UvA-DARE (Digital Academic Repository)

Photoionization and photodissociation dynamics of H2 after (3+1) REMPI via the
B state
Scheper, C.R.; Buma, W.J.; de Lange, C.A.; van der Zande, W.J.
DOI
10.1063/1.477495
Publication date
1998
Published in
Journal of Chemical Physics

Link to publication
Citation for published version (APA):
Scheper, C. R., Buma, W. J., de Lange, C. A., & van der Zande, W. J. (1998). Photoionization
and photodissociation dynamics of H2 after (3+1) REMPI via the B state. Journal of Chemical
Physics, 109(19), 8319-8329. https://doi.org/10.1063/1.477495

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).
Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)
Download date:03 Dec 2021

JOURNAL OF CHEMICAL PHYSICS

VOLUME 109, NUMBER 19

15 NOVEMBER 1998

Photoionization and photodissociation dynamics of H2 after „311…
resonance-enhanced multiphoton ionization via the B 1 S 1
u state
C. R. Scheper, W. J. Buma, and C. A. de Lange
Laboratory for Physical Chemistry, University of Amsterdam, Nieuwe Achtergracht 127–129,
1018 WS Amsterdam, The Netherlands

W. J. van der Zande
FOM-Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands

~Received 3 August 1998; accepted 11 August 1998!
We present a study of the molecular photoionization and photodissociation processes in molecular
hydrogen occurring after one-photon absorption from various rovibrational levels ( v 8 53 – 22, J 8
50 – 3! of the B 1 S 1
u (1s s g )(2p s u ) state using resonance-enhanced multiphoton ionization in
combination with high-resolution photoelectron spectroscopy ~REMPI-PES!. For one-photon
absorption from the v 8 53 – 8 levels, molecular photoionization competes with photodissociation
into a ground-state atom and an atom in an n52 excited state. A detailed comparison of the
photoelectron spectra obtained via different rotational branches and vibrational levels strongly
1
indicates that singly excited bound 1 S 1
g and P g Rydberg states at the four-photon level exert a
significant influence on the final state distributions of H1
2 . In contrast, one-photon absorption from
the v 8 59 and higher levels leads almost exclusively to dissociation into a ground-state atom and an
excited-state atom with n.2. Excited atomic fragments are ionized in a one-photon absorption step,
and excited-atom distributions over the energetically allowed values of the principal quantum
number n are obtained. Simulations of these distributions suggest that excitation of dissociative
1 1
continua of bound 1 S 1
S g (1s s g )(nd s g ), and 1 P g (1s s g )(nd p g ) Rydberg
g (1s s g )(ns s g ),
states may dominate over excitation of dissociative doubly excited 1 S 1
g (2p s u )(n p s u ) and
1
P g (2p s u )(np p u ) states when considering the dissociation dynamics after one-photon
absorption from the v 8 >9 levels of the B-state. © 1998 American Institute of Physics.
@S0021-9606~98!00243-8#

formed in ion storage ring devices.2–8 Although these experiments have enabled both ~absolute! cross sections3–6 and
product state information2,7,8 to be obtained, a description of
the dissociation process is difficult because of the limited
product state resolution of the imaging techniques employed
in storage ring experiments.
The dissociation process is formally independent from
the way the doubly excited state is formed. The dynamics of
the dissociation process might therefore also be investigated
through access of doubly excited states from below by a
multiphoton absorption scheme. Indeed, REMPI experiments
9–13
C 1 P u , 11,14–17
performed in the past via the B 1 S 1
u ,
1 1 18–26
1 1 25,27
1 1 25
EF S g ,
B8 Su ,
B9 Su ,
and D 1 P u 25,27
states have amply demonstrated the influence of these doubly
excited states on the photoionization and photodissociation
dynamics of the molecule. The distinct advantage of such a
multistep laser excitation scheme is that laser ionization of
excited hydrogen fragments affords a considerably better
resolution in the final-state distribution.
In the present experiments the photoionization and
photodissociation dynamics of molecular hydrogen
have been investigated by (311) REMPI via the
rovibrational
B 1S 1
u (1s s g )(2p s u ) ( v 8 53 – 22;J 8 50 – 3)
levels, thereby probing in a stepwise manner the four-photon
energy region between 125 000 and 150 000 cm21 ~15.5–
18.6 eV!. A priori considerations show that in these

