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Abstract. The three photon resonant, four photon
lonlzatlon (3+1) spectra of H2 via the C

 lllu, v' - 0 - 4 levels
display strong non-Frahck-Condon behavior that is not reproduced by
calculations that assuae direct excitation froa the C l»o Rydberg
state into the lonization continuum. Recently, an explanation for
this behavior has been proposed that Involves an autoionizlng, doubly-
excited electronic state at the four photon energy. This explanation
Is exaalned in light of new (3+1) spectra obtained via the C Hu,
v' - 5, 6 levels and new (3+1) spectra obtained via the C 1H|J,
v1 - 0 - 4 levels of D2. The new data support the explanation based
on autolonlzation of a doubly excited state•

INTRODUCTION

Several years ago, we reported the photoelectron spectra
obtained following three photon resonant, four photon (3+1) ionizatlon
via the C l1 v' - 0 - 4 levels of molecular hydrogen (Pratt et al.
1984). The C *nu Rydberg state corresponds to the Is0g2p*y+configura-
i d h i l iil t tht of the X zt_ O s o )u y g g
tion, and has a potential curve similar to that of the X ^
ground state of HJ (Huber and Herzberg 1979). Thus, th« vibrational
overlap integrals between a particular vibrational level, v1, of the
C rllu state and the vibrational levels of the X

 ltl Ion, v , will be
nearly unity for v+ » vf, and nearly zero for v+ * v*. On the basis
of the Franck-Condon principle, the photoelectron spectra are
therefore expected to show strong v+ * v' peaks, with very little
intensity in the v+ * v1 peaks. Qualitatively, these expectations are
fulfilled, as seen in Figure 1, which shows the photoelectron spectra
obtained following (3+1) lonization via the C 1flu, v' - 0 - 4 Q(l)
transitions. These spectra were obtained along the laser polarization
axis (8 - 0*) using an electrostatic energy analyzer. The Q(l)
transitions were chosen to access the II component of the C IIu state,
which is unperturbed by the B *£+ state. In each spectrum the v - v1

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 v1 • 3 and 4. For example, in the v1 * 4 spectrum the observed
v+ * 3, 5, and 6 peaks are too large by factors of 3, 2, and 23,
respectively (Pratt et al. 1984).
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Figure 1. Photoelectron spectra of H£ determined along
the laser polarization axis (6 - 0*) at the wavelengths
of the resonant three-photon C 1^,, v1 - 0 - 4 «• X T2ff,
v" « 0, Q(l) transitions. u» g1
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The discrepancy between the experimental results and theoretical
Franck-Cor.don 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 Che Franck-
Condon approximation; (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 photoelectron angular distributions. Dixit et al. (1984) have
included all three affects in theoretical calculations of the 6 - 0 °
spectra of Figure 1. 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 2* steradian collection
efficiency (Kruit and Read 1983)^ The two measurements are in good
agreement. Figure 2 shows a comparison of the angle-integrated
branching ratios calculated by Dixit et al. (1984b) with the results
of O'Halloran et al. (1987). The discrepancies are quite apparent,
particularly for v1 - 3 and 4, where the observed distribution is much
broader than the theoretical predictions. This indicates that the
photoionizatlon of the C *nu state is more complicated than the direct

Figure 2. Vibrational branching ratios determined for
three photon resonant, four photon ionization of H£ via
C nu, 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, Lynchj and McKoy
(Ref. 14).
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excitation of the Rydberg electron into the X ^£+ continuum, and
suggests that another mechanism is important for higher v1. It is
worth noting that the photoelectron angular distributions (Pratt et
al. 1986) for the v+ * v' photoelectron bands are generally w>re
isotropic than those for the v+ ~ v' 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 vibrational bands in the
C Hu, v

1 - 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 lflu, J' « 1 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 *JI , v' - 0 - 4
spectra shown in Figure 3. These spectra were obtained at somewhat
higher resolution than those of Figure 1 by using the magnetic bottle
electron spectrometer. (Note that the spectra shown in Figure 3 are
angle-integrated spectra.) In these spectra, the relative intensity
of the N+ * 3 photoelectron peak increases dramatically with
increasing v1, both for v+ » v' and for v+ * v*. ' In addition, for a
given intermediate level, v', the N+ - 3 rotational peaks tend to be
larger relative to the tr m 1 peaks in the v+ * v1 bands. This
definitely indicates that the photoionization mechanism is changing
with increasing vibrational quantum number, v', a
mechanism contributes to the intensity of the v

It is sometimes useful to describe the photoionization dynamics in
terms of the angular momentum transfer, jt, which is defined as the
angular momentum exchange 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 3 can only
arise from j t - 1 processes, while the N

+ » 3 peaks can only arise
from j t « 3 processes (O'Halloran et al. 1987). If the photoioniza-
tion 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 - 3, must result from
anisotropic interactions between the ion core and the escaping
photoelectron. Figure 3 indicates that these anisotropic inter-
actions, and thus the j c • 3 processes, become increasingly important
with increasing vibrational quantum number, and are relatively more
important for v+ * v*.

