

HI

Hydrogen iodide is an excellent source of hot H atoms for chemical reactions.
Photodissociation of HI is the simplest case in the series in that the beta
values for I and I are invariant and extreme over full A-band. Unlike
Cly and CH3l, as discussed next, this implies that no curve crossing takes
place after optical excitation. Note that the branching ratio I /I peaks at
longer wavelengths than the total absorption spectrum. At the shortest
wavelengths only the “C” state contributes, producing exclusively H + I
with = 1. A short wavelength tail of the “B”-state begins to overlap
the C state above 200 nm, raising the branching ratio and producing a
measurable amount of I atoms with ~ =2. At 240 nm the branching
ratio is unity, meaning the “C” and “B” states contribute equally to total
absorption. Similar reasoning holds for the “B” and “A” states around
260 nm. Roughly, the “C” and “B” states are equally strong, while the
“A”-state is a factor of  five weaker. Note these are only qualitative
trends. A full discussion of the results on HI and HBr Rydberg tagging by
Ashfold and coworkers is given in Ref. 25.

Clg

Molecular chlorine is the precursor of choice for reactive chlorine atoms.
Although spin orbit splitting in chlorine is small, 881 cm !, it is important
to know the proportion of Cl to Cl produced since Cl is more reactive.
Raw data used in the decomposition of the Cls A-band is shown in Fig. 8.
Molecular chlorine differs from HI in that the beta values for the C1 chan-
nel start at 1, increasing to the expected value of +2 only at the longest
wavelengths. The Cl channel betas remain at 1 over the full A-band. Note
from the branching ratio curve that Cl production only becomes impor-
tant at the weakest long wavelength end of the absorption spectrum. The
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Cl curve “turns on” at shorter wavelengths, which suggests that Cl atoms
arise at the shortest wavelengths by curve crossing from the “C” state, and
at longer wavelengths the “B” state makes a direct contribution. Curve
crossing in Cl, has been attributed to non-adiabatic interactions due to the
radial kinetic energy term,?® which is left out in the Born-Oppenheimer
approximation. This term contributes most at the highest product ki-
netic energies. At the very longest wavelengths, the branching ratio curve
for Cly begins to drop. A small (considering the weakness of the total
absorption) contribution of the “A”-state could cause this drop at the
longest wavelengths.

The Cl atoms from channel 3(b) are expected to show the same angular
distribution as their Cl -atom partners. In the wavelength regions around
370 nm, the Cl image yields a consistent = 2, while the Cl image
yields = 1:60. Alignment of the Cl atom (J = 3=2) causes a lowering
of beta in the M j-dependent REMPI detection process. On correction for
the rapid hyperfine depolarization of the Cl atom, it can be estimated?”
that the CI atom is fully aligned in the My = 1=2 level at dissociation.
This alignment of the separated atoms (a w, v, J vector correlation) can
also be predicted from the correlation diagram?® for Cl,, assuming that no
scrambling of the M ; levels takes place during the dissociation process. It
can thus be concluded that the photodissociation of the “B” state of Cls is
purely adiabatic. A very similar result has been found for photodissociation
of the B3X, state of molecular oxygen.'® Reference 27 contains a more
complete discussion of Cly photodissociation dynamics.

CH sl

Methyl iodide shows similar behavior as Cls except that curve crossing is
from the strongly excited “B”-state into the “C”-state instead of from “C”
into “B”. Spin-orbit coupling in methyl iodide should be similar in strength
to that in hydrogen iodide. Curve crossing is not observed to any significant
extent in HI, indicating that Coriolis coupling and coupling by the radial
derivative operator is weak. In the normal Cs, symmetry of methyl iodide,
the AS selections rules for optical excitation are as stringent as those in the
higher symmetry (C; ,) HI. An important aspect of CH3I is that nuclear
motion perpendicular to the Cs, axis lowers the overall symmetry of the
molecule. This induces curve crossing from the “B” to “C”-state curves
after excitation due to off-axis motion arising during the initial dissociation
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process. A more complete discussion of spin-orbit and curve crossing effects
in CH3I can be found in Refs. 8 and 24.