I. INTRODUCTION

In the last 5 years, dissociative recombination has been a
subject of extensive and detailed studies. In this process, free
electrons recombine with molecular ions resulting in the
breakup of the molecule into fragments. For molecular hydrogen, dissociative recombination at low electron collision
energies ~,3 eV! can be pictured as proceeding in three
stages: ~i! electron capture into a doubly excited repulsive
curve of the neutral molecule, ~ii! competition between autoionization and dissociation along this curve, the so-called
survival process, and ~iii! a long-range half-collision/
dissociation process of the neutral molecule leading to two
fragments. The first two steps determine the electron capture
cross section; the last stage is responsible for the final product state distributions. It is worth noting, that in spite of the
apparent simplicity of molecular hydrogen, the half-collision
process is very complicated. As described by Chupka1 in a
discussion of multiphoton dissociation of H2, this process is
affected by a large series of interactions between doubly excited repulsive states and singly excited bound molecular
Rydberg states at large internuclear separations. This process
distributes fragment flux over many outgoing channels. For a
complete description, the couplings at each ~avoided! crossing should be known and put in a multichannel treatment.2
Many of the rather recent dissociative recombination experiments, especially on molecular hydrogen, have been per0021-9606/98/109(19)/8319/11/$15.00
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FIG. 1. Schematic potential energy diagram of molecular hydrogen. The v 8 53 – 22 levels of the B 1 S 1
u state,
formed from the ground state with three photons, are
dissociated or ionized using a one-photon excitation via
the doubly excited repulsive Q 1 -states37 of 1 S 1
g ~dashed
lines! or 1 P g symmetry ~dashed-dots! or via the dissociation continuum of bound Rydberg states, @H *
2 (n
53) and higher, dotted lines#. A quasidiabatic representation is presented, ignoring the interactions between
the Rydberg states and the doubly excited states. The
v 8 53, 5, 8, 11, 14, 17, and 20 are indicated in the
B-state.

experiments, one-photon absorption from the intermediate
B 1S 1
u state may lead to various processes ~Fig. 1!. First, the
molecule can ionize to various rovibrational levels of the
ground ionic state 2 S 1
g (1s s g ). Second, doubly excited states
with a (2p s u )(nll) configuration may be excited. These
doubly excited states can ~i! autoionize to the ground ionic
state, or ~ii! lead to dissociation of the molecule resulting in
a ground-state hydrogen atom and an excited atom H(n 8 l),
where n 8 may differ from n. A final possibility, which has
not been considered extensively in previous (311) REMPI
experiments via the B 1 S 1
u state, is that the dissociation continua of singly excited bound Rydberg states of the type
(1s s g )(n 9 ll) are excited. One of the aims of the present
study is to elucidate the role of these states in the one-photon
photoionization and dissociation dynamics of the B 1 S 1
u
state.
In our experiments, both molecular ionization and dissociation into a ground-state hydrogen atom and an excited
fragment are observed. Under the employed experimental
conditions, all excited fragments are ionized by further onephoton absorption. The identity of the excited atoms is established using kinetic-energy-resolved photoelectron spectroscopy with a resolution of about 10 meV, allowing
principal quantum numbers from n52 to n58 to be distinguished. The same technique concurrently enables us to determine the internal energy distribution of the generated molecular ions with rotational resolution.
Our photoelectron spectra demonstrate that absorption
from the v 8 53 – 8 levels of the B 1 S 1
u state leads to both
molecular photoionization and photodissociation into an
H(n51) and H(n52) pair, the only accessible limit in this
energy region. The observed distributions over the rovibrational levels of the molecular ion give evidence for the importance of singly excited Rydberg states located at the fourphoton level in the proper description of the molecular
photoionization dynamics. For absorption from v 8 >9 levels
of the B 1 S 1
u state, mostly photodissociation fragments are
observed. The distributions over the possible values of the
principal quantum number n observed for absorption from
the v 8 59 – 22 levels will be discussed in the light of two

models, one in which photodissociation occurs exclusively
on the potential energy surfaces of doubly excited states, and
another in which the dissociative continua of singly excited
Rydberg states are responsible for photodissociation.
II. EXPERIMENT

The experimental setup has been described in detail
previously.28 Briefly, the laser system consists of a Lumonics
HyperDye-500 dye laser ~bandwidth ;0.08 cm21! operating
on Rhodamine B, Rhodamine 6G, or Coumarin 540A, which
is pumped by an XeCl excimer laser ~Lumonics HyperEx460! operating at 30 Hz. The dye laser output is frequency
doubled in a Lumonics HyperTrak 1000 unit using a BBO or
KD*P crystal, resulting in 10 ns pulses with a maximum
energy of about 15 mJ. The laser light is focused into the
ionization region of a ‘‘magnetic bottle’’ spectrometer by a
quartz lens with a focal length of 25 mm. Electrons are collected with an efficiency of about 50%. Analysis of their
kinetic energies is performed with a time-of-flight technique
allowing an energy resolution of about 10 meV at all kinetic
energies. The energy scale was calibrated using (311)
REMPI via well-known excited states of krypton.29
In the ionization chamber of the spectrometer, two grids
are installed which enable the application of dc or pulsed
electric fields. In the case of excitation via the v 8 53 – 8
vibrational levels of the B state, a negative static field ~210
V/cm! was used in order to detect the very slow electrons
formed in direct ionization processes. Apart from ~kineticenergy-resolved! electron detection, the spectrometer can
also be employed in a mass-resolved ion detection mode by
application of appropriate voltages to the grids in the ionization region. Used in the latter way, the spectrometer has,
however, a lower collection efficiency.
H2 ~99.9995%, Air Liquide! was effusively introduced
into the spectrometer.
III. RESULTS AND DISCUSSION

