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INTRODUCTION

Resonance Enhanced Multiphoton Ionination (REMPI) utilises tunable
dye lasers to ionitt an atom 01 molecule by first preparing an excited
state by multlphoton absorption and then ionizing that state before it
can decay. This process is highly selective with respect to both Che
initial and resonant Intermediate states of the target, and it can be
extremely sensitive. In additiont the products of the REMPI process can
be detected as needed by analyzing the resulting electrons, lona,
fluorescence, or by additional REMPI. This points to a number of
opportunities for exploring excited state physics and chemistry at the
quantuot-state-speclflc level. Here we will first give a brief overview
of the large variety of experimental approaches to excited state
phenomena made possible by REMPZ. Then we will examine in more detail,
recent studies of the three photon resonant, four photon (3+1) ionizatlon
of H2 »ia the C *IIU state. Strong non-Franck-Condon behavior In the
photoelectron spectra of this nominally simple Rydberg state has led to
the examination of a variety of dynamical mechanisms. Of these, the role
of doubly excited autolonizlng states now seems decisive. Progress on
photoelectron studies of autoionizing states in H2, excited in a (2+1)
REMPI process via the E,F ltt will also be briefly discussed.

To illustrate the potential of REMPI, we will outline several
different types of experiments that can be carried out using the REMPI
excitation processes shown schematically in Figure 1. In Figure la, two
photons from a "pump" laser with frequency hVj are used to excite an
individual rotational (not shown) and vlbratioaal level of an excited
electronic state AB*. An independently tunable "probe" laser of
frequency hvo is used to further excite the AB level to the manifold of
rotatlonal-vlbrational levels of a higher excited sjate AB - A third
photon of frequency hv. or h\>2 is used to ionize AB . In this case, one
Is Interested in the AB + AB** transition rather than the lonlzatlon
step, so the continuum is represented simply by a structureless hatched
area. In Figure lb, a similar process is Indicated; however, in this
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Fig. 1. Schematic potential energy diagram showing two different REMPI
processes In a diatomic molecule.

case, the state AB Is produced by two photons of the pump laser, with
the probe laser accessing the lonlzatlon continuum directly. Here, one
Is Interested In the lonlzatlon step Itself, and so the accessible Ionic
states A.B+ and (AB+) are shown explici t ly .

The resonant multicolor excitation schemes represented schematically
In Figure 1 permit us to address many problems in molecular science which
were either very difficult or unimaginable with conventional excitation
sources. These Include the following, (a) By varying hV2 (in Figure la)
and detecting the total (or mass selected) Ion current as a function of
wavelength, one performs optical-optical double resonance (OODR)
spectroscopy. This generates spectroscoplc Information on AB which
typically l i e s in the vacuum ultraviolet (VUV) with single photon
sources, but In the visible or ultraviolet with multlphoton sources.
This produces high resolution spectroscopic information without the need
of a large vacuum spectrograph. More Importantly, the hv^ transition
originates from a single rotational level of AB*, which greatly
simplifies the spectrum. Use of OODR techniques also enables the direct
study of states that are dipole forbidden in single photon excitation.