3.1.2. Decomposition of the Herzberg Continuum of Molecular Oxygen

Molecular oxygen has a complex electronic structure with a larger number
of valence-excited states, owing to the large number of valence electrons
(4 per atom). Despite this, its UV spectrum is quite simple because the
strict dipole selection rules of a homonuclear molecule limit the optically-
allowed states to a very small number. The requirements g! u, +! -+,
A =0, 1, and AS = 0 make optical transitions from the electronic
ground state to the large majority of excited electronic states forbidden.
In contrast to molecular chlorine, the lowest set of excited electronic states
in O3, those corresponding to the first dissociation limit, are all optically
forbidden. Figure 11 shows the relevant potential energy curves for the
lowest excited electronic states of Oy corresponding to the O(3P) + O(®P)
dissociation limit, where O(®P) is the ground electronic state of the O
atom. All six states in Fig. 11 are bound, including the ground state
X 3%, , and five metastable states labeled a'A,, b'¥, T, A3%, T, c!%, |
and A®A,,. The Herzberg transitions are electric-dipole-forbidden transi-
tions from the Oy X 3%, ground state to the A3%, ", ¢'%, |, and ACA,

4

Fig. 11. Potential energy curves for the first dissociation limit of molecular oxygen.
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states.?? Transitions take place from the ground electronic state to the re-
pulsive wall of the bound upper Herzberg states, i.e., the second example of
a direct photodissociation process shown in Fig. 4. These transition cross-
sections for the Herzberg continua are in the 10 24 cm? range, six orders
of magnitude below a “normal” allowed transition. In the earth’s atmo-
sphere the large abundance of O2 compensates for the forbidden character
of these transitions. Their importance in atmospheric photochemistry has
made the Herzberg bands the subject of considerable study,3® but because
they are so weak and pressure-dependent, a full understanding of their role
in atmospheric processes is lacking. The Herzberg continuum begins at
wavelengths shorter than 242 nm and is a natural extension of the sharp,
structured bound-bound transitions to the three excited states. It is prin-
cipally the Herzberg continuum that is responsible for photodissociation of
O3 between 200-240 nm, and the O(3P) atoms produced react further to
form the protective layer of ozone in the troposphere.

In collaboration with the groups of van der Zande (AMOLF — Ams-
terdam) and Lewis and Gibson (Canberra), and using data from the ve-
locity mapping apparatus in Nijmegen, a decomposition of the Herzberg
continuum has been reported.3! The optical absorption strength in both
the bound-bound and the bound-continuum part of the Herzberg tran-
sitions is borrowed from dipole-allowed transitions, particularly the well-
known B3%, X 329 Schumann—Runge transition, through spin-orbit
and orbit-rotation interactions. The different intensity-borrowing mecha-
nisms and upper-state symmetries lead to an overall transition of mixed
parallel (AA = AQ = 0) and perpendicular (AA = AQ = 1) charac-
ter. By measuring the angular distribution and J-state yields of product
O(®P;) atoms at several different wavelengths, the amount of mixing can
be determined, and when this information is combined with the consid-
erable knowledge of the intensity-borrowing mechanisms in O,, the indi-
vidual contributions of the A%, *, ¢'¥, , and A®A,, states, respectively,
can be extracted. Velocity map images of O(®P3) atoms have been taken
at various dissociation wavelengths below 240 nm in the Herzberg con-
tinuum. The strongly focused UV laser beam needed to excite the very
weak transition also causes two-photon photodissociation of O, creating
high velocity O(®P2) atoms. A ring also appears near the middle of the
image corresponding to slow O(®P2) atoms produced by one-photon disso-
ciation. Unlike the larger rings produced by multiphoton absorption, the
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Table 2. Measured anisotropy parameters, 3, characterizing the angular distribution of
photofragments formed in the excitation of the Og Herzberg continuum at 204, 226, and
234 nm. Atoms are formed in three fine-structure states O(3Pj)7 with 7 = 0, 1, and 2.

A B
nm ji=0 j=1 j=2

204 0.35+0.15 0.53 +£0.15 0.87 +£0.10
226 0.37+0.24 0.61 +0.09 0.64 +0.08
236 0.31£0.15

angular distribution of the fragments from the Herzberg continuum is de-
scribed by the simple I( ) / 1+ P a(cos ). Below 200 nm, the strong
absorption due to the Schumann—Runge bands dominate the spectrum.
Images have also been obtained for O(*P;) and O(®Py) atoms. Most interes-
tingly, the beta parameters differ in images obtained for the higher energy
spin orbit components from those for the O(3P3) states. Table 2 lists the
measured beta values as a function of dissociation wavelength along with
the uncertainties in  from repeated measurements.