Three-photon excitation spectra of the B 1 S 1
u state were
obtained by scanning the laser wavelength and by monitor-
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FIG. 2. MPI-photoelectron spectra obtained following
three-photon excitation of the B 1 S 1
u ( v 8 53 – 22) levels via the R(1) rotational transitions.

ing either the H1 and H 1
2 ion channels, or an energy-selected
part of the electron current. The measured positions of these
resonances were found to be in good agreement with the data
of Wilkinson,30 Dabrowski and Herzberg,31 and Namioka.32
Photoelectron spectra were recorded for ionization via several rotational branches. The spectra obtained for ionization
after excitation of the v 8 53 – 22 vibrational levels via the
R(1) transition are shown in Fig. 2.
Inspection of the spectra depicted in Fig. 2 clearly shows
that the absorption of an additional photon from B 1 S 1
u ( v 8)
levels leads to a number of competing processes. The photoelectron spectra obtained for ionization via B 1 S 1
u vibrational levels up to v 8 58, for instance, are dominated by
peaks arising from a molecular photoionization process
1
yielding H 1
2 in the various accessible vibrational ( v ) and
1
rotational (J ) levels of its electronic ground ionic state
X 2S 1
g . Apart from molecular ionization, a competing dissociation process leading to excited H(n52) atoms, which
are subsequently ionized by one-photon absorption, is also
visible in these spectra. The width of the H(n52) peak is
due to the large kinetic energy of the H fragments, '0.9
eV/H-atom.
For ionization via the vibrational levels up to v 8 58,
dissociation plays a minor role, a situation which changes
dramatically when ionization is performed via higher vibrational levels. Figure 2 shows that, above the n53 threshold
( v 8 .8), dissociation in fact dominates over direct ioniza-

tion of molecular hydrogen, in agreement with previous
results.10 The photoelectron spectra for ionization via v 8
514 and 16 might seem to be at odds with this conclusion,
since they exhibit rather large peaks on the low-energy side,
which result from molecular ionization. However, these
higher H 1
2 yields can be explained by the observation that
the R(1) transitions to the v 8 514 and 16 levels are nearly
coincident with the three-photon transitions to the C 1 P u
(1s s g )(2p p u ) v 8 53 and 4 levels, respectively. As demonstrated previously11,14 and confirmed by the present experiments, one-photon absorption from the C 1 P u state leads
predominantly to molecular photoionization, with the dissociation pathway playing only a very minor role. The ‘‘slow’’
photoelectrons observed for v 8 514 and 16 should consequently be attributed to molecular photoionization via the
C 1 P u state, while the excited hydrogen atoms result predominantly from excitation of the B 1 S 1
u state. Apart from
photoelectrons deriving from these two processes, the v 8
514 and 16 spectra also show signals at 2.05 and 2.12 eV,
respectively. These signals are not connected with ionization
of molecular or atomic hydrogen, since they did not vanish
when the hydrogen gas inlet was closed. The origin of these
peaks is not understood.
In the following, we shall first discuss the molecular
photoionization process, which can be observed for ionization via the vibrational levels up to v 8 59. Subsequently, the
dissociation process will be considered.
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FIG. 2. ~Continued.!

