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Observation of the I8 1Pg outer well state in H 2 and D2

E. Reinhold, A. de Lange, W. Hogervorst, and W. Ubachs
Department of Physics and Astronomy, Vrije Universiteit, De Boelelaan 1081, 1081 HV Amsterdam,
The Netherlands

~Received 20 July 1998; accepted 31 August 1998!

We observed bound levels of theI 8 state in H2 and D2, confined in the outer well of the lowest1Pg

adiabatic potential close to its (1s12p) dissociation limit, with an equilibrium internuclear distance
of '8 a.u. Rovibronic levels (v50 – 2,J51 – 5 for H2 andv50 – 5,J51 – 6 for D2) are populated
with pulsed lasers in resonance enhanced XUV1IR ~extreme ultraviolet1infrared! excitation, and
probed by a third laser pulse. Level energies are measured with an accuracy of'0.03 cm21, and
are in reasonable agreement with predictions fromab initio calculations in adiabatic approximation;
the smallness ofL-doublet splitting indicating that nonadiabatic interactions with1Sg

1 states are
generally weak. Additional resonances are observed close to then52 dissociation limit, some of
which can be assigned as high vibrational levels of theEF 1Sg

1 state. © 1998 American Institute
of Physics.@S0021-9606~98!00246-3#
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I. INTRODUCTION

The experimental investigation of excited singlet sta
of the hydrogen molecule has shown much progress in re
years with the application of multi-photon and extreme ult
violet ~XUV ! laser spectroscopy.1–9 These sophisticated
techniques are presently employed to bridge the 11 eV
between the ground state and the first excited singlet sta
hydrogen and to drive transitions between excited states

In contrast to singlet states ofungeradesymmetry, for
which spectral data were available from classical VUV a
sorption studies,10–12 singlet gerade states do not have
dipole-allowed transitions to theX 1Sg

1 ground state. There
fore the excitedgeradestates were merely observed in di
charges, where transitions between excited states may o
These early studies resulted in a huge amount of spe
data, now tabulated in the form ofDieke’s atlas.13 A tradi-
tional analysis of such emission spectra is difficult beca
of spectral congestion and because in a light molecule
hydrogen no simply assignable rotational band structures
formed. Moreover strong deviations from the Bor
Oppenheimer approximation hamper a highly accurate th
retical description, so that even today a considerable frac
of the observed emission lines remain unassigned. A fur
motivation to investigate excited states of H2 of the singlet
gerade manifold is their possible role in visible waveleng
absorptions in interstellar space, the diffuse interstellar ba
~DIBs!.14,15

Selective excitation of a single quantum state using
sers opens the way to study transitions between excited s
with well-defined quantum numbers. Subsequent multi-co
excitation in double and multi-resonance schemes allows
probing transitions between excited states near the ioniza
and dissociation limits. The state-selectivity achieved
laser-based experiments, performed by our group9 and
others,3,5,6,16 provides the necessary handle to unravel
complicated and perturbed structure of the excited sin
states in hydrogen.
9770021-9606/98/109(22)/9772/11/$15.00
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Laser spectroscopy has led to the identification of m
of the excited singlet states of the hydrogen molecule be
the H(n51) 1 H(n52) dissociation threshold, where leve
are narrow in the absence of autoionization and predisso
tion. In theungerademanifold, excitation of the highest vi
brational B 1Su

1 levels, involving two-photon excitation to
the EF 1Sg

1 state and detection of higher excited levels
REMPI ~resonance enhanced multi-photon ionization!, re-
vealed a perturbed level structure just below as well as ab
the dissociation limit.3,4,17 Investigation ofungeradeRyd-
berg series allowed for a precise determination of the ion
tion energies of different isotopomers.18 Direct XUV excita-
tion of the dissociation continuum of electronicungerade
states and detection of the fluorescence of the products
Balakrishnanet al. resulted an accurate determination of t
dissociation energy of the hydrogen molecule.1,19

Tsukiyama and co-workers observed a number of sin
gerade levels close to the (n52) limit using resonance-
enhanced two-photon transitions, excited by XUV and v
ible pulsed lasers and detected by observation of their fl
rescence in the visible and near infrared.2,16,20Lifetimes were
deduced from the exponential decay of the fluorescen
Chandler and Thorne21 employed a delayed laser pulse a
REMPI detection to measure the decay times of so
EF levels. Lifetimes of gerade states
(EF 1Sg