A correlation diagram for the lowest excited ungerade states of Oo
shows that all three of the Herzberg transitions correlate with two ground
state O(®P3) atoms. The detection of O(3P; ) atoms indicate that the
photodissociation process is non-adiabatic. The molecular photodissocia-
tion dynamics can be characterized by an adiabaticity parameter3? " =
ARAEgso=h which compares the recoil time AR= , where AR is a char-
acteristic recoil distance and Vv is the recoil velocity, with the characteristic
time for spin-orbit coupling. Two limiting cases, the sudden recoil limit,
and the adiabatic limit, correspond to high and low recoil velocity, respec-
tively. In the sudden limit the atomic multiplet distribution is essentially
statistical, while in the fully adiabatic case, €2 is conserved at all internuclear
distances; thus only O(3P3) atoms are formed. Oy photodissociation in the
Herzberg continuum is intermediate, bordering on the statistical limit.

Decomposition of the Herzberg continuum into partial cross-sections
for the three-component states is more complicated than in the halogen-
containing molecules, especially since the experiment cannot resolve the
three possible product channels when detecting one of the O(*P;) prod-
ucts. It should be noted that coincidence experiments of Neumark and
coworkers?? on predissociation in the Oy Schumann-Runge bands have
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resolved all three channels. In order to go further with the Herzberg con-
tinuum, the sudden limit model for product distributions by Freed and
coworkers?* is assumed. This allows the calculation of a fine-structure av-
eraged value at 226 nm of = 0:612, implying that the dissociation
has a 54% parallel character ( = 2) and a 46% perpendicular character
( = 1). A very extensive analysis of the latest theoretical and experi-
mental basis set of Qs absorption cross-sections, potential energy curves,
R-dependent transition moments, and perpendicular-parallel transition
character has also been presented,?' which allow a direct prediction from
theory for at 226 nm. The agreement of theory with the fine-structure
weighted experimental values is quite good (within 10%) for both 226 nm
and 204 nm dissociation wavelengths. More details on the direct comparison
of theory with the velocity mapping data are given in Ref. 31. An important
end result of the study is the full and temperature-dependent decomposi-
tion of the Herzberg continuum into the A%, T, c!¥, , and A®BA, state
partial cross-sections. The success of theory in matching the experimental
data is very important; this implies that partial cross-sections and prod-
uct yields can be predicted for other experimental conditions relevant to
atmospheric processes.

3.2. Predissociation Angular Distributions — State Lifetimes

Predissociative states (the right-hand side of Fig. 4) can also be good path-
ways for hot atom production schemes. The molecule NO has been investi-
gated as a source for reactive O or N atoms. NO is far more attractive than
the more commonly used N3O or NO2 molecules as a source of O atoms be-
cause the co-product is an N atom instead of a rotationally or vibrationally
excited diatomic molecule. If the co-partner N (or O atom) product is
produced in only one electronic state, then the hot atom source is truly
monoenergetic. In a collaborative effort with the group of G. Hancock
(Oxford), two different dissociation schemes, shown as schematic energy
level diagrams in Fig. 12, have been investigated and reported in Refs. 35
and 12, respectively.

In scheme (a), the extremely strong A-X transition is first excited using
a frequency tripled dye laser to produce the 226 nm light. In this production
scheme, the 339 nm light (frequency doubled dye laser) can be recombined
with the 226 nm light to excite the A state to a higher lying 11p Rydberg
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Fig. 12. Photodissociation schemes for the production of hot N and O atoms from NO.

Scheme (a) 141’ excitation via the A state, scheme (b) 2-photon exciation in the 275 nm
region.
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state, which efficiently predissociates to produce the O(*P3) atom image
shown in Fig. 12. Two channels are seen in the image corresponding to the
production of O(®Ps) in conjunction with an N(*S) ground state atom, and
an N(?D) electronically excited atom. Both the A-X and Rydberg—A-state
transitions are easily driven one-photon transitions, which can produce a
significant amount of excited O or N atoms. The main drawback of this
production scheme is that the NO A-state emits broad band flourescence
that can interfere with LIF detection of products in a hot-atom reaction.
Furthermore, the 226 nm photons used to product the A-state of NO can
very efficiently ionize the A-state, producing a large amount of NO™ ions
which could cause space-charge problems in a subsequent REMPI detec-
tion scheme. With careful selection of the probe laser detection method,
these drawbacks are not necessarily critical. An interesting aspect is the
photophysics of the Rydberg—A-state excitation process, which is decid-
edly off-resonance but still easily driven to saturation with the available
laser fluxes.

