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Abstract

We present a study of the H(n = 1) + H(n = 3) dissociation process in molecular hydrogen occurring after one-photon
absorption from various rovibrational levels (v'=19,20; J’=0,1) of the BlEj (1Scrg)(Zpau) state using (1+ 1)
resonance-enhanced multiphoton ionization (REMPI). The results provide further evidence for the importance of the
excitation of the vibrational continua of singly excited Rydberg states after one-photon absorption from the B state. © 1999

Elsevier Science B.V. All rights reserved.

1. Introduction

The role of dissociative doubly excited
(2pa )(nl A) states in ionization and dissociation pro-
cesses of molecular hydrogen has been studied ex-
tensively over the years. Excitation of these states
can lead to autoionization into the continua of the
electronic ground state of the ion, or to dissociation
of the molecule resulting in a ground-state atom and
an atom in an excited state. The dissociation process
is very complicated due to numerous interactions at
large internuclear distances between the doubly ex-
cited states and singly excited bound Rydberg states.
Due to this abundance of avoided crossings, frag-
ment flux is distributed over all energetically acces
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sible dissociation limits. A scheme with the relevant
potential energy curves taken from Ref. [1], is shown
in Fig. 1.

Final-state branching ratios have been obtained by
dissociative recombination (DR) experiments [2—4].
A DR process is commonly described as a molecular
ion colliding with a low-energy electron, resulting in
the capture of the electron into a dissociative doubly
excited state. The dissociation dynamics of these
doubly excited states are also accessible to experi-
mental study by means of multiphoton excitation
from the electronic ground state of the neutral
molecule. A large number of resonance enhanced
multiphoton ionization (REMPI) experiments, per-
formed via various electronic states, have shown the
influence of these doubly excited states on the pho-
toionization and photodissociation dynamics. Since
the excited fragments are ionized by further one-pho-
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Fig. 1. Schematic potential energy diagram of molecular hydrogen, in which doubly excited repulsive Q, states[1] of E* (dashed lines) or
1H symmetry (dashed-dots) and the bound H, (n = 3) Rydberg state (dotted lines) are shown. A quasidiabatic representatlon is presented,
|gnor|ng the interactions between the Rydberg stat&s and the doubly excited states. The v’ = 3, 5, 8, 11, 14, 17 and 20 are indicated in the B

state.

ton absorption in these experiments, excited-atom
distributions can be determined by combining the
REMPI method with kinetic-energy-resolved photo-
electron spectroscopy (REMPI-PES).

In (3+ 1) REMPI-PES experiments, performed
via various rovibrational levels of the B'S* (1say)
(2po,) date, it is observed that for four-photon
energies below the n=3 dissociation limit, both
molecular photoionization and dissociationinto n = 2
fragments take place [5-8]. These experiments also
demonstrate that when the n = 3 dissociation limit is
exceeded, the molecular ionization pathway as well
as the dissociation into n=2 fragments are com-
pletely suppressed [5-7].

In DR experiments, however, a significant amount
of H(n = 2) fragments is still found at total energies
above the n= 3 dissociation limit [3]. A theoretical
treatment of the branching process based on the
Landau—Zener formulation, predicts that the Q,(1)
'S5 (2po,)? state produces a significant fraction of
n = 2 fragments at energies above the H(n = 3) limit
[3]. Therefore, the absence of n = 2 fragments in the
REMPI experiments has to involve a mechanism
other than excitation of the Q,(1) 'S (2ps,)? and
the Q1) 'T1(2pa, X(2p,) doubly excited sttes.