1 , H 1Sg
1 , I 1Pg , J 1Dg) were found to vary from

about 10 to more than 100 ns, indicating that optical tran
tions between excited states is indeed the dominating de
mechanism, whereas XUV fluorescence to theX 1Sg

1 or
b 3Su

1 states is forbidden by dipole or spin selection rule
In parallel to the experimental progress,ab initio calcu-

lations of the strongly interacting1Sg
1 , 1Pg , and1Dg sys-

tems have improved to agreement with observations with
few cm21, even for levels that are complicated superpo
tions of Born-Oppenheimer states with nonadiabatic shifts
more than 100 cm21.22,23However, it appears that a numbe
of predicted levels in the energy region close to then52
dissociation limit are still unobserved. At the one hand th
2 © 1998 American Institute of Physics

e or copyright; see http://jcp.aip.org/about/rights_and_permissions



ic
e

h
r
.

l

es
te
e

s
l

,

ed

de

re
d
th
ll

te
-
in
th

ith
th
y

n

a
ce
0
i-
fo

gi
o

ea
-
ei
n

vi
le

son-

ed

n-

u-

the
e

imi-

ut
ic
e-

ia
o-

yed

9773J. Chem. Phys., Vol. 109, No. 22, 8 December 1998 Reinhold et al.

Down
must exist higher vibrational levels of well-known electron
states; at the other, these calculations also predict a hith
unobserved electronic state, called theI 8 state, which ap-
pears in the representation of adiabatic potentials as a s
low minimum of the I 1Pg potential at large internuclea
distance, separated from the knownI state by a high barrier
We will refer to the two potential wells asI and I 8 states
following Yu and Dressler,23 calling the entire double-wel
potentialII 8.

The existence of a second, shallow well in the low
1Pg potential of the hydrogen molecule was first sugges
by Mulliken24 using the following argument. The long-rang
interaction of two hydrogen atoms in the lowest1Pg-type
superposition of the atomic orbitals 1s12p is attractive;25

the lowest1Pg state of H2 in the molecular-orbital basis i
1ssg3dpg , which is ann53 Rydberg state with a potentia
distictly above then52 dissociation limit at moderately
large internuclear distanceR. Due to the noncrossing rule
both must be connected at largeR, forming a single adia-
batic potential. The first calculation confirming the predict
outer potential minimum was performed by Browne.26 It is
not obvious whether the electronic configuration can be
scribed more easily in terms of molecular orbitals~MO! or
atomic orbitals~AO!. In the MO basis, theI 8 potential well
is formed by the core-excited 2psu2ppu electronic state,
which is repulsive at small internuclear distance but cor
lates with the 1ssg3dpg Rydberg potential via an avoide
crossing, giving rise to a steep barrier. This is similar to
system of1Sg

1 potentials, where the well-known double-we
potential shapes are explained by molecular 1ssgnlsg orbit-
als of Rydberg states interacting with the doubly-exci
(2psu)2 configuration; theEF potential as the lowest en
ergy example is composed of a pure Rydberg state, form
the inner well, and a pure doubly-excited state that forms
outer well. In the AO basis, theI 8 minimum is explained by
the interplay of the weak long-range dipole attraction w
the repulsion due to the antibonding character of
1s2pp 1Pg Heitler-Londen configuration. Calculations b
Browne,26 and at higher accuracy by Zemkeet al.27 decide in
favor of an atomic-orbital description, although major co
figuration mixing remains present. More recentab initio cal-
culations by Kołos and Rychlewski28 ~including also triplet
andungeradestates! and by Dressler and Wolniewicz29 start
from a much larger set of basis functions, leading to an
curate potential over a wide range of internuclear distan
The I 8 state has a maximum binding energy of about 2
cm21 at R'8 a.u., which should sustain a couple of rov
bronic levels whose energies are predicted in Ref. 29
several isotopomers in the adiabatic approximation. Ener
are given as part of a calculation of all levels in both wells
the II 8 potential; as the barrier at intermediate internucl
distance reaches a value of'1850 cm21 above the dissocia
tion energy, all levels are almost completely localized in
ther of the potential wells. So separate sets of vibratio
quantum numbers are used for theI and I 8 states, following
Yu and Dressler.23

In the present study we report the observation of ro
brationalI 8 levels in isotopomers of the hydrogen molecu
which are excited in XUV1IR two-photon transitions. Lev-
loaded 31 Mar 2011 to 130.37.129.78. Redistribution subject to AIP licens
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els with v50 – 2, J51 – 5 in H2 and with v50 – 5, J
51 – 6 in D2 of both ~e! and ~f! electronic symmetry are
identified and their energies are determined, showing rea
able agreement with theab initio calculations.29 Some extra
lines are found, which belong to transitions toEF and
GK 1Sg

1 levels, and additionally some more complicat
structure is observed in the vicinity of the (n52) dissocia-
tion limit.