THE ROLE OF DOUBLY-EXCITED ELECTRONIC STATES

The Increasing intensity of jt » 3 processes with
increasing v* indicates that photoionization from these levels of the
C Wu state does not proceed by the direct ejection of the Rydberg
electron. If, instead, the photoionization process involves excita-



Figure 3. Photoelectron spectra deterained at the wave-
length of the three photon resonant H2 C

 lHu, v
1 «• X 2E*

v" - 0 Q(l) transitions. The spectra of individual ionic
vibrational bands were recorded separately, with
retarding voltages chosen so as to achieve comparable
energy resolution for each vibrational band. Note that
the horizontal scale does not indicate energy, although
the individual vibrational bands are plotted with the
same energy scale. The integrated areas of the
vibrational bands are set equal to the ionic vibrational
branching ratios.
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tion to an autoionizing level at the four photon energy followed by
decay into the ionization continuum, a mechanism would be provided for
both the non-Franck-Condon behavior and for the increasing importance
of anisotropic electron-ion interactions. On the basis of crude wave-
length dependent studies, performed by pumping different rotational
levels within the C n v' bands, it is unlikely that sharp auto-
ionizing resonances are responsible for the observed behavior. In
addition, the Av * -1 propensity rule for vibrational autoionization
(Berry 1966) and the energetics for rotational autoionization 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)
ionization via the C ^u state. In particular, he has argued that the
2pou2p*u doubly-excited state will have significant oscillator
strength from the ls<x_2piru C

 1D u state, and that autoionization 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 more important for aultiphoton ioniza-
tion via the C ^u state into the g continuum than for ionization via
the E,F 1E state into the u continuum, for which they performed
calculations. Independently, Hickraan (1987a,b) has performed model
calculations of the vibrational branching ratios following
autoionization of the 2pO"u2p*u doubly-excited state accessed by (3+1)
excitation via the C 1nu state. Using the 2pou2piru potential curve of
Guberman (1983) / Hickman (J98/a,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
packet near the inner turni
it evolves in time, the wav
incoming component; the lat
interfere with the original
excited state has a finite
packet evolves it will have

be viewed as the production of a wave-
lg point of the doubly excited state. As
•-packet will produce an outgoing and
:er will be reflected and subsequently
Ly outgoing component. Because the doubly

for autoionization, as the wave-
some probability for transitions into the

E continuum. In this model, the production of v+ > v1 photoelectron
bands arises from autoionization as the wave-packet evolves to
dissociation products, while those with v+ < v' arise from auto-
ionization 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 autoionize, but rather will
dissociate into a ground state atom and an excited state atom.
Excited states having n • 3 - 5 hava 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 2pau2piru state with singly excited
Rydberg states at large Internuclear distance. In general, the dis-
sociation processes for the C ^H~ levels are much weaker than the
ionization processes. However, the (3+1) spectra via high-lying
vibrational levels of the B Eu state in the same energy region
exhibit nearly complete dissociation, and the C 1n + levels, which
interact with the B *E+ state, generally display significantly more
dissociation than the corresponding C 1H~ levels. The increased
dissociation for the B *£* levels may arise from two sources. First,
the B E * state samples a much larger range of internuclear distance
than the C IIU state, and may have a significant direct photodisso-
ciation cross section. Second the (2pau)

2doubly excited state is
allowed from the lso 2pou B *EU state, which could produce more
dissociation than the 2pou2piru state.

The relative positions of the C *JIU and 2po"u2p*u potential curves
indicate that the transition will occur from the outer turning point



of the C 1nu state to the inner turning point of the 2pou2p*u state.
Increasing the vibr&tional 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' is 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 is 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 2pau2p*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 than the
classical inner turning point, with considerable amplitude for auto-
ionization at smaller internuclear distances. This would lead to an
increase in the population of vibrational levels of H^ with v+ < v1.

