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Spectral identification of diffuse resonances in H2 above the n = 2
dissociation limit
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The resonance structure in molecular hydrogen above the n = 2 dissociation limit is experimentally
investigated in a 1 XUV + 1 VIS coherent two-step laser excitation process, with subsequent ioniza-
tion of H(n = 2) products. Diffuse spectral features exhibiting widths of several cm−1 in the excita-
tion range of 118 500–120 500 cm−1 are probed. Information on angular momentum selection rules
for parallel and crossed polarizations, combination differences, the para–ortho distinction, extrapola-
tion from rovibrational structure in the bound region below the n = 2 threshold, and mass-selective
detection of H+

2 parent and H+ daughter fragments is used as input. This allows for an assignment of
the diffuse resonances observed in terms of 1�+

g , 1�g , and 1�g states, specified with vibrational and
rotational quantum numbers. © 2011 American Institute of Physics. [doi:10.1063/1.3544300]

I. INTRODUCTION

The quantum level structure of the smallest molecule
and the benchmark system of molecular physics, H2,
can be conveniently subdivided into compartments.
The quantum states of triplet symmetry have been
investigated over many decades; we refer to the metastable
c3�u, v = 0 state discovered by Lichten,1 later used to
perform high-resolution laser spectroscopic studies,2 and
the studies on dissociation in the triplet manifold.3, 4 The
spin–orbit interaction between levels of singlet and triplet
symmetry is very small, to the extent that for a long time
the separation between singlet and triplet quantum levels
was erroneously deduced.5 In this investigation on the level
structure of singlet symmetries in H2 the effect of the triplet
states can be safely ignored.

A second distinction can be made between quantum
states of gerade and of ungerade inversion symmetry. Even
in the case of breakdown of the Born–Oppenheimer approx-
imation, there is no interaction between states belonging to
these subclasses, while at the same time one-photon opti-
cal transitions occur only between states of u and g char-
acters. The states of singlet-u symmetry have been inves-
tigated via the strong dipole-allowed B1�+

u −X1�+
g Lyman

and C1�u−X1�+
g Werner bands at high accuracy in the lab-

oratory and at high redshift in quasars.6, 7 The next higher
lying D1�u system (pre)-dissociates above the n = 2 limit;
the dissociation is caused by coupling to continua associated
with bound states below n = 2, most notably of the B′1�+

u
continuum.8, 9 In the singlet-u compartment there is no repul-
sive state causing the dissociation, in contrast to the situation
in the singlet-g compartment.

The excited states in the singlet-g compartment of H2

cannot be reached in single–photon excitation from the

a)Author to whom correspondence should be addressed. Electronic mail:
wimu@few.vu.nl.

X1�+
g ground state. Over many decades the level energies of

1�+
g , 1�g , and 1�g states were investigated in spectroscopic

emission studies in the optical domain, with a wealth of
data laid down in the Dieke atlas.10 Further, series of ger-
ade states, some of high angular momentum (4 f , 5g, and
6h), were observed in Fourier-transform emission studies by
Herzberg, Jungen and co-workers.11–13 Later, multiphoton ex-
citation was used in particular to investigate EF1�+

g , the low-
est excited state in this compartment.14, 15 Tsukiyama and co-
workers performed fluorescence lifetime measurements on a
variety of singlet-g quantum levels in H2 below the n = 2
dissociation limit,16, 17 and in addition some metastable lev-
els of (f)-symmetry for the various hydrogen isotopomers.18

The level structure of singlet-g states was unraveled based on
nonadiabatic ab initio calculations in the comprehensive work
by Yu and Dressler.19 Ross and Jungen succeeded in provid-
ing assignments of the bound gerade levels below the n = 2
limit via multichannel quantum defect theory (MQDT).20 An
alternative first principles calculation of the singlet-g levels
was reported by Andersson and Elander.21 In a recent experi-
mental study the level energies of many bound quantum states
of singlet-g symmetry below the n = 2 dissociation limit were
determined at very high precision,22 with absolute reference
to the ground state.23, 24

To assist the discussion the calculated Born–
Oppenheimer potential energy curves of all relevant
states of singlet character and gerade symmetry in the
region below and above the n = 2 limit25–27 are displayed in
Fig. 1. The EF1�+

g and GK1�+
g states have only bound levels

below the n = 2 limit and exhibit a continuum above the
dissociation limit. The HH̄1�+

g potential exhibits an outer
well in which a series of nondissociative sharp resonances is
experimentally observed.29, 30 The molecular wave functions
of these states (H̄1�+

g ) are confined to large internuclear
separations, and the large barrier prevents interaction with the
levels at short internuclear separation (H1�+

g ). Hence, these
levels are energetically above the n = 2 dissociation limit,
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FIG. 1. Born–Oppenheimer potential energy curves of the 1�+
g , 1�g , and