II. EXPERIMENT

The I 8 1Pg levels in H2 and D2 are excited by two syn-
chroneous laser pulses in the XUV~extreme ultraviolet! and
IR ~infrared!, driving a resonance-enhanced two-photon tra
sition with a vibrational level of theB 1Su

1 state as interme-
diate as illustrated in Fig. 1. Starting from a thermally pop
lated rotational level withv50 of the electronic ground
state, a moderately high vibrationalB level is excited, which
is chosen to have good Franck-Condon overlap with
ground state and with theI 8 state around the inner and th
outer classical turning point, respectively.

The general features of the experimental setup are s
lar to the one used for the investigation of theHH̄ 1Sg

1 state
in H2 .9 A schematic overview is given in Fig. 2. The outp
of a pulsed dye laser~PDL!, pumped by the second harmon
of an injection seeded, Q-switched Nd:YAG laser, is fr
quency doubled in a KDP crystal, providing'35 mJ/pulse
of coherent UV radiation. XUV radiation is produced v
third harmonic generation from the UV beam, which is f

FIG. 1. Excitation scheme:B 1Su
12X 1Sg

1 and I 8 1Pg2B 1Su
1 transitions

are driven by temporally overlapped XUV and IR laser pulses. A dela
probe pulse produces H1 ~or D1) from excited I 8 levels by dissociative
ionization.
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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cused (f 518 cm! in a pulsed jet of xenon. The tunable XU
light is tuned on and fixed to transitions from theX 1Sg

1

electronic ground state to selected rovibrational levels of
B 1Su

1 state. The light for the second step, inducing tran
tions in the I 82B system, is obtained from a secon
Nd:YAG pumped PDL.

There are different constraints for the choice of the
brational B level, which determines the combination
wavelengths needed in both excitation steps: primarily
Franck-Condon overlap in theI 82B system, but also the
ease of generating XUV and IR and the possibility of
wavelength calibration of the second excitation step. T
yield of XUV photons and the reliability of the XUV gen
eration is best forl.91 nm; these wavelengths can be ge
erated using the efficient and very stable dyes Rhodamine
and Fluorescein 27, pumped at high power by the sec
harmonic of a Nd:YAG laser~600 mJ at 532 nm!. For the
infrared wavelengths the LDS 925 dye combines a suffic
quantum efficiency~6%! in a wide range of wavelength
~900–940 nm! with solvability in methanol, such that th
hazardous use of highly toxic solvents can be avoided. W
these combinations of dyes, the rovibrational levels of
B 1Su

1 state withv516 in H2 and v523 in D2 can be ex-
cited and the entire manifold of vibrationalI 8 levels can be
covered, while the Franck-Condon overlap in theI 82B sys-
tem is reasonable for both isotopes.

Since photons of the third harmonic of Nd:YAG~355
nm! are sufficiently energetic for dissociative ionization of
H2 ~or D2) molecule from theI 8 state, but not from theB
state, detection of H1 ions can be used to record spectra
the I 8 1Pg2B 1Su

1 band system. The ions are extracted fro
the interaction region by a pulsed electric field, which
delayed with respect to the laser pulses. Ions are m
selected in a field-free time of flight~TOF! tube and col-
lected at an electron multiplier. The signal from the electr
multiplier is integrated by two boxcar integrators having t
timing windows set for H1 and H2

1 ions. The IR and 355 nm
beams are spatially overlapped by means of a dichroic mi
and both beams are then overlapped with the counterpr
gating XUV beam, intersecting the molecular beam in
interaction region. The IR and the XUV beams are also te
porally overlapped as the lifetime of theB state is'1 ns.