As is seen in Figure 4, these arguments are supported by the photo-
electron spectra obtained at 9 * 0 ° following (3+1) ionization via the

Figure 4. Photoelectron spectra of Hj determined along
the laser polarization axis (9 « 0°) at the wavelengths
of the resonant three-photon C CTU, v' « 5, 6 •*• X
v" - 0, Q(l) transitions.
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c ljIy» v' " 5» 6 Q(D transitions. In both spectra, the v+ » v' peak
is the largest, with much smaller v+ * v' peaks.

Comparison with Figure 1 reveals the distribution of v+ * v' peaks
shifts to smaller values of v+ with increasing v'. In addition, the
sum of the intensities of the v+ * v' peaks relative to the v+ » v'
peak decreases monotonically as v1 is increased from 4 to 6. The
C ^y, v* « 7, 8 «• X *•£+ v' - 0 bands are overlapped by the much more
intense B' 1Z\, v' - 1, 2 •*• X ltt, v' - 0 bands, and were not
studied. Although the C lRu, v

1 - 9 Q(l) transition is blended with
the D ^u, v

1 • 1 Q(l) transition, some information can nevertheless
be obtained regarding ionization of the C II , v1 m 9 level. The
photoelectron spectrum following (3+1) ionization at this wavelength
(Pratt et al. 1987a) is shown in the center frame of Figure 5. The
D Hy state corresponds to the lso_3p*u Rydberg state, and the v* - 1
photoelectron spectrum is similar co that of the C *H v1 • 1
level. However, the small v' * 9 (at ~ 1.7 eV) peak almost certainly
corresponds to ionization via the C lHu, v' = 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
internuclear distance, the 2po"u2pwu state no longer plays an important
role in the ionization process.

PHOTOELECTRON SPECTRA OF D?

Doubly-excited states at the four photon energy are also
expected to play a role in the (3+1) ionization via the C *IIU states
of the heavier isotopes of H2« In particular, we have recently
recorded the photoelectron spectra following (3+1) ionization via the
C Xn v' - 0 - 4 levels of D2 (Pratt et al. 1987b). The spectra for
the C 1nu, v

1 = 0 - 3 + X XE+ v" * 0, Q(3) transitions are shown in
Figure 6. As in H2, the v+ " v' peak dominates each spectrum. The
most striking difference between the H£ and D2 C *HU photoelectron
spectra is that for v' * 3 and 4, the H2 spectra extend to v « v1 + 6,
while the D2 spectra show significant intensity only for v+ - vf < 2.
Although there are several possible explanations for this observation,
they are all consistent with the model involving the 2p0u2p*u doubly-
excited state. The doubly-excited potential curves for H2 and D2 will
be nearly identical, and the mass effect on the electronic autoion-
izatlon width should be small. However, because of the difference in
vibrational spaclngs in the H2 C *IIU and X *-£t states, the four photon
energies for v1 * 3 and 4 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 D2
vibrational wavefunctions in the C Hu state will decrease the
vibrational overlap with the 2pau2p*u state. Finally, if the n2 is
excited to the same position on the doubly-excited potential curve as
the H2, the D2 wave-packet will propagate at only 1//2 of the speed of
the H2 wave-packet. Thus, with the same autoionization rate, a much
narrower envelope is expected for D2» Of course, detailed calcula-
tions of the C ^u photoelectron spectra are necessary to determine



Figure 5. REMPI-PES spectra of H2 determined at the
wavelengths of the resonant three photon D *nu, v' • 0 <•
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the validity of these arguments for D2« However, at least qualita-
tively, it appears that the D2 spectra can be explained in a manner
consistent with the H2 spectra.

CONCLUSIONS

The (3+1) ionization of H2 via the C *HU state has been
discussed in light of the existing experimental and theoretical
data. It does not appear that the existing experimental data on the
(3+1) ionization of H2 via the C

 In u state can be explained in terms
of the simple direct photoionlzation of the Rydberg electron into the

*5 * H
p
continuum, As suggested by Chupka (1987) and Hlckman



Figure 6. Fhotoelectron spectra of D£ determined along
the laser polarization axis at the wavelengths of the
resonant three photon C^J^, v' - 0 - 3 <• X 'I*, v" - 0,
Q(3) transitions.

I,

2.n ,V l n ..' .3hi/ Yl_+ . _

9 8 7 6 5 4 3 2 1
\ i r i i i i r

v'-3

v'»2

r
0

v'«0

0 I
ELECTRON KINETIC ENERGY (eV)

(1987a,b), excitation and subsequent autoionization of the 2pau2p*u
doubly excited state appear to strongly influence the vibrational
branching ratios, particularly for C 1Hu, v

1 * 3 - 6. Although a
direct experimental study of the 2pou2piru 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 l^.
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