1�g states near the n = 2 dissociation threshold of H2 as obtained from
Refs. 25–28. The dashed line represents the (2pσu )2 diabatic potential caus-
ing strong dissociation in the singlet-g manifold.

but dynamically prohibited to predissociate. Only at higher
excitation energies where tunneling from the outer (H̄1�+

g )
well to the inner (H1�+

g ) well occurs, these states are subject
to dissociation as well as ionization.31, 32 Similarly, the levels
in the shallow outer well of the I′1�g state below the n = 2
limit do not couple to the states confined to the I1�g inner
well.33, 34

The existence of an all-pervading repulsive potential of
(2pσu)2 orbital symmetry is crucial. We note that the effect of
this diabatic potential, which acts as a perturber, is already in-
cluded in the shape of the adiabatic curves. In effect, it causes
the double-well structure of the 1�+

g adiabatic potentials. Fur-
thermore, it is at the origin of the occurrence of strong disso-
ciation phenomena in most singlet-g resonances in the lower
energy region just above the n = 2 limit.

In the present laser spectroscopic study the predissocia-
tive resonances of 1�+

g , 1�g , and 1�g symmetry lying just
above the n = 2 dissociation threshold are investigated for the
first time. The assignments of the resonances, some of which
tentative, are based on semiempirical spectroscopic rules.

II. EXPERIMENTAL

The present experiment entails a three-color laser ex-
citation experiment, with photons νVIS from a tunable dye
laser in the visible range (588–658 nm), UV photons νUV

from an independently tunable frequency-doubled dye laser
(290 nm), and extreme ultraviolet photons (≈97 nm) obtained
via frequency tripling νXUV = 3 × νUV. These induce the fol-
lowing multiphoton excitations and reactions in the hydrogen
molecules in a collimated pulsed molecular beam expansion:

H2(X1�+
g ) + νXUV → H2(C1�u), (1)

H2(C1�u) + νUV → H+
2 + e−, (2)

FIG. 2. The employed laser excitation scheme showing the possible channels
contributing to the H+ and H+

2 traces. In the figure the various steps (1)–(6)
as discussed in the text are indicated.

H2(C1�u) + νVIS → H∗∗
2 (1�+

g , 1�g,
1�g), (3)

H∗∗
2 (1�+

g , 1�g,
1�g) → H(1s) + H(n = 2), (4)

H(n = 2) + νUV → H+ + e−, (5)

H∗∗
2 (1�+

g , 1�g,
1�g) + νVIS → H+

2 + e−. (6)

The excitation scheme and the relevant pathways (1)–(6)
are displayed in Fig. 2. Via a 1 XUV + 1 UV two-step ioniza-
tion process, following reactions (1) and (2), the XUV-laser
is parked on R(0), R(1), R(2), R(3), Q(1), Q(2), and Q(3)
lines in the C-X(2,0) band of H2,35 therewith populating spe-
cific quantum states J and (e) or (f) parity components in the
C1�u, v = 2 state. The generic process of the present study
is the sequence (1)–(3)–(4)–(5), where a coherent 1 XUV
+ 1 VIS two-photon process excites a dissociative resonance
(H∗∗

2 ), which decays to H(1s) and H(n = 2) fragments, with
the latter converted to H+ upon UV absorption. While prob-
ing different intermediate states and scanning the VIS-laser
dissociation spectra are recorded. These signals suffer from
the shot fluctuations of both the H2 density in the pulsed
molecular beam as well as of the intensity noise on the XUV-
pulses generated in a nonlinear process. These fluctuations are
monitored in the H+

2 channel, which is distinguished in the
experiment by time-of-flight mass selection before particle
detection. The signal-to-noise ratio in the dissociation spec-
tra (H+ channel) is improved by dividing by the signal in the
H+

2 channel.
Figure 3 shows the traces of the generic H+ signals, an

auxiliary signal from bound states in the H+
2 channel, and

the noise-reduced dissociation channel. The auxiliary sig-
nal channel, following the route (1)–(3)–(6), results in H+