(b) If the excited atate AB** Is predlssoclated, e.g., by the repulsive
curve In Figure 1, It la possible to probe In detail the mechanisms of
the dissociation process by analyzing both the Internal energy
distribution of the photofragments and the tine dependence of their
formation. In addition, photodissoclatlon often Is one of the simplest
and moat convenient methods of producing open shell atoms, free radicals
or tranaient species for further apectroscoplc study, (c) Measurement of
the photoelectron energy distribution (indicated by the inset in Figure
Lb) will give the relative probabilities of producing alternative ionic
atatea and, thus trill directly reflect the photolonlzatlon dynamics of
Individual excited quantum states. It also will be possible to determine
photoelectron branching ratios at various points within an autoionlzing
resonance, which will be an extremely sensitive probe of the interactions
between the discrete state and the various lonleatlon contlnua. At
present, such measurements are being performed using synchrotron
radiation light sources with Modest wavelength resolution (~ 0.2-0.5 A);
however, this wavelength resolution Is rarely sufficient to sample
different regions within a single autoionlzing resonance, (d) Since the
ionlzatlon step in Figure lb is performed with a visible or UV
wavelength, simple rotation of a retardation plate will produce a
photoelectron anguler distribution, which accesses further dynamical ^
Information and also reflects the orientation of the excited state AB ,
resulting froe the multlphoton excitation process, (e) Preparation of an
excited state AB , followed by a delayed laser probe can monitor the
tine evolution of intramolecular rearrangement and/or decay processes.
In molecules more coaplicated than that indicated in Figure I, this
procedure can monitor the time evolution of vibratlonal energy
redistribution. In this case, picosecond lasers would be required to
capture the normally very fast internal rearrangement. Use of a delayed
probe beam can also be used - to characterize colllsional effects on a
prepared state, (f) Using the high degree of selectivity, and hence,
sensitivity of either excitation mechanism in Figure 1, it Is possible to
directly probe free radicals, clusters, ions and other transient species
which are formed as minor components In complex mixtures, (g) Many
possible chemical uses of the general scheme In Figure l^gan also be
readily seen. For instance, by suitable selection of AB in Figure lb,
it is possible to produce AB+ or AB+* in particular vibrational and
rotational quantum states in order to study the dependence of subsequent
chemical transformations on varying degrees of internal energy In
different electronic or nuclear modes. Also, by using the selectivity of
the excitation process, It is possible to monitor the reactants and
products of elementary chemical reactions at the quantum-state-specific
level.

This list of possibilities Is not exhaustive, but it is ample to
show the great scientific potential of REMPI. In what follows, we will
present specific examples of REMPI studies in hydrogen in order to
Illustrate the utility of multlphoton excitation in gaining new Insight
into molecular photolonlzation dynamics.

PHOTOIONIZATION OF H2 C
 lHu, v

1, J'

Background

Several years ago, we reported the photoelectron spectra obtained
following three photon resonant, four photon (3+1) ionization via the
C inu> V - 0 - 4 levels of molecular hydrogen (Pratt et al. , 1984). The
C IIa Rydberg state corresonds to the lsoR2p»u configuration, and has a
potential curve similar to that of the ground state of H^ (Huber and



Herrberg, 1979). Thus, the vlbratlonal overlap Integrals between a
particular vlbratlonal level, v', of the C IIU af.ate and the vlbratlonal
levels of the X I* Ion, v+, will be nearly unity for v+ - v1, and nearly
Mro for v + * v1. On the basis of the Franck-Condon principle, the
photoelectron spectra are therefore expected to show strong v+ - v1peaks,
with very little Intensity tn the v + * v' peaks. Qualitatively, th«these
expectations are fulfilled, as seen In Figure 2, which shows the
photoelectron, spectra obtained following (3+1) lonlzation via the C Du,
v ' - O - A Q ( l ) trausltlons. These spectra were obtained along the
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Fig. 2. Photoelectron spectra of K2 determined along the laser polariza-
tion axis (8 « 0°) at the wavelengths of the resonant three-
photon C Lnu, v' - 0 - 4 • X *£*, v" - 0, Q(I) transitions.



laser polarization axis (6 - 0*) using an electrostatic energy
analyzer. The Q(l) transitions were chosen to access the H~ component of
the C LH U state, which is unperturbed by the B ̂ E* state. In each
spectrua the v+ - v' peak. Is the most Intense and the v+ * v' peaks are
significantly weaker, in accord with the Franck-Condon arguments.
However, a quantitative comparison of the relative Intensities with
theoretical Franck-Condon factors reveals significant discrepancies,
particularly for v' - 3 and 4. For example, In She v* - 4 spectrum the
observed v+ - 3, 5, and 6 peaka are too large by factors of 3, 2, and 23,
respectively (Pratt et al., 1984).