A. Molecular photoionization

S1
u

For ionization via the v 8 53 – 8 levels of the B
state, the photoelectron spectra exhibit well-resolved rotational structure in the transitions deriving from molecular
photoionization to the various accessible vibrational levels in
the ionic state. Comparable structure, though far less resolved, has been observed by Pratt et al.9 for ionization via
the R(3) and P(3) transitions to the v 8 57 level. Rotational
selection rules predict that in the one-photon ionization process from B 1 S 1
u ( v 8 ) levels, only DN1 l 5odd transitions
should be allowed, where DN5N 1 2N 8 and l is a partial
wave component of the photoelectron.33 In an atomic-like
picture, ionization of the 2p s u electron is expected to lead to
s( l 50) and d( l 52) partial waves. Accordingly, only
DN5odd transitions should be present in the photoelectron
spectra. In the B 1 S 1
u state, ortho-hydrogen can only exist in
the N8 50,2,4... and para-hydrogen only in the N 8 51,3,5...
rotational levels. In the ionic X 2 S 1
g state, ortho-hydrogen
has only N 1 51,3,5... and para-hydrogen only N 1 50,2,4,...
1

available to it. Therefore, in our experiments the photoelectron spectra show either formation of odd or even N 1 levels,
due to ionization of ortho-or para-hydrogen, respectively.
Conservation of total angular momentum requires that s
partial waves are accompanied by DN561, while d partial
waves may lead to changes of 61 and 63. In the first instance, one might be tempted to derive the relative importance of the s and d partial waves from the intensities of the
DN561 and 63 transitions. The results of an ab initio
study by Lynch et al.34 of the rovibrational branching ratios
resulting from (311) REMPI via the v 8 57 level of the
B 1S 1
u state have shown, however, that such an approach is
not valid. Here it was found that DN563 transitions are
largely suppressed as a result of dynamic interference between the d s and d p channels, even though the d partial
wave is in fact stronger than the s partial wave. As a result,
the photoelectron spectra measured for ionization via the
R(3) and P(3) transitions to the v 8 57 level only exhibit
DN561 peaks.
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FIG. 2. ~Continued.!

The photoelectron spectra obtained in the present study
for ionization via the v 8 53 – 8 levels of the B 1 S 1
u state
demonstrate that the ionization dynamics as observed and
calculated previously for ionization via the P(3) and R(3)
transitions to the v 8 57 level are by no means exemplary for
the other transitions. For example, Fig. 2 shows that for ionization via the R(1) transition to the v 8 53 – 6 and v 8 58
levels, DN563 transitions are much weaker than the DN
561 transitions, but are of similar intensity for v 8 57.
Analogous behaviour occurs for ionizing transitions via the
P(1) transition to the various vibrational levels in the excited state ~not shown!; ionization via the v 8 57 level leads
to dominant intensity in the DN563 transitions, while these
peaks are significantly less intense for ionization via other
vibrational levels.
Surprisingly, the intensities of DN563 transitions depend not only on the initial vibrational level in the excited
state, but also on the rotational level, as well as the rotational
branch employed to populate this rotational level. Consider,
for example, the spectra measured for ionization via the v 8
57 level ~Fig. 3!. Ionization via the P(1), R(1) and, to a
lesser extent, R(0) transitions results here in significant intensities of the DN563 transitions, while ionization via the
R(2), R(3), 9 and P(3) 9 transitions leads to dominant DN
561 transitions. These observations are even more peculiar
when it is realized that the R(1) transition, for which intense
DN563 peaks are observed, populates the same rotational
level in the excited state as the P(3) transition, where DN

563 transitions are completely absent. Although the two
rotational branches lead to a different alignment of the J 8
52 level, one does not expect such large differences in ionization dynamics solely on the basis of a different initial
alignment.
A final striking observation is that also, the vibrational
branching ratios upon ionization may depend strongly on the
rotational transition used to excite a particular vibrational
level in the excited state. This is most apparent for ionization
via the v 8 54 level ~Fig. 4!. A previous study13 found in this
case that ionization via the R(0) and P(1) transitions leads
to dominant population of the v 1 51 level, while ionization
via the R(1) transition results in equal intensities of the v 1
50 and v 1 51 peaks. In the present study, these observations are supported and extended. Ionization via the P(2)
and R(3) transitions leads to a small v 1 50: v 1 51 vibrational branching ratio; ionization via the R(2) transition
leads to a large ratio. Moreover, we observe that a large
v 1 50: v 1 51 branching ratio is accompanied by a significant reduction of excited H(n52) fragments. Interestingly,
when the photoelectron spectra are considered in order of the
final energies reached in these experiments at the fourphoton level, i.e., P(2), P(1), R(0), R(1), R(2), and
R(3), it is clear that the v 1 50: v 1 51 branching ratio and
the amount of dissociation do not vary randomly, but show a
maximum and minimum, respectively, around 127 100–
127 150 cm21.
All of the above observations indicate that the ionization
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FIG. 2. ~Continued.!