2
detection. The excited states are longerlived nondissociative
resonances occurring above the n = 2 limit, some of them
previously observed.19 The sharp resonance at 119 768 cm−1

in the H+
2 signal channel is a typical example of a bound

nondissociating level probed in the present study. It is iden-
tified as the R1�−

g , v = 1, J = 2 level in H2.
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FIG. 3. Signal recording performed with multicolor laser excitation and
time-of-flight mass separation. In the first step the Q(1) line in the C-X(2,0)
band is excited. The upper panel shows the generic dissociation signal of the
two-photon excited states of singlet-g symmetry in H+ detection. The middle
panel shows the auxiliary signal channel recorded as H+

2 . The background
signal reflects the 1 XUV + 1 UV photoionization signal, which is indepen-
dent of the wavelength of the additional dye laser tuned in the visible domain;
the sharp resonances in the middle panel indicate bound levels of g symme-
try. The lower panel is obtained by dividing the signal in the H+ channel by
that in the H+

2 signal, thus to a large extent eliminating the noise resulting
from the XUV production and fluctuations in the molecular beam density.
Before this signal division takes place the H+

2 resonances are erased from the
spectrum, so that only the noise in the H+

2 trace is remained.

III. RULES FOR ASSIGNING THE RESONANCES

For an assignment of the dissociative resonances an em-
pirical approach is followed, which is found on a number of
considerations:

(i) Due to the u–g and �� = 0, ±1 dipole selection rules
in optical excitation, via an intermediate state of 1�u symme-
try electronic states of 1�+

g , 1�g , and 1�g symmetries can
be reached at the two-photon level. This holds only in so far
the Hund’s case (a) approximation holds, and we limit our-
selves to this. States of higher electronic angular momentum
may be mixed in, e.g., via configuration mixing, but these are
neglected.

(ii) A distinction can be made between levels of para-
hydrogen and ortho-hydrogen; optical excitation does not
transfer population between these subclasses.

(iii) Selection rules impose constraints on parity, both the
total (+) or (−) parity of the quantum states, and the (e) and
(f) electronic symmetries.

(iv) The selection rules further impose that angular mo-
mentum quantum numbers are constrained to �J = 0,±1
transitions; this leads to a scheme displaying all allowed tran-
sitions in the coherent double-resonance experiment as shown
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FIG. 4. Identification of possible total angular momentum states of singlet-g
symmetry based on selection rules in a 1 XUV + 1 VIS double-resonance
excitation scheme, for the case of para- and ortho-hydrogen. (e) and (f) in-
dicate electronic parities and (+) and (−) indicate total parities of all states.
Dashed lines represent levels with positive total parity, while solid lines rep-
resent levels with negative total parity. All allowed electric-dipole transitions
are indicated. The electric-dipole selection rules for the transitions depicted
with dashed lines depend on the relative orientation of the polarizations of
the two photons.

in Fig. 4. The cases of para- and ortho-hydrogen are displayed
separately.

(v) The scheme shows how for each selected intermediate
state, only a limited number of final states can be reached; at
the same time there exist different routes to reach each final
state. In specific cases switching of the relative polarization
of both laser beams alters the selection rules. One is based on
the fact that for parallel polarizations the sequence (J = 0)
→ (J = 1) → (J = 1) is forbidden because of a zero value
for a specific Wigner-3 j symbol:

(
1 1 1

0 0 0

)
= 0. (7)
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FIG. 5. Dissociation spectra obtained by 1 XUV + 1 VIS two-photon ex-
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the polarizations of both excitation laser beams is perpendicular, while in the
lower it is parallel. With parallel polarization J = 0 can be excited, while
with perpendicular polarization J = 1 is observed. The J = 2 level can be
excited via both polarization combinations.

The other implies that a final state of 1�+
g , J = 0 symmetry

cannot be reached with perpendicular polarizations. The dif-
ference in selection rules for the different polarization geome-
tries is used to unravel the contribution to dissociative signals
of different resonances. A characteristic example is shown in
Fig. 5.

(vi) Although perturbations between g symmetry states,
giving rise to level shifts, are strong, rotational progressions
should follow an approximate B J (J + 1) energy sequence,
starting at J = 0 for 1�+

g states, at J = 1 for 1�g states, and
at J = 2 for 1�g states.

(vii) By plotting the spectra on a scale of common two-
photon excitation energy (as in Fig. 6) using known level en-
ergies of intermediate states36 resonances at the same energy
can be graphically identified.