Recent calculatlons of transition probabilities, as-
suming dipole transition moments independent of

internuclear distance, strongly suggest that the direct
excitation of the vibrational continua of singly ex-
cited bound (1sgy)(nlA) Rydberg states from the
B(v') levels may dominate over the excitation of the
doubly excited states for total energies above the
n=3 limit [7]. In these calculations, model bound
Rydberg states with H(n= 1) + H(n > 3) dissocia-
tion limits have been constructed in a quasidiabatic
representation, ignoring interactions between the Ry-
dberg states and the doubly excited states, but assum-
ing normal dissociative fragment states at large inter-
nuclear separation. These calculations predict that for
dissociation via this mechanism no H(n=2) frag-
ments will be observed above the n=3 limit, in
agreement with experimental evidence. The calcula
tions suggest that the disappearance of the molecular
ionization signals above the n = 3 limit results from
the relatively large transition moments for excitation
of the vibrational continua of Rydberg states with
n> 3 dissociation limits.

A disadvantage of the (3 + 1) REMPI-PES exper-
iments is that the energy region above and below the
n=3 limit is scanned in a stepwise manner, since
the rovibrational levels of the B state are used as
stepping stones for absorption of the fourth photon.
In the present experiments we have scanned across
the n= 3 limit continuously. This has been achieved
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by excitation of a rovibrational level of the B state
with a XUV photon and subsequent absorption of a
second tunable photon of a different colour. By
scanning the wavelength of the second laser across
the n=3 limit and by monitoring the H* signa
from laser-induced ionization of n= 3 fragments,
information about the H(n = 1) + H(n = 3) dissocia
tion process a the n= 3 threshold is obtained. The
present results will be discussed in terms of the
electronic states which contribute to the H(n=23)
yield in this energy region.

2. Experimental

The experimental apparatus and the performance
of the XUV laser source have been described before
[8,9] and will only briefly be discussed here. The
output of a pulsed dye laser (PDL), pumped by the
second harmonic of a Nd:YAG laser, is frequency
doubled in a KDP crystal, resulting in UV radiation
with ~ 35 mJ per pulse. Tunable XUV radiation is
produced via frequency tripling by focusing the UV
beam into a xenon gas jet.

The XUV and UV radiation are separated by
means of a spectral filter which consists of a rod
(diameter d = 1.5 mm) placed in the intensity centre
of the UV beam in front of the lens and a dlit at a
distance of ~ 10 cm behind the focus. The rod
creates a vertical line shadow in the UV beam, so
that the spatial profile of the UV beam behind the
focus differs from the XUV profile. A considerable
fraction of the XUV is generated in the shadow of
the rod and passes through the dlit which cuts off the
UV. Hence a pure XUV beam is produced propagat-
ing in the forward direction.

The XUV frequency is fixed on transitions from
the X12g+ electronic ground state to rotational levels
of the v’ =19 and ' = 20 vibrationa states of the
B'S+ state. The light for the second step, which is
scanned continuously across the H(n= 1) + H(n =
3) dissociation limit, is obtained from a second
Nd:YAG pumped PDL. The experiments are per-
formed via the v' =19 and 20 states, since in that
case the photon energy for the second step ranges
from 23000 to 23800 cm ™%, which is too small for
one-photon ionization of n = 2 fragments. The inten-
sity is kept low to avoid multiphoton ionization

processes that give rise to parasitic signals in the
detection of n= 3 fragments.

The counterpropagating laser beams perpendicu-
larly cross a pulsed molecular beam, which enters
through a skimmer into the interaction region. The
frequency-doubled output of a Nd:YAG laser is used
to photoionize the n = 3 fragments. A delay of 20 ns
was used for these 532 nm pulses with respect to the
two other laser beams, in order to avoid the influence
of the 532 nm beam on molecular ionization pro-
cesses. The frequency is again large enough to ionize
H(n=3) with a single photon, but too small to
ionize H(n=2). In this way, the yield of n=3
fragments as a function of the wavelength can be
determined simply by detecting H* ions. The ions
are extracted from the ionization region by a pulsed
eectric field, which is delayed with respect to the
laser pulses. lons are mass selected in a field-free
time-of-flight (TOF) tube and collected at an elec-
tron multiplier. The signal from the electron multi-
plier is integrated by two boxcar integrators with
their timing windows set for H™ and H} ions.