dynamics depend sensitively on the four-photon level
reached in the experiments. Ab initio calculations have
shown that dynamic interference between the d s and d p
ionization channels plays an important role in describing ion34
ization from the B 1 S 1
u ( v 8 57) level. The delicate balance
between these two channels will certainly be electronkinetic-energy dependent, but it is hard to imagine that this
energy dependence would be so large that a mere change of
a few 100 cm21 in kinetic energy, as is occurring, for example, when ionizing via the R(1) or the P(3) transition to
the v 8 57 level, would make so much difference. Another
possible explanation might be found in the influence of dissociative Rydberg states converging upon the 2 S 1
u (2p s u )
ionic state. For excitation of the levels investigated here, the
only doubly excited states that can be accessed at the four2
1
photon level are the 1 S 1
g (2p s u ) and P g (2p s u )(2p p u )
Rydberg states. Calculations of the Franck-Condon factors
between the vibrational wavefunctions of B 1 S 1
u ( v 8 ) levels

1
and these dissociative 1 S 1
g and P g states show that these
factors do not vary enough to account for the observed rotational branch dependence of one particular B 1 S 1
u ( v 8 ) level.
These doubly excited states might, however, be involved in
an explanation of the v 8 -dependence of the photoelectron
spectra ~vide infra!, which involve a much larger range of
energy.
The fact that features observed in the photoelectron
spectra change so drastically over a relatively small energy
interval strongly suggests that bound states at the fourphoton level are of influence. At this energy level, vibrationally excited Rydberg states with a X 2 S 1
g (1s s g ) ionic
core are present, which converge upon v 1 levels of the
ground ionic state that lie higher in energy than the employed four-photon energy. From the point of view of vibrational overlap these levels are well accessible, since the potential energy surface of the B 1 S 1
u state is significantly
different from that of the bound Rydberg states. Upon exci-
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FIG. 3. MPI-photoelectron spectra obtained following
three-photon excitation of the B 1 S 1
u ( v 8 57) level via
various rotational transitions.

tation of these states, the photoelectron spectra will not
merely display the photoionization dynamics of the B 1 S 1
u
state, but also the decay dynamics of the bound Rydberg
state. A complete unraveling of the influence of bound Rydberg states on the molecular photoionization spectra clearly
demands, theoretically, the application of high-quality ab initio calculations. In addition, experimental studies, in which
B 1S 1
u ( v 8 ) levels are excited by one-photon absorption and
subsequently ionized in a tunable one-photon absorption
step, would be most welcome.
B. Photodissociation

Figure 2 shows that dissociation occurring at the fourphoton level plays an important role in the one-photon excitation dynamics from the B 1 S 1
u state. After one-photon absorption from the v 8 53 to v 8 517 levels, excited hydrogen
atoms—on energy grounds accompanied by ground-state hydrogen atoms—are seen to be formed in all accessible Rydberg states. One notable exception concerns the n52 fragments, which disappear as soon as the n53 dissociation
channel becomes accessible. Energetically, one-photon absorption from the next vibrational level ( v 8 518) allows dissociation into an excited hydrogen atom with n,15 and a
ground-state hydrogen atom, whereas dissociation into all
values of n is possible for absorption from higher vibrational
levels. Not all of these states are actually observed: the photoelectron spectrum obtained via the v 8 518 level shows

well-resolved peaks up to n57, with a remaining peak covering the region from n58 to n514. For spectra recorded
via v 8 .18 levels well-resolved peaks are obtained for excited hydrogen atoms with n,6, while an unresolved peak
extends to about n511.
It is the purpose of this section to rationalize the observed H(n) distributions. These distributions reflect quantitatively the number of atoms formed in the various Rydberg
states, i.e., we have to verify that all excited fragments
present are ionized. The atomic photoionization cross section
is proportional to n 23 and to n 2 l 27/2 where n is the photon
frequency.35 The disappearance of the signal in the photoelectron spectra at kinetic energies below the n5` limit
could be a consequence of the fact that the ionization cross
section strongly decreases with increasing principal quantum
number. In order to test this hypothesis, ionization cross sections have been estimated for a number of values of n and l
at a wavelength of 37 000 cm21 using the Born
approximation35 and using analytical wavefunctions. Both
methods are found to give cross sections of the same order of
magnitude. Combination of these cross sections with the employed photon flux (1025 photons/m2•pulse for an energy of
1 mJ/pulse at 270 nm! then leads us to conclude that ionization of H(n511) is saturated under the present experimental
conditions, if it is assumed that no fragments with l .4 are
formed. The influence on the ionization yield of the 1 T
magnetic field in the ionization chamber of the spectrometer
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FIG. 5. Experimentally obtained excited-atom H(n) distributions, estimated
by calculating peak areas of the various fragments in the photoelectron
spectra obtained following three-photon excitation of the B 1 S 1
u (v8
59 – 22) levels via the R(1) rotational transitions.