The discrepancy between the experimental results and theoretical
Franck-Condon factors could have a number of sources. These Include (1)
a kinetic energy dependence of the electronic transition matrix element,
which must be taken Into account even within the Franck-Condon approxi-
mation; (2) an internuclear distance (R) dependence of the same
electronic matrix element which, by definition, constitutes a breakdown
of the Franck-Condon approximation; and (3) a v+-dependence of the photo-
electron angular distributions. Dixit et al. (196A) have Included all
three effects in theoretical calculations of the 0 - 0 " spectra of Figure
2. However, the agreement with experiment, while Improved, is still not
good. Recently, we have measured angle-integrated branching ratios using
two different techniques. In the first experiment (Pratt et al., 1986),
the photoelectron angular distributions were determined for each spectrum
and then integrated to give branching ratios. In the second experiment
(O'Halloran et al., 1987) the Integrated branching ratios were determined
directly using a magnetic bottle electron spectrometer with 2i steradlan
collection efficiency (Krult and Read, 1983). The two measurements are
In good agreement. Figure 3 shows a comparison of the angle-Integrated
branching ratios calculated by Dixlt et al. (1984) with the results of
O'Halloran et al. (1987). The discrepancies are quite apparent, particu-
larly for v1 - 3 and 4, where the observed distributions are much broader
than the theoretical predictions. This Indicates that the photolonlza-
tion c*£ the C & state is more complicated than the direct excitation of
the Rydberg electron into the X *tt continuum, and suggests that another
mechanism Is important for higher v'. It Is worth noting that the
photoelectron angular distributions (Pratt et al., 1986) for the v * v1

photoelectron bands are generally more laotropic than those for the
v « v1 bands, which also suggests another mechanism is responsible for
the observed Intensity of these bands.

Additional evidence for the complexity of the photoionization
process is found in the rotational structure of the vibratlonal bands in
the C 1Hu, v

c ' 0 - 4 spectra. Assuming that only s and d partial waves
contribute to the outgoing electron, the selection rules for photoion-
ization from the C 1IIu, J

1 - I state (Pratt et al., 1986; Dixit and
McKoy, 1986) indicate that the H £ ion can only be formed in the
rotational levels N* « 1, or 3. This Is confirmed by the observation of
only N+ « 1 and 3 photoelectron peaks In the C *HU, v' - 0 - 4 spectra
shown In Figure 4. These spectra were obtained at somewhat higher
resolution than those of Figure 2 by using the magnetic bottle electron
spectrometer. (Note that the spectra shown In Figure 4 are angle-
integrated spectra.) In these spectra, the relative intensity of the
"" " 3 photoelectron peak Increases dramatically with increasing v', both
for v+ - v1 and for v * v'. In addition, for a given Intermediate
level, v1, the N+ - 3 rotational peaks tend to be larger relative to the
N+ - I peaks in the v+ * v' bands- This definitely indicates that the
photoionization mechanism is changing with increasing vibratlonal quantum
number, »', and that this mechanism contributes to the intensity of the
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Figure 3. Vlbratlonal branching ratios determined for three photon
resonant, four photon ionization of H2 via C Jllu, v

1, Q(l)
transitions. The vibrational level of the C Hu state is
denoted by v', and that of the ion by v+. The calculation is
that of Dixit, Lynch, and McKoy (1984).

v* * v' bands.

It is sometimes useful to describe photolonlzatlon dynamics in terms
of the angular momentum transfer, j t, which is defined as the angular
momentum exchanged between the unobserved Initial and final angular
momenta (Dill, 1972, 1976; Fano and Dill, 1972). If only s and d partial
waves are considered, the N+ - 1 peaks In Figure 4 can only arise from
j t - 1 processes, while the N

+ - 3 peaks can only arise from j t - 3
processes (0'Halloran et al., 1987). If the photolonlzatlon process is
divided into two parts, corresponding to the Initial excitation followed
by the photoelectron escape, then only j t « 1 processes can be created in
the excitation step (Dill, 1976), and the higher value of angular
momentum transfer, j t . 2, must result from anlsotroplc interactions
between the ion core and the escaping photoelectron. Figure 4 Indicates
that these anlsotroplc interactions, and thus the j t - 3 processes,
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Figure 4. Photoelectron spectra determined at the wavelengths of the
three photon resonant H2 C

 lD u, v' + X
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transitions. The spectra of Individual ISnic vlbratlonal
bands were recorded separately, with retarding voltages
chosen so as to achieve comparable energy resolution for
each vlbratlonal band. Note that the horizontal scale does
not Indicate energy, although the Individual vlbratlonal
bands are plotted with the sane energy scale. The
Integrated areas of the vlbratlonal bands are set equal to
the Ionic vlbratlonal branching ratios.

become Increasingly Important with Increasing vlbratlonal quantum number,
and are relatively more Important for v + * v1.