Since the rovibronic energy levels of the B'S.
state are known accurately [10,11], only the laser
light for the second excitation step has to be cali-
brated. For this purpose, a Te, absorption spectrum
is recorded simultaneously with the H* and H}
spectra. By assigning the peak positions with the Te,
atlas [12], an accurate frequency scale is constructed.

3. Results and discussion

In our (1+ 1) REMPI experiment the frequency
of the second photon has to fulfill certain require-
ments as discussed above. These requirements limit
the frequencies which can be used for the XUV
photon and restrict the vibrational levels of the B
state which can be employed as stepping stones in
the REMPI process. The vibrational levels used are
v' =19 and v’ = 20 which are relatively high in the
potential energy well of the B state. The photoexcita-
tion process therefore addresses molecular ionization
continua and superexcited states at larger internu-
clear distances than in the case of excitation via
lower vibrational levels of the B state.

Examples of two-colour excitation spectra are
depicted in Figs. 2 and 3, showing spectra for one-
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Fig. 2. Two-colour excitation spectra obtained by fixing one laser on the B3/ (v’ =19, J' =2) « xlzg(u” =0, J” =1) transition, while
the second laser is scanned across the H(n= 1) + H(n = 3) dissociation limit. The frequency of the second laser is given along the
horizontal axis. In (&) and (b) the H* signal from ionization of n = 3 fragments and the H signal are shown, respectively.

photon absorption from the B(v' =19, J' = 2) and sharp onset for dissociation into n= 3 fragments.

the B(v' = 20, J’' = 2) levels respectively. The spec- The H, spectra show intense structure below the
tra obtained by monitoring the H* channel show a n = 3 dissociation limit, which we have not assigned.
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Fig. 3. Two-colour excitation spectra obtained by fixing one laser on the Blzj(u’ =20, =2 « XlE;(u” =0, J" = 1) trandition, while
the second laser is scanned across the H(n= 1) + H(n = 3) dissociation limit. The frequency of the second laser is given along the
horizontal axis. In (&) and (b) the H* signal from ionization of n = 3 fragments and the H signal are shown, respectively.
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At higher excitation energies, less intense structure is
observed in both H} spectra (not shown in the
figures). The structure in the H}  spectra arises from
excitation of bound states of the neutral molecule,
located above the first ionization energy. These so-
called superexcited states [13,14] can decay via au-
toionization and predissociation.

The measurements in Figs. 2 and 3 are concerned
with a (1+ 1) REMPI process for ortho-hydrogen
starting from its X*S.# (" = 0, " = 1) ground state.
The onset for dissociation into H(n = 3) fragments
determined from Fig. 2 is 23779.91(6) cm™!. The
onset determined from Fig. 3 is 23040.02(6) cm™ .
From the rotational contants of the X'S; (v" = 0)
state [15] and the B'S} (v =19,20; ) =2) «
X34 (v" =0, J" = 1) transition frequencies [10,11],
it can be calculated that the formation of n=3
fragments must occur at 133 610.28(6) or
133610.34(6) cm™*, above the X' (" =0, J" =
0) ground state, based on the onsets measured in
Figs. 2 and 3. The onset determined for one-photon
absorption from the B(v' = 20, J’ = 1) level, excited
from the ground state of para-hydrogen, is
133610.13(10) cm™!. By using results from Refs.
[15-17], it is calculated that the excitation energy
required to reach the H(n = 1) + H(n = 3) dissocia
tion limit from theX12g(u” =0, J" = 0) level ranges
from 133610.27 to 133610.41 cm™? for the various
fine structure levels of the n= 3 fragments. From
our results, it can be concluded that n = 3 fragments
are observed as soon as the H(n=1)+ H(n=23)
dissociation threshold is surpassed.