FIG. 4. MPI-photoelectron spectra obtained following three-photon excitation of the B 1 S 1
u ( v 8 54) level via various rotational transitions. The final
energy ~cm21! reached at the four-photon level is given for each rotational
transition.

can be ruled out, since it becomes important only at much
higher principal quantum numbers.36 The observation that
not all of the energetically allowed values of n are observed
in the photoelectron spectra via v 8 .18 levels can thus not be
attributed to experimental conditions. Other points of concern might be the short radiative lifetimes of H(2 p) and
H(3p) fragments ~1.6 and 5.4 ns, respectively23!, and the
large kinetic energies of n52 atoms, which could result in
the disappearance of these fragments out of the focal volume
before being ionized. The cross sections for ionization of
H(2s), H(2 p), and H(3 p), obtained at 30 000 cm21 by using analytical wavefunctions, are 9.3•10220, 1.1•10219, and
2.5•10220 m2, respectively. These cross sections, combined
with the employed photon flux, give rise to such high ionization rates for H(n52) and H(n53) fragments that they
can all be assumed to become ionized. We therefore conclude that quantitative excited-atom distributions can indeed
be derived from the photoelectron spectra obtained in the
present study. By calculating peak areas, excited-atom distributions have been obtained, which are depicted in Fig. 5.
Figure 5 reveals that most energetically allowed disso-

ciation limits are observed with the clear exception of the
H(n51)1H(n52) dissociation limit as soon as the production of H(n53) is possible. A quantitative analysis of these
distributions is very complex. A logical starting point forms
a calculation of the relative excitation probabilities of the
different doubly excited repulsive states. These states have
Rydberg character and converge to the first excited state in
2 1
H1
2 , the S u state ~see Fig. 1!. The correlation of these
states with the various dissociation limits is nontrivial. The
presence of the bound Rydberg series results in a large number of ~avoided! crossings. Part of the double-well structures
found in Born-Oppenheimer calculations of the 1 S 1
g Rydberg states is caused by the doubly excited repulsive character ~see also Ref. 2!. Due to these interactions, dissociation
flux will be distributed over more than one dissociation limit
even if one doubly excited state is excited in the Franck–
Condon region.
We have decided to model the excited atom distributions
in two separate calculations: ~i! on the basis of cross sections
for excitation of the doubly excited repulsive states, described in an uncoupled diabatic representation, and ~ii! on
the basis of cross sections to the dissociation continuum of
singly excited Rydberg states. Both calculations describe, in
zeroth order, a one-electron transition (n l l u ←1s s g ) for
the excitation to the doubly excited states, and (n l l g
←2 p s u ) for the singly excited Rydberg states.
~1! X 2 S 1
g The relative transition probabilities have been
calculated for excitation from the B 1 S 1
u ( v 8 ) levels to the
1
accessible, 1 S 1
(2p
s
)(n
p
s
)
and
P
(2p
s u )(np p u ), reu
u
g
g
pulsive states with dissociation limits up to n,7. We calculated the integrals * x k (R)D(R) x v 8 (R)dR, where x k (R) is
the energy-normalized-nuclear wave function in the doubly
excited state under consideration, x v 8 (R) the vibrational
wave function of the B 1 S 1
u ( v 8 ) level, and D(R) the onephoton electronic transition moment. The potential energy
curves for the Q 1 1 S 1
g states with H(n51)1H(n52) and
H(n51)1H(n53) dissociation limits were taken from
Gubermann.37 The higher 1 S 1
g states are simply obtained by
raising the R-dependent quantum defect of the 1 S 1
g state
with the H(n51)1H(n53) dissociation limit with one for
each successive state. The potential energy curves of the 1 P g
states are calculated using the R-dependent quantum defect
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FIG. 6. Excited-atom distributions H(n) calculated for excitation via the
B 1S 1
u ( v 8 ) levels, and assuming that dissociation uniquely occurs by excitation of repulsive doubly excited states with 1 S 1
g (2p s u )(n p s u ) and
1
P g (2p s u )(np p u ) symmetry. For dissociation via each vibrational level,
the sum of the cross sections for the pathways leading to H(n52) to H(n
56) is set to 100% in the stick diagrams. The absolute value of this sum is
given at the top of the diagram for each vibrational level.