Apart from the H1 signal ions produced via excitation o

FIG. 2. Schematic experimental setup. PDL: pulsed dye laser. 2v: second
harmonic generation. 3v: third harmonic generation. DM: dichroic mirror
PD: photo diode. The pulsed xenon jet and the collimated H2-beam flow in
differentially pumped vacuum chambers.
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the I 8 state also some parasitic H1 and H2
1 ions are produced

by the combination of laser pulses. The energies of the X
('93 nm! and fundamental UV ('280 nm! photons are
sufficient to produce H2

1 ions in a REMPI process when th
XUV is tuned in resonance with theB state. H1 is also
detected, originating from at least a three photon proce
this phenomenon was discussed in Ref. 8. By separating
incident UV beam from the generated XUV, these bac
ground signals can be strongly reduced. The procedure
tools to geometrically separate the fundamental from
third harmonic are schematically displayed in Fig. 3. A r
~diameterd51.5 mm! is placed in the UV beam (d'8 mm!,
in front of the lens along the propagation of the overlapp
light beams. A slit with adjustable central position and wid
is then used at a distance of'10 cm behind the focus to
block the propagating UV-beam. The XUV-beam, predom
nantly generated on axis, due to phase-matching, is trans
ted into the interaction region in the far field through the s
opening. The XUV-yield with this wavelength-separatio
setup is 40% of that obtained without XUV-UV separation30

Since the rovibronic energy levels of theB 1Su
1 state are

known,8,11 only the infrared used in the second excitati
step needs to be calibrated for a determination ofI 8 1Pg

level energies. Because no convenient reference-standa
available around 925 nm, part of the IR-light is frequen
doubled in a KDP crystal, and a Te2-absorption spectrum~at
510 °C! is recorded simultaneously with the double res
nance spectra probing theI 8 states. By fitting of the
Te2-resonances with Gaussian profiles and assigning
peak positions with the Te2-atlas,31 an accurate frequenc
scale is constructed for the IR. Frequencies of the H2 and D2

lines are then determined via fitting of the resonances
comparison with the frequency scale. At low excitation i
tensities the linewidth of the H2 and D2 lines is about 0.08
cm21 ~FWHM!, which corresponds to the IR laser linewidt
Because the molecular beam and the laser beams inte
perpendicularly residual Doppler broadening of the lines
negligible.

The spectra are recorded in two stages. First a serie
overview spectra are measured, scanning the infrared
with a step size of'0.05 cm21. Although this nearly equals
the laser linewidth, all (I 82B) transitions are unambigu
ously discernible because the intensity of the infrared ('2
mJ/pulse! is high enough to cause strong saturation broad
ing of the lines.

FIG. 3. The spectral filter separating the third harmonic XUV from t
fundamental UV radiation. The rod creates a shadow in the UV distribu
along the optical axis. A considerable fraction of the XUV is generated cl
to the axis and passes through the slit, which cuts off the UV.
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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All transitions found in the overview spectra are ne
recorded a second time with a step size of 0.01 cm21, aver-
aging over eight pulses per step to increase the signal/n
ratio. To prevent saturation broadening in these scans, th
pulses are attenuated to 0.4mJ–0.5 mJ, depending on tran
sition strengths.

Figure 4 and the upper trace of Fig. 5 show typical sp
tra of H2 and D2, displaying the H1 and D1 yield during an
overview scan of the IR laser at full intensity, while the XU
frequency is fixed to theB2X ~16,0! R(1) transition in H2

and toB2X ~23,0! R(3) in D2 . Groups of three lines eac
can be discerned, which can easily be interpreted as thP,
Q, andR transitions of oneI 82B (v8,v) band; some addi-
tional lines are found in between. At energies beyond
(n51)1(n52) dissociation limit, fragment atoms are ion
ized and detected. The lower trace of Fig. 5 shows the1

signal in a slow scan of the attenuated IR laser, resulting
laser limited linewidths, together with the Te2 absorption
spectrum.

III. RESULTS AND DISCUSSION

All observed transitons are listed in Table I for H2 and in
Table II for D2 , with their assignments as discussed belo
The question arises if the observedI 82B (v8,v516) transi-
tions in H2 can be found inDieke’s atlas,13 which contains
many unassigned emission lines in this wavelength ran
Actually more than half of our observed transitions are fou
to nearly coincide~within estimated uncertainty margins!,
but these may be happenstance coincidences. Therefo
check for combination differences was made for transitio
from the same upper levels to severalB, v>16 states, as-
suming that Frank-Condon factors are comparable in view
the potential shapes and the location of the classical turn
points. In most cases no transitions at the predicted frequ
cies were found; we conclude that theI 82B band system is
probably not contained inDieke’s atlas.