The initial distribution of the H(3l) atoms over
the various angular-momentum substates is a priori
unknown in our experiments. During the applied
waiting period, the various H(3l) atoms are aso
subject to radiative decay and possibly collisional
deactivation processes with different transition prob-
abilities. From the radiative lifetimes of the 3s, 3p
and 3d states [18], it can be estimated that after the
applied delay time of 20 ns, 88% of the 3s, 2.5% of
the 3p and 28% of the 3d atoms will remain. The
initial populations of the various angular momentum
substates of H(n = 3) atoms, resulting from excita-
tion between the H(n = 1) + H(n = 3) and the H(n
=1) + H(n=4) dissociation limits by one-photon
absorption from the XlEQ+ electronic ground state,
have been determined experimentally by Kouchi et

al. [19] and Terazawa et a. [20] by analysis of the
observed time-dependent Balmer-« intensity. In these
experiments, states of ungerade symmetry are ex-
cited, while in the present experiments gerade states
are accessed. These experimenta results are there-
fore not directly applicable, but we can conclude that
the observed H* signal mainly results from ioniza-
tion of 3s and 3d atoms, which have survived radia-
tive decay during the delay period. The experimental
errors are, however, too large to distinguish between
these two dissociation limits.

The onset of H(1s) + H(3IA) dissociation chan-
nels in the present experiment is influenced by the
atomic interaction potentials (V,) as caculated by
Stephens and Dalgarno [21], and also by a centrifu-
ga term (V,) for continua with J > 0. The centrifu-
gd barrier in the effective radial potential arising
from the centrifugal term can be calculated as the
maximum of the sum of V, and V.

All 3s and 3d configurations are dominated by
attractive Van der Waals interaction, although the 3d
configurations contain a small quadrupole term as
well. In contrast, the strongest contributions to the 3p
potentials are dipole interaction terms. The interac-
tion is repulsive for the 3po, excluding this configu-
ration from near-threshold dissociation. The 3pm and
3dm configurations are restricted to continuum states
with J > 1; excitation of the 3dd configuration from
the intermediate B'S state is impossible due to
dipole selection rules. Therefore, 3so and 3do con-
figurations may contribute to dissociation continua
with angular momentum J= 0, excited viaa J' =1
intermediate state.

In continua with nonzero angular momentum of
nuclear motion the centrifugal term V. =[J(J+ 1)
— A%]/2uR? (V and R in atomic units) gives rise
to a barrier in the effective radial potential. For
J=1 continuum states, the lowest possible value
accessed via J' = 2 intermediates, the resulting cen-
trifugal barrier heights are 0.10 cm™! (3s¢), 0.11
cm~! (3do), 0.0006 cm™! (3pmw), and 0.04 cm™?
(3dm). Continua with J> 1 show centrifugal bar-
riers of > 0.5 cm™?, except for the 3pw configu-
ration with 0.08 cm~* for J= 2. However, even at
energies below the barrier but above the dissocia-
tion energy, tunneling can still lead to dissociation.
The dissociation probability p increases smoothly
with the energy above threshold (&), quantified by
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Wigner's threshold law p = &’* /2, Therefore, the
presence of centrifugal barriers may shift the onset
of dissociation towards higher energies by no more
than 0.05 cm™?!, as observed from linear fits to
signals arising from the intermediate states with J’
=2 (see Figs. 2 and 3).

In Fig. 4, the H" and H} spectra are depicted for
one-photon absorption from the B(v' =19, J' = 0)
level. These spectra show that at the H(n = 1) + H(n
= 3) dissociation threshold, the autoionization chan-
nel closes, to be replaced by dissociation into n=1
and n= 3 fragments. This observation is in agree-
ment with the results from one-colour (3+ 1)
REMPI-PES experiments in which dissociation dom-
inates over ionization of molecular hydrogen above
the H(n = 3) dissociation limit [5—-7]. However, at a
one-photon energy of ~ 23858 cm™?, which corre-
sponds with an energy of 133630 cm™! above the
X12g+ (v"=0,J"=0) ground state, some structure
is still observed in the H channel.