of the 1 P g state with the H(n51)1H(n52) dissociation
limit. Calculations on the relevant electronic transition moment have not been published. In the one-electron approximation this transition moment is given by the
^ 1s s g u zW u 2p s u & matrix element. These matrix elements are
2
also the dominant contribution to the X 1 S 1
g (1s s g )
1 1
1 1
2
→B S u (1s s g )(2p s u ) transition and the X S g (1s s g )
→C 1 P u (1s s g )(2 p p u ). The X – B and X – C transition
moments may approximate the magnitude of the transition
moments from the B state to the doubly excited states. The
approximation becomes highly questionable at larger internuclear distances where the electronic character of the involved states changes. These arguments, and the calculated
internuclear distance dependence of the calculated X – B and
X – C electronic transition moments,38 led us to use transition
moments, independent of internuclear distance, of 1.6 a.u.
2
1 1
and 1.0 a.u. for the 1 S 1
g (2p s u ) ←B S u (1s s g )(2p s u )
1
1 1
and P g (2p s u )(2p p u )←B S u (1s s g )(2p s u ) transitions.
For transitions to the higher doubly excited states, the electronic transition moments can be scaled by (n * /n ** ) 3/2,
where n * is the effective quantum number of the
1 1
S g (2p s u ) 2 or 1 P g (2p s u )(2p p u ) state, and n ** is the
effective quantum number of the higher doubly excited state.
The distributions simulated with the above model are
shown in Fig. 6. An important conclusion is that the higher1
lying repulsive 1 S 1
g and P g states are excited from the
higher vibrational levels. Comparison of the simulated and
experimentally obtained distributions shows poor agreement.
In particular, the simulations predict that the H(n52) fragments should form an important exit channel. Simulations
based upon R-dependent X – B and X – C transition moments
do not improve the qualitative picture at all. From these results, in which interactions between doubly excited repulsive
and singly excited bound Rydberg states have been ne2
glected, one may conclude that the lowest 1 S 1
g (2p s u ) doubly excited state correlates effectively with the H(n51)
1H(n53) limit.
Recent results on low-energy electron collisions with
H1
2 ~dissociative recombination! show that at total energies
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above the H(n53) energy, a significant fraction of H(n
52) fragments is still found.2 The theoretical treatment in
that paper implies that the lowest Q 1 1 S 1
g state produces a
significant fraction of H(n52) fragments at energies above
the H(n53) limit.2 The absence of H(n52) fragments in
the present experiments has to be due to a mechanism other
than direct excitation of the doubly excited repulsive states.
~2! The rapidly changing dynamics in the excitation
from the lower B-state vibrational levels were indicative for
the influence of vibrationally excited levels of singly excited
Rydberg states on molecular photoionization. This inspired
us to calculate the influence of the vibrational continua of singly excited Rydberg states
1 1
1 1
S g (1s s g )(ns s g ),
S g (1s s g )(nd s g ),
and
with
1
P g (1s s g )(nd p g ) symmetry on the final fragment-state distribution. As mentioned earlier, these states can be accessed
by one-photon absorption from the B 1 S 1
u state. We note
that the potential energy curves of the B 1 S 1
u state differ
considerably from the bound Rydberg states. Hence, the
overlap between the vibrational wavefunctions of
B 1S 1
u ( v 8 ) levels and the vibrational continua is not necessarily much smaller than the vibrational overlap for transitions to doubly excited repulsive Rydberg states. Also, the
2 p s u →(ns s g ,nd s g ,nd p g ) electronic transition moments
are not expected to differ by orders of magnitude from the
1s s g →(n p s u ,n p p u ) electronic transition moments involved in the transition to doubly excited states. Excitation
of these states has been ignored in previous studies on the
B 1S 1
u state, even though it was concluded to be important
26
in one-photon excitation studies from the EF 1 S 1
g state.
To put these arguments on a more quantitative basis, we
have calculated the transition moments to the vibrational
continua of n52 and higher Rydberg states. As we observe
hydrogen fragments, it is assumed that an n5n 8 Rydberg
state correlates with an excited H(n5n 8 ) fragment. Model
bound Rydberg states have been made, assuming an Rindependent integral quantum defect ~see Fig. 1!. Constant
electronic transition moments have been assumed. We have
used the electronic transition moments calculated for the
and HH̄ 1 S 1
GK 1 S 1
g (1s s g )(3d s g )←B
g (1s s g )(3s s g )
←B transitions by Wolniewicz and Dressler39 taken at the
equilibrium separation of the B-state. Lynch et al.34 calculated for ionization of the B 1 S 1
u state that the electronic
transition moments to the «s s and «d s continua are in the
ratio of about 1:7. Since this corresponds to excitation of n
5` states, we assume that this ratio is equally applicable to
the presently considered states. Support for this assumption
is found in the calculations of Wolniewicz and Dressler,39
where a ratio of 1:8 was found for the electronic transition
moments of the GK←B and HH̄←B transitions at the equilibrium distance of the B-state. For transitions to Rydberg
states with higher principal quantum numbers, the electronic
transition moments are scaled in the same way as described
for the doubly excited states. Using the Wigner–Eckart theoW '6 5(1/&) ^ P u m
W 1 u S 6 & , 40 it is derived that the
rem and m
electronic transition moment to nd p g states is 1.6 times
smaller than that to nd s g states:
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FIG. 7. Excited-atom distributions H(n) calculated for excitation via the
B 1S 1
u ( v 8 ) levels, and assuming that dissociation uniquely occurs by excitation of the vibrational continua of bound singly excited Rydberg states
1 1
1
with 1 S 1
g (1s s g )(ns s g ), S g (1s s g )(nd s g ), and P g (1s s g )(nd p g ) symmetry. For dissociation via each vibrational level, the sum of the cross
sections for the pathways leading to H(n52) to H(n56) is set to 100% in
the stick diagrams. The absolute value of this sum is given at the top of the
diagram for each vibrational level.