The Role of Doubly-Excited Electronic States

The Increasing intensity of Jt - 3 processes with Increasing v
1

indicates that photolonlzatlon from these levels of the C •!„ state doe6
not proceed by the direct ejection of the Rydberg electron. If, Instead,



the photolonlzation process Involves excitation to an autolonlzlng level
at the four photon energy followed by decay Into the lonicatlon
contlnuua, a mechanism would be provided for both the non-Franck-Condon
behavior and for the Increasing importance of anlsotroplc electron-ion
interactions. On the basis of crude wavelength dependent studies,
performed by pumping different rotational levels within the C lRu, v'
bands, we have concluded that it is unlikely that sharp autolonlzlng
resonances are responsible for the observed behavior. In addition, the
Av » -1 propensity rule for vibratlonal autolonlzatlon (Berry, 1966) and
the energetics for rotational autoionlzaticn suggest that neither of
these processes contributes to the present observations.

However, Chupka (1987) has recently suggested that doubly-excited
states at the four photon energy will play an important role in the (3+1)
ionlzatlon via the C *HU state. In particular, he has argued thet the
2pOu2p*u doubly-excited state will have significant oscillator strength
from the lso 2p«u C

 1H|I state, and that autolonlzation of this doubly-
excited state will lead to non-Franck-Condon vibrational branching
ratios. Cornaggia et al. (1987) have also suggested that doubly-excited
states will be sore Important for multlphoton ionlzatlon via the C *-Hu
state Into the g continuum than for ionlzatlon via the E,F ^j* state into
the u continuum, for which they perforned calculations. Independently,
Hickman (1987a,b) has performed model calculations of the vibratlonal
branching ratios following autolonlzatlon of the 2pou2p*u doubly-excited
state accessed by (3+1) excitation via the C *Du state. Using the
2pOu2p»u potential curve of Guberman (1983), Hickman (1987a,b) has
obtained very encouraging agreement with the experimental results.

In a classical or semi-classical time dependent framework (Chupka,
1987), such a process could be viewed as the production of a wave-packet
on the repulsive curve of the doubly excited state. As it evolves in
time, the wave-packet can be decomposed into outgoing and Incoming
components; the latter will be reflected and subsequently interfere with
the originally outgoing component. Because the doubly excited state has
a finite width for autolonlzation, as the wave-packet evolves it will
have some probability for transitions into the *Z* continuum. In this
model, the production of v > v* photoelectron bands arises from
autolonization as the wave-packet evolves to dissociation products, while
those with v+ < v' arise from autolonlzatlon of the incoming component
propagating to smaller R.

This model also Introduces the possibility that some of the
molecules in the doubly-excited state will not autoionlze, but rather
will dissociate into a ground state atom and an excited state atom.
Excited states having n - 3 - 5 have been observed (Bonnie et al.,
1986a,b; O'Halloran et al., 1987; Xu et al., 1987), and may result from
curve crossings of the repulsive 2pou2p*u state with singly excited
Rydberg states at large lnternuclear distance. In general, the dis-
sociation processes for the C 1H~ levels are much weaker than the
ionlzatlon processes. However, the (3+1) spectra via high-lying
vibrational levels of the B *£* state in the same energy region exhibit
nearly complete dissociation, and the C ln + levels, which interact with
the B 1£ + state, generally display significantly more dissociation than
the corresponding C lH~ levels. The increased dissociation for the B *Z*
levels may arise from two sources. Flcst, the B lZ* state samples a much
larger range of lnternuclear distance than the C *llu state, and may have
a significant direct photodissoclatlon cross section. Second the
(2pou) doubly excited state Is "conflguratlonally" allowed from the
lsag2pou B Eu state, which could produce more dissociation than the



2p«u2p«u state.