Following one-photon absorption from the B state,
excitation of doubly excited dissociative states with a
'S5 (2po )npo,) and a 'TI(2pa, Xnpm,) configu-
ration should be considered. Excitation of the Q,(2)

(2po,)3po,) or the Q,(2) (2po,)(3pm,) state may
lead to dissociation into H(n=3) fragments. The
(2po,)(3pm,) potential is repulsive at all internuclear
separations R. As a consequence, for a transition
from any bound state into the dissociative continuum
the Franck—Condon factor vanishes as the excitation
energy approaches the dissociation threshold. In con-
trast, the (2po,)(3po,) potential is slightly bound
with respect to the n = 3 dissociation limit for R> 6
au. [1], giving rise to Franck—Condon overlap with
the B v =19 and 20 states with an outer classica
turning point of ~ 8 a.u..

The observation of n = 3 fragmentsin this energy
region can be explained, alternatively, by the excita-
tion of vibrational continua of singly excited Ryd-
berg states converging upon the ground ionic state
X 2* By one-photon absorption from the B state,
Rydberg States with a 'S5 (1soy)nsay), 137 (1soy)
(ndgy) and a 1 o(1soy, )(ndTI‘ ) conflguratlon can be
accessed Exutatlon of Vi branonal continua of those
Rydberg states which possessaH(n= 1) + H(h = 3)
dissociation limit results in the observation of n=3
fragments. In a diabatic picture, the dissociation
of the molecule following excitation of the doubly

I T T T T
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T T T T 1
23850 23860 23870

One-photon wavenumber (cm™)

Fig. 4. Two-colour excitation spectra obtained by fixing one laser on the B*S (v = 19, J' = 0) « xlzg (v” =0, J" = 1) transition, while
the second laser is scanned across the H(n= 1) + H(n = 3) dissociation limit. The frequency of the second laser is given along the
horizontal axis. In (a) and (b) the H* signal from ionization of n = 3 fragments and the H} signal are shown, respectively. This example
clearly shows the closing of the autoionization channel on a broad resonance of H, at the H(n = 3) limit.
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excited Q1) 'SF(2po,)? or QD) M (2ps,)
(2pm,) states results in n=2 excited fragments.
Interaction with Rydberg states that exhibit (diabatic)
potential crossings with the doubly excited states
however may redistribute the flux in the exit chan-
nels. This has been observed in DR experiments
where exclusive population of the Q,(1) 129* (2po,)?
state leads to considerable population in al energeti-
caly allowed dissociation channels [3]. Since (3 + 1)
REMPI-PES experiments have shown unambigu-
oudy that n=2 dissociation products completely
disappear above the n=3 dissociation limit [6,7],
the dissociation into n = 3 fragments via the dissoci-
ation mechanism which involves doubly excited
states with a n= 2 dissociation limit can be ex-
cluded.

We therefore conclude that the formation of n=3
fragments at the H(n=1) + H(n = 3) dissociation
threshold and at energies just above this limit most
probably originates from the long-range part of a
higher doubly excited state or from direct excitation
of vibrational continua of singly excited Rydberg
states. The latter interpretation of our experimental
results is supported by experiments in which the
Balmer-a radiation of n = 3 fragments is monitored
as a function of the excitation wavelength [22,23].
This radiation is observed as soon as the H(n = 3)
dissociation threshold is reached by one-photon ab-
sorption from the XlEg+ ground state. In this way,
ungerade states are excited at small internuclear dis-
tances, so that doubly excited states with a n=3
dissociation limit cannot be accessed at these excita
tion energies. The fact that these experimental results
are comparable to the present observations is another
indication of the importance of the vibrational con-
tinua of bound Rydberg states in the dissociation
process.

4. Conclusions

The dissociation of molecular hydrogeninto n= 3
fragments is studied in the energy region at the
H(n= 1) + H(n = 3) dissociation threshold. H(n =
3) fragments are observed as soon as this dissocia-
tion limit becomes energetically accessible. The
spectra obtained in this experiment, in combination

with other experimental results, lead us to conclude
that a very significant contribution to the production
of n= 3 fragments at the H(n= 1) + H(n = 3) dis-
sociation threshold originates from the direct excita
tion of vibrational continua of singly excited Ryd-
berg states.
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