^ nd s g u mW z u 2p s u &
1
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1
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211
000

1

211
2
2110
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The probability for formation of H(n) is calculated by multiplying the Franck–Condon factor for excitation of the
Rydberg state with principal quantum number n with the
squared transition moments to ns s g , nd s g , and nd p g , respectively, and by adding these contributions incoherently.
The simulation of the excited-atom distributions following from this mechanism is depicted in Fig. 7. The most
striking difference from the previous model is that the contribution of H(n52) fragments to the distributions is now
absent, in agreement with our experimental observations.
These fragments can, within the present model, only be produced by excitation of the vibrational continuum of the
EF 1 S 1
g state, but our calculations indicate that the Franck–
Condon factor for this pathway is negligibly small compared
to excitation of the vibrational continua of n53 and higher
Rydberg states. This calculation also suggests that the closing down of the molecular ionization channel for excitation
via B 1 S 1
u ( v 8 .8) levels, is due to the large cross section
for excitation of the vibrational continua of the n>3 states in
comparison with that for excitation of the n52 states. Although the dominant features observed in photoionization
and photodissociation are thus nicely reproduced, we notice
that with this model, cross sections for H(n53) production
via v 8 59 – 11 are smaller than those obtained for H(n52)
and H(n53) via the same transitions in the previous model
~see Fig. 6 and 7!. Quantitatively the agreement with the
observed distributions is still poor. We note that a complete
treatment has to combine the excitation of doubly excited
repulsive curves, the excitation of the dissociation continua
of bound Rydberg states, and the interactions between these
states at large internuclear separations. We believe that these
conclusions hold even if correct R-dependent electronic transition moments were employed.

The photoionization and photodissociation dynamics occurring after one-photon absorption from several vibrational
levels of the B 1 S 1
u state, populated by three-photon excitation, were investigated by high-resolution photoelectron
spectroscopy. The photoelectron spectra showed that absorption from the v 8 53 – 8 levels of the B 1 S 1
u state leads to
both molecular photoionization and photodissociation. In this
energy region it is, in particular, the molecular photoionization process which attracts attention. An a priori unexpected
strong dependence of the vibrational and rotational branching ratios upon ionization was observed, which could only be
rationalized if excitation of bound vibrational levels of singly
excited Rydberg states at the four-photon level was taken
into account.
For one-photon absorption from higher vibrational levels
in the B 1 S 1
u state ( v 8 >9), the molecular photoionization
pathway is completely suppressed, and only molecular photodissociation is observed. Furthermore, the n52 dissociation channel effectively closes down. Dissociation into all
other energetically allowed values of the principal quantum
number n has been found up to H(n514), a cutoff which
does not seem to be determined by the experimental technique but has to be determined by molecular properties.
The observed distributions have been compared with the
results of two model calculations. In the first model, photodissociation is completely attributed to excitation of doubly
excited states. Although the agreement between experiment
and theory is not very satisfactory, these calculations allow
us to conclude that not only the lowest doubly excited state
plays a role in the dissociation dynamics, but also higherlying repulsive states.
In the second model, dissociation occurs by excitation of
the vibrational continua of singly excited Rydberg states.
This model gratifyingly reproduces the closing down of the
n52 dissociation channel, and suggests that the suppression
of the molecular ionization pathway for absorption from v 8
>9 levels is associated with the opening up of the n53
dissociation channel. The model fails, however, in reproducing the distributions over the other n values. We note that
quantitative agreement between experiment and this model
can only be found if the interactions between doubly excited
repulsive states and singly excited bound Rydberg states are
taken into account. However, the present observations and
calculations suggest that for one-photon absorption from vibrational levels with v 8 >9 of the B 1 S 1
u state the predominant dissociation pathways may well arise from excitation of
the vibrational continua of singly excited bound Rydberg
states, rather than from excitation of doubly excited repulsive
states.
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