The relative positions of the C 1H(1 and 2p*ou2p«u potential curves
indicate that the transition will occur from the outer turning point of
the C *&u state to the Inner turning point of the 2pau2p*u state.
Increasing the vlbratlonal quantum number has two effects: the four
photon energy Is Increased, and the outer turning point of the lower
state Is moved to larger R. For v* - 0, both the total energy and the
outer turning point are too small for transitions to the doubly-excited
state to be very Important. As v' la Increased, both the overlap with
the doubly-excited state and the energy requirement Improve, and the
effects attributable to the doubly-excited state become more noticeable,
as la the case for v1 - 3 and 4. Eventually, as v* Is Increased further,
the energy will be too high and the overlap again will be too poor for
the 2p0u2p*u state to play a role. In the region Just above v1 - 4 the
qualitative model described above corresponds to excitation to somewhat
larger R Chan the classical Inner turning point, with considerable
amplitude for autoionization at smaller Internudear distances. This
would lead to an Increase In the population of vlbratlonal levels of H2

with v + < v'.

As Is seen in Figure 5, these arguments are supported by the photo-
electron spectra obtained at 9 - 0* following (3+1) lonlzation via the
C 'n v" - 5, 6 Q(l) transitions. In both spectra, the v+ - v1 peak is
the largest, with much smaller v+ * v1 peaks.

Comparison with Figure 2 reveals the distribution of v + * v1 peaks
shlft6 to smaller values of v+ with Increasing v1. In addition,, the sum
of the intensities of the v+ * v' peaks relative to the v + - v1 peak
decreases monotonically as v1 is increased from 4 to 6. The C *Hu,
v* « 7, 8 «• X Et, vf - 0 bands are overlapped by the much more intense
B1 lE*. v1 - 1,2s + X lZ*. v1 - 0 bands (Namioka, 1964a,b), and were not
studied. Although the <P Ku, v' - 9 Q(l) transition is blended with the
D iii V - 1 Q(l) transition (Namioka, 1964a,b), some information can
nevertheless be obtained regarding lonlzation of the C 1L,, v' « 9
level. The photoelectron spectrum following (3+1) lonlzation at this
wavelength (Pratt et al., 1987a) is shown in the center frame of Figure
6. The D *HU state corresponds to the lsog3p*u Rydberg state, and the
vf » 1 photoelectron spectrum is similar to that of the C *IIU, v

1 - 1
level. However, the small v1 - 9 peak (at ~ 1.7 eV) almost certainly
corresponds to lonlzation via the C 1IIu, v

1 - 9 level. Although the
v* - 9 peak is weak, it is interesting to note that no intensity is
observed for v+ » 5 - 12, which suggests that at this energy and inter-
nuclear distance, the 2po"u2p*u state no longer plays an Important role In
the ionization process.

Photoelectron Spectra of Do

Doubly-excited states at the four photon energy are also expected to
play a role in the (3+1) lonlzatlon via the C *HU states of the heavier
Isotopes of H2« In particular, we have recently recorded the photo-
electron spectra following (3+1) lonlzation via the C 1Hu, y' -= 0 - 4
levels of D2 (Pratt et al., 1987b). The spectra for the C *HU, v' - 0 - 3
*+X Eg, v" - 0, Q(3) transitions are shown in Figure 7. As in H2, the
v " v1 peak dominates each spectrum. The most striking difference
between the Hz and D 2 C

 1Ilu photoelectron spectra Is that for v
1 •» 3 and

<i, the H2 spectra extend to v
+ - v' + 6, while the D2 spectra show

significant intensity only for v+ - v' < 2. Although there are several
possible explanations for this observation, they are all consistent with
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Figure 3. Photoelectron spectra of H2 determined along the laser polar-
ization axis ( 8 - 0 ° ) at the wavelengths of the resonant three-
photon C lH , v1 - 5, 6 * X ltt, v" - 0, Q(l) transitions.