(viii) As for the vibrational levels an extrapolation from
the bound region can be made for those potential energy
curves that support vibrational levels below n = 2, such as,
e.g., P1�+

g and I1�g .
(ix) Guidance is obtained from the previous observation

of (−) parity electronic states in emission studies19 for the
J1�−

g and R1�−
g states; these levels are not subject to predis-

sociation. It was verified that the resonances we observed are
not the ones detected in the work of Herzberg, Jungen and
co-workers11–13 in the energy region near 120 000 cm−1.

(x) The �-doubling in the doubly degenerate 1� and
1� states should be small. It is noted that this approximation
breaks down due to �-uncoupling, which is in fact known to
occur in the energy region just below the n = 2 limit.19, 20

(xi) It is assumed that resonances of consecutive rota-
tional quantum numbers within the same vibronic manifold
exhibit approximately the same widths.

(xii) Quantum interferences in the form of dips in the
spectrum (such as the one at 119 420 cm−1 shown in the lower
panel of Fig. 6) indicate that the interacting levels have the
same J quantum number.

IV. RESULTS AND DISCUSSION

In Fig. 6 typical dissociation spectra are displayed for the
specific case of ortho-hydrogen for four different intermediate
states probed by exciting in the first step the Q(1), R(1), Q(3),
and R(3) lines in the C-X(2,0) band of H2.

In Fig. 7 similar spectra for the case of para-hydrogen
are shown, with excitation via the R(0), Q(2), and R(2) lines
in the first step. The identification criteria (or “rules”) men-
tioned in the above are used to unravel the character of the
dissociative resonances. In this energy range the following
excited states of g character are expected, with in brack-
ets the molecular orbital symmetry. The I1�g(3dπg) state
correlates at large internuclear distance to the n = 2 disso-
ciation limit. The H1�+

g (3sσg), P1�+
g (4dσg), O1�+

g (4sσg),
R1�g(4dπg), and J1�g(3dδg) correlate to the n = 3 disso-
ciation limit. The S1�g(4dδg) correlates to the n = 4 dissoci-
ation limit. The 71�+

g state is associated with a (5�g) orbital
and is the seventh state of 1�+

g symmetry after the ones des-
ignated as X, EF, GK, H, P, and O. Its potential energy curve
was calculated by Detmer et al.,28 and it exhibits, similar to
the EF, GK, and HH̄ states, a double-well structure. In the
case of the 71�+

g state the outer well is located at very large
internuclear separations; in a previous three-laser excitation
study it was attempted to probe bound levels at these very
large intramolecular separations.36 In the present study levels
in the inner well of 71�+

g are probed.
The assignments lead to the results listed in Table II,

where next to the derived level energies also the widths of
the dissociation resonances are presented. In the following
the findings on each of the vibronic states are discussed.
The resulting term levels are also displayed as a function of
J (J + 1) in Fig. 9.

A. The I1�g, v = 4 state

As follows from Fig. 4 the states with odd J
in the para-manifold and the states with even J in
the ortho-manifold are states with (f) parity, hence,
they must belong to a state with negative electronic
symmetry, e.g., 1�−

g . Below the first continuum with
negative symmetry emerging at around 120 300 cm−1,
the only rotational progression with this character that can
be found in the dissociation spectra belongs to I1�−

g , v
= 4. The other states with negative symmetry do not predis-
sociate, are observed only in the H+

2 channel, and are in fact
known from Ref. 19. The level energies of the I1�−

g , v = 4
have been predicted in a calculation by Ross et al.,18 yielding
values which are remarkably close to the ones found in the
present study.

Since I1�−
g is the lowest state in H2 with negative par-

ity (for g symmetry), predissociation by electronic or rota-
tional coupling to another state with negative parity is ex-
cluded. Hence, the only possible mechanism through which
I1�−

g , v = 4 predissociates involves tunneling through the
potential barrier of the II′1�g state. For higher J states the ef-
fective barrier is smaller, leading to enhanced tunneling rates.
Indeed, this effect can be observed as an increase in linewidths
for states with higher rotational quantum numbers; the
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FIG. 6. Dissociation traces of ortho-hydrogen produced by 1 XUV + 1 VIS + 1 UV laser excitation. The horizontal axis represents the total term energy with
respect to X1�+

g , v = 0, J = 0 reached in the two-step double-resonance excitation process.