Another seemingly less-efficient scheme for the production of reactive N
or O atoms from NO is the two-photon excitation of ground state
NO molecules to the 4d (v =2) Rydberg state using laser photons in the
275 nm region. This scheme populates pre-dissociative states, which pro-
duce O(®P3) atoms together with N atoms in the metastable and highly
reactive (D) state. Two-photon excitation requires a sharply focused laser
beam, which limits the source volume of the hot atoms, and a light pulse at
275 nm of several mJ energy. The sharp focus leads to a well-defined point
source of reactants, which is an asset in the Doppler-based reaction studies,
and Umemoto and coworkers® have successfully used this excitation scheme
in a Doppler-based reaction study of the N(2D) + Hy ! NH + H reaction
process. The goal of the velocity mapping study of NO in the 275 nm two-
photon excitation region in (scheme (b)) was to better characterize the nd
Rydberg state manifolds and their dissociation channels. Figure 13 shows
two O(®P2) images taken following two-photon excitation of NO at 275.33
and 275.42 nm. As seen in the images, two channels are active. Dissociation
at 275.33 nm leads mainly to production of N(2D) + O(3P2) atoms, while
the higher kinetic energy release channel (larger ring in the image) seen at
275.42 nm corresponds to the higher kinetic energy release channel for the
production of N(*S) + O(3Pz) atoms.

Results of the analysis of channel yields and angular distributions of
images such as those shown in Fig. 13, taken across the two-photon energy

PHOTOIONIZATION AND PHOTODETACHMENT (In 2 Parts)
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/chemistry/4118.html




40 Photoionization and Photodetachment

NO photodissociation + O(’P,) detection

275.33 nm

275.42 nm

Fig. 13. Raw O(3P,) images taken following two-photon excitation of NO in the 275 nm
region: (a) at 72643 cm™!, (b) at 72616 c—!. The laser polarization is along the vertical
axis of the figure.

range 72600-72800 cm !, are shown in Fig. 14. The data shown in panels
(a) and (b) are obtained by integrating images along the vertical axis while
scanning the dissociation laser. This method discriminates slightly against
the almost isotropic N(?D) channel compared to the positive N(*S) chan-
nel, but shows clearly the high channel specificity of the Rydberg states in
this energy region. It should be noted in these studies that high pulse
energies are needed to produce the amount of product atoms desired in a
hot atom source. This leads, however, to power broadening of the REMPI
spectra. At lower pulse energies, the rotational structure of the 4d (v = 2)
state, for example, is clearly resolved. Most striking is the ability of the
method to unravel the highly interleaved Rydberg states in this region
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Fig. 14. Excitation spectra of the (a) N(2D) and (b) N(%S) channels of the two-photon
dissociation of NO. The REMPI laser was fixed in wavelength at the maximum of the
O(3P,) two-photon transition, thus preferentially ionizing those fragments with zero
velocity components along the laser propagation axis. In (c), the ratio of N(2D)/N(%S)
is plotted at discrete wavelengths in experiments in which the full range of product
velocities was sampled, and the corresponding 3 values are plotted in (d).

(their spectroscopy is discussed in detail in Ref. 37) through detection of
the product channels separately. In panel (c), it is seen that by slightly
tuning the dissociation laser wavelength, the N(2D )=N(%S) branching ratio
varies by a factor of 40. This is useful in determining whether the faster
but less reactive N(*S) state plays a role in the hot atom reaction. Angular
distributions ( ) values are shown as a function of dissociation wavelength
in panels (d). Across the energy spectrum shown, the N(?D) beta values
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are all close to zero, while the N(#S) values are positive with an average
value around = 0:5. Note that in this analysis, only the lowest energy
and statistically most important O(3Ps) level was detected. REMPI at
the O(3P1) and O(®Py) levels was overwhelmed by 141 resonant ionization
via the NO A state. Based on findings in other studies such as those
previously described for Oz, the other fine-structure states of the O(®P)
atom are expected to behave similarly to the O(3Pz) level.

