PRL 104, 183002 (2010)

PHYSICAL REVIEW LETTERS

week ending
7 MAY 2010

H, Superexcited States: Experimental and Theoretical Characterization
of their Competing Decay-Channel Fluorescence, Dissociation, and Ionization
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The absolute cross sections for the competing decay channels fluorescence, dissociation, and ionization
of photoexcited long-lived superexcited H, molecular levels have been measured from the ionization
threshold of H, up to the H(1s) + H(n = 3) dissociation limit. The total and partial natural widths of these
levels have been determined. Good agreement is found with first principles calculations carried out by
multichannel quantum defect theory. The calculations reproduce the balance between the competing
decay processes as well as its substantial level-to-level evolution.
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Diatomic hydrogen H, is the most abundant molecular
species in the Universe and it is the only molecule that is
known to fluoresce when excited above its ionization en-
ergy [1,2]. This decay by fluorescence competes with slow
ionization and dissociation decays which take place on the
nanosecond scale. In astrophysics this emission is impor-
tant as it contributes significantly to the extreme ultraviolet
emission spectra of H,, observed for instance in outer
planet atmospheres [3]. Quantitative data on cross sections
for all decay channels are unfortunately still missing for
these astrophysical applications [4]. Here we present the
first joint complete quantitative experimental investigation
and theoretical treatment of the fluorescence decay Hy* —
H, + hv of the superexcited states and the competitively
occurring dissociation and ionization decays, H;" —
H(ls) + H(n = 2) and Hy* — H," + ¢~. We show that
(1) all three processes have significant cross sections,
(i1) their relative importance varies substantially depending
on which quasibound level is excited, (iii) the radiationless
processes have a common origin, namely, weak nonadia-
batic coupling between the electron and nuclear motions,
leading to vibrational autoionization and electronic
predissociation.

Figure 1(a) presents the fluorescence excitation spec-
trum of H, for energies ranging from the ionization thresh-
old up to the H(ls) + H(n = 3) dissociation limit. The
spectrum was recorded by irradiating an H, sample (at
20 m Torr pressure, room temperature) with vacuum ultra-
violet photons provided by the undulator beam line U125/
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PACS numbers: 33.20.Wr, 33.50.Dq, 33.80.Eh, 33.80.G;j

2-10m-NIM at BESSY 1II (Berlin). The exciting photons
were dispersed by a 10 m-normal-incidence monochroma-
tor equipped by a 1200 lines/mm grating [5,6] at a spectral
resolution of 0.0012 nm (2 cm™"). The fluorescence radia-
tion was recorded using a visible sensitive detector.
Figure 1(b) is a spectrum calculated from first principles
by quantum defect theory (see below). The wavelengths of
the experimental and theoretical spectra are seen to be in
good agreement [7] [cf. inset of Fig. 1(a)]: with few
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FIG. 1 (color). (a) Observed fluorescence excitation spectrum
of superexcited levels of H, from threshold (ionization limit,
80.45 nm) to the H(ls) + H(n = 3) dissociation threshold
(74.84 nm). (b) Photoabsorption profile calculated from first
principles by multichannel quantum defect theory. Inset: en-
larged section.
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exceptions there is a one-to-one correspondence between
observed and calculated spectral lines, indicating that the
calculated spectrum permits correct identification of the
emitting superexcited molecular levels. The theoretical
spectrum of Fig. 1 represents the unconvolved continuum
absorption profile (no convolution with the experimental
resolution width is made). The resonances that stand out in
the calculation therefore are those which have the smallest
calculated widths (I'/hc < 0.001 cm ™), and therefore the
largest peak heights regardless of their integrated line
intensity. The far more numerous broader resonances
(I'/hc = 0.1-10 cm™ ') are buried in the background.
The calculations reveal that (with two exceptions not dis-
cussed here) all of the narrow resonances belong to a
particular subset of molecular states, those having total
parity —(—1)" where N is the total angular momentum
of the molecule exclusive of spins. These levels are known
to have 'II;, electronic symmetry, corresponding to a par
Rydberg orbital that lies perpendicular to the rotational
plane.

Figure 2 shows how the yields for the three competing
processes, autoionization, predissociation, and molecular
fluorescence have been determined experimentally for
every spectral line shown in Fig. 1. Spectrum (a) represents
the absolute absorption cross section. Spectra (b) and (c)
show the excitation spectra for H,* ion production and for
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FIG. 2 (color). Excitation spectra of H, above the ionization
threshold. The spectra (a)—(d) represent absolute cross section
measurements. (a) photoabsorption, (b) photoionization,
(c) photodissociation, (d) (a) — (b) — (c). (e) molecular fluores-
cence excitation spectrum recorded with a VIS sensitive detec-
tor.

atomic H fragment Lyman-« emission recorded simulta-
neously [6]. They were calibrated with respect to absorp-
tion by using broad resonances which appear only in
ionization or only in dissociation, i.e., for which the ion-
ization or dissociation yield is 100% (cf. the solid and
dashed arrows in Fig. 2). The difference o, — 0jon —
T giss> panel (d), must then represent the remaining channel,
the fluorescence excitation cross section og,,. Panel (e)
displays the molecular fluorescence excitation spectrum
recorded directly. The good agreement between
panels (d) and (e) proves that the data sets are internally
consistent. We use them now to deduce the decay yields for
the superexcited levels of H,.