experimental observations are displayed in detail in Fig. 8.
Because this tunneling phenomenon involves only a single
potential curve, the outward tunneling rates can be calculated
in a semiclassical manner following the Jeffreys–Wentzel–
Kramers–Brillouin (JWKB) approximation:37

�(E, J )

= fv exp

(
−2

∫ √
2μ

¯
[V (R) + Ec(J ) − E]d R

)
(8)

from which the tunneling width �(E, J ) can be derived for
a certain energy E above the dissociation limit. The factor
fv represents the classical vibration frequency defining each
tunneling event. Furthermore, μ is the reduced mass of the
H2 molecule, V (R) is the ab initio potential energy curve

for the II′1�g state26 and Ec(J ) is the centrifugal energy
of the molecule, which is included in the analysis. This term
in the equation makes the tunneling width dependent on rota-
tional quantum number J . As in a previous example, where
the inward tunneling was calculated for the H̄1�+

g outer well
state31 the vibration frequency fv was estimated from the vi-
brational spacing. This calculation leads to dissociation rates
as listed in Table I.

In the work of Ross et al.18 predictions were made on
the lifetimes of the I1�−

g , v = 4 levels, which were indicated
as metastable. In a more sophisticated treatment, including
the emission rate and an improved calculation of the oscilla-
tion frequency factor fv accounting for the “softness” of the
potential energy barrier with a quantum correction factor,38

they find values (also listed in Table I) somewhat smaller than
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FIG. 7. Dissociation traces of para-hydrogen produced by 1 XUV + 1 VIS + 1 UV laser excitation. The horizontal axis represents the total term energy with
respect to X1�+

g , v = 0, J = 0 reached in the two-step double-resonance excitation process.

from the present calculation. Remarkably, the linewidth val-
ues from experiment are larger than both calculations, a phe-
nomenon which remains unexplained. It is conceivable that
the I1�−

g , v = 4 levels, the lowest one of (f) and g-character,
exhibit an admixture of 1�−

g (f); but this would reduce the
linewidth instead of increasing it, since pure 1�−

g states at
these energies do not undergo dissociation.

Assignment of the positive symmetry states, or (e) parity
states in the I1�+

g , v = 4 manifold is based on the assumption
that the �-doubling should not become too large. The disen-
tanglement of the I1�+

g , v = 4 states from the P1�+
g , v = 1

is based on linewidth (see below). The fact that the 1�+
g lev-

els exhibit narrower resonances than the 1�−
g levels may be

explained from the sign of the �-doubling. Levels with �+
g

or (e) symmetry are found to be lower in energy than levels
with �−

g or (f) symmetry for the same angular momentum
J . Therefore, the tunneling rates as calculated from Eq. (8)
are expected to be smaller, in agreement with observation. In
the case of the �+

g states there is, however, more than one
continuum available, which may cause dissociation; the di-
rect continua pertaining to EF and GK states of �+

g symmetry
interact with the �+

g component and may add to dissociative

decay. The fact that �+
g states are found narrower indicates

that the latter effect is not decisive.
The sign of the �-doubling in the I1�g, v = 4 levels is

counterintuitive. It is expected that the 1�+
g levels are higher

than the 1�−
g , in view of the ordering of 1�+, 1�g , and 1�g

levels in an electronic manifold. Indeed, a different �-doublet
ordering is found for lower vibrational levels in I1�g . This is
one of the open issues concerning our tentative assignment
requiring further elucidation.

B. The R1�g, v = 1 state

Similar to the I1�g, v = 4 state, the long-lived emitting
(f) states in R1�g, v = 1 can be used to assign the (e) states,
assuming that the �-doubling should not be too large. The
states belonging to R1�−

g , v = 1 are tabulated in Ref. 19 and
were observed in our spectra detecting H+

2 . From the spectra,
two rotational progressions of positive electronic symmetry
are found in this energy range where the R1�+

g and S1�+
g

are expected based on extrapolation from lower-lying lev-
els. The progressions can be disentangled according to their
linewidths. The one with narrow linewidth starts from J = 2
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FIG. 8. Recorded spectra for transitions to rotational states belonging to
I1�−

g , v = 4. The mechanism causing their predissociation involves tunnel-
ing through the potential barrier. For higher J states the effective barrier is
smaller, leading to enhanced tunneling rates, which can be observed as in-
creasing linewidths.

TABLE I. Predissociation widths � of I1�g, v = 4, J states as obtained
from the experiment and from a calculating of tunnelings widths via
Eq. (8). In the last column the calculated values from Ross et al.
(Ref. 18), as converted from lifetimes, are listed. All values are in cm−1.