Total level energies with respect to the ground state
obtained by adding the measured transition energies in th
to the energies of the intermediateB levels; the latter were
obtained by addingB2X (v8,v50) transition energies from
Ref. 8 and ground state rotational energies from Ref. 32 (2)

FIG. 4. XUV1IR spectrum of H2 with the XUV laser tuned on theB2X
~16,0! R(1) transition.
loaded 31 Mar 2011 to 130.37.129.78. Redistribution subject to AIP licens
t

ise
IR

-

e

in

.

e.
d

a
s

f
g
n-

re
IR

and Ref. 33 (D2). However, the present double resonan
spectra allow for an improved determination ofB state level
energies because we observed many of the upper levelsP
as well asR transitions, providing an extra check of comb
nation differences. These have to be analyzed separatel
systems of ortho and para levels, which are not interc
nected by optical transitions. In H2 , five cases of combina
tion differences between intermediate levels with oddJ are
analyzed; they are consistent within the experimental un
tainty of theB level energies of'0.04 cm21 in Ref. 8, but
some inprovement is achieved by shifting theJ51 energy
down by 0.01 cm21 and theJ53 energy up by the sam
amount. For evenJ it turns out that combination difference
of transitions viaB, v516, J52 and 0~five cases! are con-
sistent within 0.02 cm21, while transitions viaJ54, com-
pared toJ52, give energies systematically lower by 0
cm21 ~four cases!. We assume that theJ54 energy should
be 0.1 cm21 higher than derived from Ref. 8, but consiste
with Ref. 12; this discrepancy is acceptable because in Re
the value is only based on the relatively weakR(3) transi-
tion, whileJ50 and 2 energies are consistently derived fro
the P(1), R(1) andP(3) transitions. A similar analysis o
combination differences in D2 leads us to the assumption o
B level energies that also differ slightly from values in Re
8. Level energies of the intermediate levels both for H2 and
D2 as used to determine the excited state energies are l

FIG. 5. XUV 1 IR spectrum of D2 with the XUV laser tuned on theB
2X ~23,0! R(3) transition. Upper panel: overview scan, taken with'2 mJ
IR, with saturation broadened lines; on the abscissa the excitation energ~in
cm21) with respect to the ground state. Lower panel: high resolution sp
trum, registered with reduced IR intensity, showing theI 82B(1,23) band
transitions on the scale of transition energy, together with the Te2 absorption
spectrum of frequency doubled IR; lines marked with an asterisk are u
for calibration.
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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TABLE I. Transition energies in cm21 in the second excitation step in H2 with B 1Sg
1 , v516, J intermediate

levels.

E State J8 E State J8 E State J8

via B (J50) via B (J51) via B (J53)

10679.45 EF 31 1 10680.09 EF 31 2 10567.32 EF 31 2
873.21 I 8 0 1 853.02 I 8 0 1 643.45 EF 31 4
883.60 EF 32 1 853.53 EF 32 0 749.63 I 3 4
944.58 I 8 1 1 859.13 I 8 0 2 755.37 I 8 0 2
977.25 I 8 2 1 881.38 EF 32 2 764.70 I 8 0 3
989.19 a 1 924.36 I 8 1 1 776.55 I 8 0 4

928.48 I 8 1 2 777.62 EF 32 2
via B (J52) 951.32 GK 8 0 794.64 b

957.00 I 8 2 1 807.68 b
10664.85 b 959.30 I 8 2 2 824.67 I 8 1 2

665.36 EF 31 3 970.02 b 828.66 EF 32 4
693.16 I 8 0 4 972.54 b 830.86 I 8 1 3
694.09 I 3 3 838.54 I 8 1 4
811.75 I 8 0 1 via B (J54) 855.53 I 8 2 2
818.01 I 8 0 2 858.90 I 8 2 3
822.16 EF 32 1 10609.65 EF 31 5 862.72 I 8 2 4
827.04 I 8 0 3 680.87 I 8 0 3 866.23 b
863.79 EF 32 3 664.95 b 867.66 b
915.80 I 8 2 1 707.46 I 8 0 5 868.74 b
918.14 I 8 2 2 717.62 EF 32 3
919.71 GK 8 1 747.12 I 8 1 3
921.33 I 8 2 3 755.10 I 8 1 4
927.73 a 1 760.26 EF 32 5
928.84 b 763.90 I 8 1 5
931.20 b 775.14 I 8 2 3

779.24 I 8 2 4
783.26 I 8 2 5

aNo electronic andv assignment, butJ assigned from combination differences.
bAs ~a!, J8 unknown betweenJ21 andJ11.
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in Table III, together with the shifts with respect to Ref. 8
well as the deviation from Ref. 12 for H2 .