By comparing the peak areas in spectra analogous to
Fig. 2 for a number of peaks, we have determined the
fluorescence, dissociation, and ionization yields of the
N =1 superexcited levels (+ parity) belonging to the
3pwD, 4pwD’, and 5pwD" Rydberg states of H, with
vibrational quantum numbers ranging from 2 to 17.
These results are displayed in Fig. 3. Fluorescence is
seen to dominate for n = 3, whereas ionization takes
over for higher electronic excitation, n =5. n =4 is a
transition case. Dissociation is a minor component in all
cases, but acquires a share of more than 10% for n = 3. A
closer inspection of the data reveals that ionization takes
over quite suddenly near n = 4, v = 6, and that the yields
vary irregularly with v. The calculations indicate that this
is due to nonadiabatic interactions affecting the 3pr, 4pr,
and Spr states. Indeed, the vibrational progressions of
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FIG. 3 (color). Fluorescence (triangles), dissociation (squares),
and ionization yields (circles) for photoexcited superexcited
levels of H, (N =1, + total parity): (a) 3pwD state,
(b) 4paD’ state, (c) 5paD" state. Filled symbols: experiment;
open symbols connected by lines: theory.
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these electronic states are immersed in the n p7r, v Rydberg
series with n > 5, which near the vibrational thresholds v™
form dense Rydberg series causing perturbations. As Fig. 3
shows, theory accounts almost perfectly for the overall
trends as well as for the detailed behavior. In the following
we describe the theoretical approach.

The calculations were carried out using multichannel
quantum defect theory MQDT [8], which is a generalized
version of scattering theory, extended to include bound
states (“‘closed” channels) in addition to continua
(““open” channels). In the present problem two types of
open channels arise, the nuclear dissociation continuum
corresponding to relative motion of the dissociating H(1s)
and H(n = 2) atoms (N = 1 partial wave), and the elec-
tronic ionization continuum corresponding to the relative
motion of the p7r photoelectron and the residual core H, "
X 235 (v*,N* =1) (£ = 1 partial wave). The problem at
hand therefore is equivalent to a reactive scattering situ-
ation, with a set of ionization continua corresponding to
target vibrational states v*, and a single vibrational con-
tinuum corresponding to the H, 2p#C state.

Standard frame-transformation MQDT accounts for
nonadiabatic coupling within the Rydberg manifold of
states through vibrational-electronic reaction matrix ele-
ments of the form [7,9,10]

K . o= tan['rr fo e XU+(R),LL(R))(U+/(R)dR:|, (1)

where R is the internuclear distance, x,+(R) and y, . (R)
are ion vibrational wave functions coupled by vibronic
interaction, and w(R) is the R-dependent quantum defect
characterizing the pr Rydberg channel. For weak coupling
(as here), the quantum defect may be evaluated from
quantum-chemical clamped-nuclei potential energy curves
by use of the Rydberg equation,

p(R) = n— Q@ VIUTR) - U, (RO @)

U,(R) is the potential energy curve (in a.u.) of the npr
Rydberg state, and U™ (R) is the curve of the ion ground
state. We used the ab initio curves U, (R) forn = 2-4 [11],
permitting also inclusion of a slight energy dependence of
1 (R) [7]. The vibrational wave functions and the integrals
in Eq. (1) are evaluated in a finite range 0 = R = R_, thus
defining a so-called “R matrix’’ at R = R.. R, is chosen
(=8 bohr) such that the potential well H,"X* % is con-
tained inside the boundary, and all bound H2+ vibrational
levels E,+ and associated wave functions up to vl ,ouna-
the last bound level supported by the potential, are unaf-
fected by this restriction.

MQDT procedures match the short-range wave func-
tions implied by the reaction matrix K of Eq. (1) for a
given total energy E, to asymptotically correctly behaving
electron Coulomb wave functions by requiring [8]

det|K + tanB(E)| = 0. 3)

B(E) is an asymptotic phase vector whose components
B,+(E) take different values depending on whether a
Rydberg channel is closed (E < E,+) or open (E > E +).
For closed channels B,+(E) = wv,~ with v, =
2~ WE,- — E)]"1/? the effective principal quantum
number corresponding to that channel. For open channels
B,+(E) = 771,, where 77, denotes the set of open-
channel asymptotic eigenphases to be determined by solv-
ing Eq. (3) [8]. There are as many 77,’s as there are
ionization continua, i.e., thresholds E,+ lower than E.