J �obs. �calc. (present) �calc. (Ref. 18)
1 1.8 1.0 0.78
2 2.7 1.5 1.15
3 3.6 2.7 2.0
4 5.8 5.5 4.1

and is, therefore, assigned to a � state. The broader one, start-
ing from J = 1, then belongs to R1�+

g , v = 1. An avoided
crossing between the two progressions at J = 4 can be ob-
served. This results in line broadening in the progression con-
sisting of narrow lines and in line narrowing in the progres-
sion consisting of broad lines.

C. The P1�+
g , v = 1 state

Assignments in this manifold are complicated due
to the perturbation of the adiabatic potential energy
curve by the repulsive (2pσu)2 diabat, which makes
the vibrational interval irregular, as is clearly visible in
Fig. 1. Considering that the band origin of the P1�+

g ,

v = 0 state17, 19 is at 117 454 cm−1 and that a vibrational
constant of about 2300 cm−1 is common for similar
states, a J = 0 level is expected below 119 750 cm−1.
No other 1�+

g states are expected in this region and indeed a
J = 0 state is identified at 119 405 cm−1 (see the lower panel
of Fig. 7). The apparent 300 cm−1 downshift of the band ori-
gin is well explained by the outward bump of the P1�+

g poten-
tial. The correctness of the J = 0 assignment is verified from
its polarization properties (see Fig. 5). The linewidth of this
state is relatively large, indicating that the higher J states be-
longing to the P1�+

g , v = 1 rotational manifold will also fea-
ture large linewidths. This is used to disentangle them from
the narrower I1�+

g , v = 4 resonances. Particularly interesting
is the interference of both J = 1 rotational levels belonging
to these states shown in the lower panel of Fig. 6. The rota-
tional progression of the P1�+

g , v = 1 state shows a strong
rotationally dependent broadening, and we speculate that lev-
els above J = 2 become too broad to be assigned. Even the
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have also been observed in the present experiment detecting H+

2 . The open circles represent the term values extracted from the dissociation spectra.
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TABLE II. Rovibronic term energy levels of the gerade states in the
118 500–120 500 cm−1 energy range and estimated linewidths. The ac-
curacy of the term energy levels is 1 cm−1.

State Position FWHM State Position FWHM
P 1�+

g (v = 1) O 1�+
g (v = 1)

J = 0 119 405 10.5 J = 0 120 042 1.2
J = 1 119 416a 15 J = 1 120 105 2.2
J = 2 119 475 50 J = 2 120 229 1.0

J = 3 120 426 8
S 1�+

g (v = 1) S 1�−
g (v = 1)

J = 2 119 968 0.3 J = 2 119 987 < 0.3
J = 3 120 024 1.3
J = 4 120 155 6.6
J = 5 120 291 0.8
J 1�+

g (v = 3) J 1�−
g (v = 3)

J = 2 118 732 2.5 J = 2
J = 3 118 888 14.5 J = 3 118 888 < 0.3b

J = 4 119 105 20d J = 4 119 092 < 0.3b

J = 5 119 331 5.6
I 1�+

g (v = 4) I 1�−
g (v = 4)

J = 1 119 416a J = 1 119 417 1.8
J = 2 119 470 0.8 J = 2 119 497 2.7
J = 3 119 563 1.5 J = 3 119 612 3.6
J = 4 119 705 1.2 J = 4 119 766 5.8
J = 5 119 893 1.9
R 1�+

g (v = 1) R 1�−
g (v = 1)

J = 1 119 753 5.8 J = 1
J = 2 119 809 5.8 J = 2 119 768 < 0.3b

J = 3 119 939 13 J = 3 119 872 < 0.3b

J = 4 120 105 4.1 J = 4 120 032 < 0.3b

J = 5 120 366 11
7 1�+

g (v = 0)
J = 0 120 061c

J = 1 120 175c

aThese two J = 1 levels interfere in excitation.
bThese levels are observed in the H+

2 signal with linewidths determined by the instru-
ment bandwidth. They are observed also in emission spectra in Ref. 10.
cThe uncertainty of these transitions is 5 cm−1.
dThis value is obtained from a weak and noisy part of the spectrum.

identification of the broad feature at 119 475 cm−1 as J = 2
in this manifold is tentative; it might alternatively be a shape
resonance of the direct continua EF1�+

g or GK1�+
g (see be-

low).