3.3. Super-Excited States

REMPI works best when the resonant intermediate electronic state is
relatively long-lived and easily ionized. Most often, a molecular Rydberg
state fits this description and some of the most interesting images mea-
sured thus far with velocity mapping are of daughter ions (see Fig. 1) and
photoelectrons arising from (2 + 1) REMPI via the Rydberg manifolds of
small molecules. REMPI is the method of choice for detection of nascent
molecules; thus a good understanding of the overall efficiency and the frag-
mentation channels opened when using the REMPI process, is important.
Studies have been carried out in Nijmegen on molecular oxygen®® (KER
curves shown in Fig. 6), molecular hydrogen, molecular chlorine, HCl, and
HI. All of these molecules show quite similar behavior that will be high-
lighted in this section for the HCI molecule. Figure 2 shows sample images
of H, CIT and photoelectrons created from (2+1) REMPI of HCI via the
V (v = 13) Rydberg state at 234.5 nm. An energy level diagram containing
the most important electronic states and dissociation limits for HCI are
shown in Fig. 15.

The V electronic state of HCI has double-well character, as seen in the
figure, and the vibrational wavefunction of the v = 13 excited level has a
maximum at a bond length of 2 A. From this bond length, a third photon
can reach the large number of molecular Rydberg states converging on the
excited A(2X7) electronic state of the ion. The one-photon absorption spec-
trum of HCI at the equivalent energy region shows numerous overlapping
broad peaks. Because of the multiple photon nature of the excitation pro-
cess, it is likely that the third photon excites an electron from the molecular
core configuration instead of further exciting the electron corresponding to
the V Rydberg state. Such a two-electron excitation follows different selec-
tion rules and intensity patterns than a one-photon process; thus a direct
comparison of the REMPI and VUV absorption spectra is not possible.
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Fig. 15. Relevant potential energy curves for REMPI/dissociation of HCI at 234.5 nm.

On absorption of the third photon, the molecule can directly ionize
to produce HCIT in several different vibrational states, depending on the
Franck—Condon overlap of the V (v = 13) state and the HCI* X (°II) state,
each vibrational state having a corresponding photoelectron. Another pos-
sibility is the excitation to a super-excited state (defined loosely as any state
above the molecular ionization potential), which is drawn schematically in
Fig. 15 as the antibonding curve leading to HTCl (4s). This repulsive state
could autoionize, leading to a different distribution of HCI* vibrational
levals than direct ionization, or the molecule could begin to dissociate. If
the molecular bond length increases to the point where the HCIT X (*II)
potential energy curve is crossed, then the only possible products are neu-
tral atoms. Curve crossing to other super-excited states converging to
other excited atom limits is still possible. Three channels are thus pos-
sible: direct ionization, autoionization, or production of an electronically
excited atom. Using 234.5 nm photons, each electronically excited atom is
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directly ionized, and every possible vibrational state of HCI™ can be pho-
todissociated. The main channels seen in the velocity map images shown
in Fig. 2 are from photoionization of H (n = 2) in the H™ image; photo-
electrons from the photoionization of H (n = 2) and Cl (4p(®D)) in the
electron image; and from the photoionizataion of Cl (4p(®D)) atoms in
the CI* image. The minor channels seen in all three images correspond to
the production and subsequent photodissociation of HCI* to form H + CIT,
or H* + Cl. Very similar results have been found for REMPI of molecular
oxygen.>® An added dimension of the velocity mapping is that the angular
distributions are determined for all of the channels mentioned above, and
that photodissociation proclivities for each vibrational level of HC1T are de-
termined. Interpretation of the angular distributions is straightforward for
HCIt photodissociation, but for the photoelectron angular distributions,
many interesting and complex processes such as interference from shape
resonances add extra dimensions and complications to the analysis.

4. Conclusion

A few of the most active applications of velocity mapping in studies of the
photodissociation and photoionization of small molecules have been sur-
veyed in this chapter. There are, of course, many other areas in these
research fields that can profit from the relatively high angle velocity res-
olution of the mapping process. A recent example is the observation of
dissociative ionization processes such as Hy ! H+ H' + e , which is a
three-body dissociation process. In this case, continuous energy distribu-
tions are observed for the photoelectrons and HY ions instead of the sharp
rings of the Newton spheres. It should also be noted that the same tech-
nique can also be applied to other nascent molecules such as those formed,
for example, in crossed-beam scattering, where again, the Newton spheres
for the processes are directly observed. Velocity mapping, which has now
opened the full potential of ion imaging to the study of molecular dynamics
processes, is without doubt only a forerunner of increasingly more powerful
techniques we can expect in the future.
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