We proceed by solving Eq. (3) using three different
types of vibrational basis: (i) Restriction of the basis v
to closed Rydberg channels which are vibrationally bound,
v;i—rst closed = ‘U+ = Ul-gst bound (Wlth v;i—rst closed the electroni-
cally closed channel with lowest v*), yields the discrete set
of energies of the superexcited vibronically mixed Rydberg
levels. It has been shown previously [7] that the line
positions and absolute absorption intensities evaluated in
this way from first principles are in good agreement with
experiment. (ii) Inclusion of all vibrationally bound chan-
nels, 0 = v = v, . thus including also the ionizing
open Rydberg channels, yields absorption profile (Fig. 1)
and the energy-dependent eigenphases from which the
vibrational autoionization widths I, are extracted.
(ii1) Our treatment of dissociation [12] is based on the
realization that the dissociating state 2p7rC is simulta-
neously also the lowest member of the par ionization
channel and as such plays a double role. This implies
that the nonadiabatic coupling leading to vibrational auto-
ionization of the n pr manifold above threshold is the same
as that causing predissociation by the 2p7wC state.
Therefore the K . .. matrix elements of Eq. (1) contain
all the information required to evaluate the predissociation
widths in addition to the autoionization widths. We exploit
this circumstance as follows: The vibrational wave func-
tions y,+ and energies E,+ are evaluated by using a
“large” basis including only electronically bound
Rydberg channels, where

Yoo A+ o . .
Vjyrge = 3Vjasbound- 1N Vibrational wave functions with

+ - — a7t
Vfirstclosed — UV = vlarge’

v > vyl pouna T€aCh OUt to R = R... A common boundary
condition b = — y'/ y is imposed on all y,+(R) at R = R,.
With a “large” basis, the bound ion target levels remain at
their correct energies, but the level spectrum E,+ now
extends beyond the bound range into the H,* vibrational
continuum where the energies depend on the particular
boundary condition b used. Similarly, solution of Eq. (3)
yields the Rydberg levels near their correct energies, but in
addition a set of fictitious Rydberg levels with n = 2,
v" > g 1S obtained which represents the discretized
2parC state vibrational continuum.

When the boundary condition b is varied, these levels
may be tuned through the position of a bound Rydberg
level with n =3, v" <wv; .4 Vibronic interaction
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FIG. 4 (color). Dissociation widths I'y/hc of 3pm D'II,
levels in H, (N = 1). Filled squares: experiment. Open squares
connected by lines: first principles theory.

leads to an avoided crossing characterized by a closest
approach 2V. From this the predissociation width Iy
may be extracted using Fermi’s golden rule Iy =
27V?/AE, where AE™! is the density of levels with n =
2, v" > vl g A variational formulation of this ap-
proach may be found in Ref. [13].

Finally, the natural widths corresponding to fluores-
cence, I'y,,, are evaluated from the absorption cross sec-
tions calculated in [7], essentially by dividing the
previously determined line strengths by the Franck-
Condon factor. More precisely, the energy and R depen-
dences of the dipole transition moments as well as the
frequency factor for fluorescence must also be accounted
for. Once the partial widths I';,,, T4, and Iy, are evalu-
ated for every superexcited level considered, the yields are
obtained as, €.8-; Yion = 1—‘ion/(l—‘ion + 1-‘diss + 1—‘ﬂuo)‘

Since the absorption cross section is measured here on
an absolute scale, the present data permit also the deter-
mination of the partial widths I';,,, T4, and Iy, them-
selves, despite the fact that they are far smaller than the
experimental resolution. This is again achieved, as above,
in essence by dividing the previously determined [6] line
strengths by the Franck-Condon factor. Figure 4 displays
the vibronic predissociation widths thus obtained for the
vibrational levels of the 3p7 D 'II, state. The compari-
son with theory is satisfactory; note that these widths
correspond to lifetimes on the scale of >0.01 us.

As far as we are aware, the present study is the very first
where the three decay channels open to an isolated mole-
cule have been studied by experiment and theory in a
complete and unified manner and their competition char-
acterized for numerous quantum levels. These processes

are slow here, as they take place on the scale of a ns or
longer. Despite its resolution, the experimental method is
far from permitting direct access to the natural widths of
the spectral lines. It is the measurement of absolute inten-
sities which enables us to extract the molecular dynamics
from the data. The theoretical method used here, multi-
channel quantum defect theory, is not widely used in the
chemical physics community. We demonstrate that MQDT
combined with accurate ab initio structure calculations
[11], without any further adjustments, is capable of
describing the nonadiabatic molecular dynamics in aston-
ishing detail. We think, in conclusion, that the superfluor-
escing levels of molecular hydrogen and the radiative and
nonradiative processes affecting them, are not only of
importance for astrophysics, but also represent a textbook
example of intramolecular dynamics in general.
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