D. The O1�+
g , v = 1 state

An extrapolation similar to the one adopted before in
the assignment of P1�+

g , v = 1 predicts that the O1�+
g , v = 1

state should lie around 120 000 cm−1. Approximately at this
energy we also expect the next 1�+

g state associated with one
of the (5�σg) Rydberg configurations (the 71�+

g state). In-
deed, two rotational progressions starting from J = 0 were
observed in this energy range. Both of them feature similar
linewidths and, therefore, the linewidth argument cannot be
used to disentangle both states. However, the rotational pro-
gressions show different rotational constants. The first pro-
gression exhibits a small rotational constant, which is de-
rived from four observed rotational levels (J = 0 − 3) and
was assigned as O1�+

g , v = 1. Extrapolation of the rotational
constant for the O1�+

g , v = 0 state (B0 = 31.2 cm−1) is in

reasonable agreement with the smallest value derived
from the first progression, which is therefore assigned as
O1�+

g , v = 1 (B1 = 32.0 cm−1). Certainly perturbations due
to interactions with other states can affect the location of
the rotational levels. Hence, due to insufficient experimental
data in this region and the lack of theoretical calculations, the
above assignment should be considered tentative.

E. The 71�+
g , v = 0 state

As explained in the above, in the region around
120 000 cm−1 two rotational progressions starting at J
= 0 were observed. The second exhibits a higher rota-
tional constant derived from only two observed rotational
levels (J = 0, 1). The latter resonances were observed
during additional measurements performed at higher ex-
citation energy and are not included in Figs. 6 and 7.
In view of the larger rotational constant, these
levels were tentatively assigned to the 71�+

g , v
= 0 state. We verified that these levels do not coincide
with the levels detected by Jungen et al.13 in the same energy
range.

F. The S1�g, v = 1 state

The (e) parity states (or positive electronic symmetry
1�+

g ) were assigned to a progression of narrow lines (widths
∼1 cm−1) disentangling them from broader 1�+

g states, as
discussed in Sec. IV B. The rotational levels thus assigned to
S1�+

g , v = 1 exhibit a rotational constant much smaller than
in the S1�g, v = 0 state observed in emission.19

There is no progression of states observed which
may be systematically assigned to the (f) parity states
of the S1�g, v = 1 state. A narrow line was observed at
119 987 cm−1 in the dissociation trace recorded via the
Q(1) resonance, however, without confirmation via another
route; we tentatively assign this level to S1�−

g , v = 1, J = 2.
That would again imply a counterintuitive and unexplained
�-doublet ordering for S1�g, v = 1, J = 2.

This 1�−
g level is energetically just below the barrier of

the II′1�g potential (at 120 267 cm−1), hence below the on-
set of the lowest continuum of negative (f) symmetry. Hence,
a mechanism for predissociation must involve electronic or
rotational coupling between S1�−

g and I1�−
g and tunneling

through the II′ barrier. The observed width of � = 0.3 cm−1,
which is limited by the instrument width, indicates that the
predissociation rate is small, consistent with such a mecha-
nism. The fact that the signal is found in the H+ channel defi-
nitely proves that the level exhibits predissociation.

G. The J1�g, v = 3 state

Identifying this state is analogous to the procedure used
with R1�g, v = 1. The long-lived (f) states are observed in
the spectra detecting H+

2 . The transition frequencies obtained
agree well with the data available from emission spectra,10

with the appropriate correction of 8.00 cm−1 as pointed out by
Yu and Dressler.19 Note that J1�−

g (v = 3, J = 4) is observed
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in Fig. 6 as well. We postulate that the detection channel giv-
ing rise to H+ signal involves absorption of a third photon.
This additional photon brings the system above the ionization
energy, where as a result of competition between dissocia-
tion and autoionization both channels are observed simulta-
neously.

Knowing the (f) states, it is evident which are the (e)
states as the �-doubling is small in � states. The spectral
lines probing the J1�+

g , v = 3 levels are among the strongest
in the spectrum.

H. The EF1�+
g and GK1

�+
g continua

In the spectra of Figs. 6 and 7 broad “bumps” appear that
we assign as excitation into the dissociative continua associ-
ated with the bound EF1�+

g and GK1�+
g states. In another

study on two-step excitation39 it was found that the H+ disso-
ciation signal emerges immediately at the onset of the disso-
ciation threshold, in that case at the n = 3 limit. It shows that
the direct continua are important for dissociation. In the case
of the n = 2 limit the EF and GK states provide the direct
continua. Franck–Condon overlap with the EF and GK con-
tinuum wave functions may cause the background continuum
excitation in the higher energy region to become structured;
the fact that both the EF and GK potentials exhibit a double-
well nature may cause a localization of the wave function pos-
sibly giving rise to shape resonances. Future calculations may
confirm this.