the model involving the 2pou2p*u doubly-excited stateu u The doubly-
excited potential curves for H2 and D 2 will be nearly identical, and the
mass effect on the electronic autolonlzatlon width should be small.
However, because of the difference in vibratlonal spacings in the C Hu

and X *£* states, the four photon energies for v' - 3 and A are smaller
(by ~ 0.26 and 0.34 eV, respectively) in D2 than In H2, which will make
excitation to the doubly-excited curve energetically less favorable. In
addition, for lower values of v', the smaller range of R sampled by the
D 2 vibratlonal wavefunctions in the C *DU state will decrease the
vlbrational overlap with the 2pau2p*u state. Finally, If the D2 is
excited to the same position on the doubly-excited potential curve as H2,
the D2 wave-packet will propagate at only 1//2 of the speed of the H2
wave-packet. Thus, with the same autolonlzation rate, a much narrower
envelope is expected for D2- Of course, detailed calculations of the
C Hu photoelectron spectra are necessary to determine the validity of
these arguments for D2- However, at least qualitatively, It appears that
the D2 spectra can be explained In a manner consistent with the H2 spectra.

Conclusions

The (3+1) ionizatlon of H2 via the C
 lHu Btate has been discussed in

light of the existing experimental and theoretical data. Tt does nor
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appear that the existing experimental data on the (3+1) ionlzation of H2

via the C lHu state can be explained in terns of the simple direct
photolonlzatlon of the Rydberg electron into the HJ X Eg continuum. As
suggested by Chupka (1987) and Hicknan (1987a,b), excitation and
subsequent autolonizatlon of the 2pau2p*u doubly excited state appear to
strongly Influence the vlbratlonal branching ratios, particularly for
C ^y, v1 - 3 - 6. Although a direct experimental study of the ZpOu2p»u

state remains to be performed, the present data serve to bracket the
position of this state. When coupled with more detailed calculations of
the vibrational branching ratios, these data should Improve our
understanding of the doubly excited states of H^.
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TWO COLOR (2+1) REMPI-PES OF H2 VIA E,F
 lZ*

The next level of sophistication in REMPI-PES studies of molecular
photoionlzatlon utilizes an independently tunable laser to photolonize
the excited state. Such two-color REMPI processes permit one to examine



Che Interaction and decay mechanisms of autolonlrlng states In great
detail. Furthermore, compared to the established VUV techniques used to
study such processes, two-color REMPI-PES has several useful
advantages: ability to select the quantum state of the excited target,
In many cases; very high wavelength resolution; and access to nonoptlcal
channels•

We have just completed initial measurements combining a two-step
excitation process with photoelectron eaergy analysis to investigate
rotational and vibratlooal autololnlzatlon processes in molecular
hydrogen. The 4th anti-Stokes component of a Raman-shifted, doubled dye
laser provides 5-20 VJ of light at -193 am, which populates the state
H2 E,F *£*, v'»2, J'-l through a two-photon transition. A third photon
at "• 400 fin (the 1st antl-Stokes of an exclmer pumped dye laser) then
excites from this level to a region near the thresholds for production of
Hn £ • v+-2, M*"-l,3. The kinetic energies of the resulting photo-
electrons are determined by tlme-of-fllght analysis in a magnetic bottle
electron spectrometer. The high collection efficiency (SOZ) of the
magnetic bottle permits us to follow individual ionic vlbratlonal levels,
through gated detection of individual photoelectron peaks, as the
excitation wavelength of the Hj 2tt, v*. N+ «• H2 E,F

 lZ+, v'-2, J'-l
transition is scanned.

. This experimental approach makes it possible to directly determine
the final vlbratlonal Btates produced by vibrational autoionizatlon as a
function of position within the autolonlzation profile. Analogous
experiments on NO have also been performed (Achlba and Klmura, 1984 and
Kimman et al., 1986). Moreover, the vibrational branching ratios between
the thresholds for production of H £ 2Eg, v+-2, N+-1.3 reflect the
competition between the rotational and vibrational autoionizatlon
mechanisms. Thus it is now possible to measure quantities that
characterise autolonlzation dynamics at the level at which they are
calculated by the most sophisticated theories, see, e.g., Raoult and
Jungen (1981).
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