I. The H1�+
g , v = 3 state

Considering all possible states of singlet-g symmetry in
this energy region reveals that a v = 3 level in the inner well
of the HH̄1�+

g potential is expected but not observed. Its band
origin is predicted at 119 100 cm−1 when extrapolating from
the three v = 0 − 2 bound levels in the H1�+

g inner well,22 so
definitely in the observed range. The H1�+

g , v = 3 level is lo-
cated well above the crossing point of the H-potential with the
repulsive (2pσu)2 diabatic potential. This may cause a strong
(pre)dissociation, perhaps even to the extent that the resonant
structure becomes washed out. If so, the H1�+

g , v = 3 reso-
nances might contribute to the broad bumps assigned as EF
and GK shape resonances in the above. In the study on the
tunneling dynamics of H̄1�+

g outer well states the decay life-
time of the levels confined to the outer well were found to
equal the tunneling rates.31, 32 So it was assumed that dissoci-
ation (and for the higher energy range also ionization) at short
internuclear distance is immediate. If that were to be true in
the lower energy region near 119 100 cm−1 this would explain
the nonobservation of H1�+

g , v = 3 levels.

J. Further unassigned lines

There exist a few lines without assignment marked with
asterisks in Figs. 6 and 7. Some of them have very low intensi-
ties and may be spurious. There are no unassigned electronic
states below 119 500 cm−1 that could explain any of these
states; this is with the exception of the H1�+

g state, which is
expected at lower energy. The transition marked on the disso-

ciation trace via R(1) is not reproducible, which indicates that
it can be an artifact. We speculate that these features relate to
higher-lying dissociative resonances probed via multiphoton
excitation from the intermediate C1�u, v = 2 levels.

In addition strong lines were observed at 119 999 cm−1

with identified J = 2 rotational quantum number, and at
120 192 cm−1 with possibilities J = 3 or 4. These unassigned
lines at the high-energy edge of the presently covered spectral
window might be the start of higher lying rotational progres-
sions, e.g., of the 5� manifold.

V. CONCLUSION AND OUTLOOK

In the present experimental investigation on coherent
two-step excitation the level structure of dissociating reso-
nances in the singlet-g compartment of H2 just above the
n = 2 threshold have been recorded for the first time. Based
on spectroscopic rules the resonances are assigned in terms of
1�+

g , 1�g , and 1�g electronic symmetries as well as rovibra-
tional quantum numbers. These assignments are tentative in
several cases because perturbations will affect the level struc-
ture above n = 2, as it occurs below the n = 2 limit.

In the present study 1 XUV + 1 VIS excitation leads to
dissociation of the H2 molecule. Experimentally the H(n = 2)
fragments are detected without distinguishing between 2s and
2p atomic hydrogen products. In principle a more sophis-
ticated experimental approach is feasible, whereby only 2s
products are probed. By employing a third independent pulsed
laser system at delays exceeding 20 ns with respect to the two
first excitation lasers the 2p fragments will not be detected
in view of their short lifetime (∼1 ns). Through the use of
varying delays the contribution of 2s and 2p fragments may
be disentangled, providing more detailed information on the
dissociation phenomena and the symmetries of the states in-
volved.

Perturbations in the level structure above the n = 2 limit,
where dissociation continua are expected to play a deci-
sive role, can be dealt with in the theoretical framework of
MQDT, which has proven successful in describing the level
structure and the dissociation as well as ionization dynam-
ics of molecules. In particular, for the H2 molecule MQDT
calculations are performed based on first principles without
empirical parameters. MQDT has thus provided successful
explanation of the level structure and dissociation dynamics
in the singlet-u compartment,40 and later also for the triplet
states both of g and u character.41, 42

In the singlet-g compartment the observations on the
decay of highly excited resonances above the ionization
potential43 were explained in the framework of MQDT.44 The
dissociation range just above the n = 2 limit poses the prob-
lem of correctly incorporating the effect of the repulsive
(2pσu)2 potential extending to large internuclear separation.
The present observations on the dissociative resonances above
n = 2 may guide future theoretical work in this range.
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