Unambiguous assignment of rovibrationalI 8 1Pg levels
is possible forv50 – 2, J51 – 5 (e electronic parity! andJ
51 – 4 (f parity! in H2 , and v50 – 5, J51 – 6 (e) and J
51 – 5 (f ) in D2 . Total energies of these levels with respe
to the X 1Sg

1 , v50, J50 ground state in each isotope a
listed in Tables IV and VI and compared withab initio val-
ues. Further levels that were observed are listed in Table
and VII; their assignments are discussed below.

TheoreticalI 8 level energies are derived from the mo
recentab initio calculation by Dressler and Wolniewicz,29

who give binding energies with respect to the (n52)1(n
51) dissociation limit. Energies with respect to the grou
state are deduced by substracting them from 118377
cm21 for H2 and 119029.700 cm21 for D2 ; these values
follow from the sum of the most accurate dissociation en
gies of the respective ground state calculated
Wolniewicz34 ~36118.069 cm21 for H2 , 36748.364 cm21 for
D2) and the 1s– 2s atomic transition energy~82258.954
cm21 for H2 ~Ref. 35! and 82291.336 cm21 for D2 ~Ref. 36!.
The calculation in Ref. 29 was made in the adiabatic
proximation, soL-doublet levels are degenerate. Howev
nonadiabatic interaction with the manifold of1Sg

1 states
only occurs with ~e! levels of I 8 1Pg , resulting in a
L-doublet splitting between~e! and~f! levels. In our excita-
tion scheme with aB 1Su

1 state as intermediate,~e! levels are
 to 130.37.129.78. Redistribution subject to AIP licens
t

V

23

r-
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excited byP andR and~f! levels byQ transitions. The agree
ment between observed and calculated energies is very g
for v50 in H2 as well as in D2 ~within '0.1 cm21 for both
~e! and ~f! levels!, but deteriorates at higherv; when inter-
preted as a relative deviation of binding energies~with re-
spect to the dissociation limit!, the discrepancy increases
as much as 25% for the highest observed vibrational le
(v55) in D2 . This suggests that theab initio calculation of
the potential29 is rather accurate for internuclear distances
to '10 a.u., but deviates in the long range region, where
highest vibrational wave functions typically have their lar
est amplitude.

Identification of the transitions that do not belong to t
I 82B system is somewhat more difficult, because nonad
batic interactions are known to play a major role for sta
that are associated with potentials at short internuclear
tance. Transitions in H2 can be assigned asEF2B and
GK2B with upper levels first identified by Tsukiyam
et al.2 as EF 1Sg

1 , v531– 32 andGK 1Sg
1 , v58. Our re-

sults are consistent with Ref. 2 within the experimental u
certainty, except forEF, v531, J54, which is 0.3 cm21 off
as shown in Table V. Observed energies are about 60 c21

lower than calculated adiabatic energies37 and still more than
20 cm21 lower than first calculations taking nonadiaba
interactions into account;22 in the most recentab initio
calculation23 the remaining discrepancy is only'3 cm21. A
series of levels in D2 appear to form two rotational progres
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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TABLE II. Transition energies in cm21 in the second excitation step in D2 with B 1Su
1 , v523, J intermediate

levels.

E State J8 E State J8 E State J8

via B (J50) via B (J52) via B (J53)

10897.83 I 8 5 1 10730.27 EF 45 1 10703.15 I 8 0 2
899.55 a 1 731.92 I 8 0 1 704.88 EF 45 2

735.20 I 8 0 2 708.04 I 8 0 3
via B (J51) 740.06 I 8 0 3 714.48 I 8 0 4

746.74 EF 45 3 727.72 EF 45 4
10748.27 EF 45 0 792.61 I 8 1 1 763.11 I 8 1 2

753.27 I 8 0 1 795.19 I 8 1 2 766.97 I 8 1 3
756.54 I 8 0 2 798.96 I 8 1 3 771.92 I 8 1 4
758.28 EF 45 2 830.24 I 8 2 1 800.04 I 8 2 2
714.00 I 8 1 1 832.07 I 8 2 2 802.82 I 8 2 3
816.53 I 8 1 2 834.78 I 8 2 3 806.26 I 8 2 4
851.58 I 8 2 1 839.62 EF 46 1 811.79 EF 46 2
853.41 I 8 2 2 849.41 EF 46 3 820.15 I 8 3 2
858.53 EF 46 0 850.95 I 8 3 1 821.94 I 8 3 3
865.12 EF 46 2 852.19 I 8 3 2 824.48 EF 46 4
872.31 I 8 3 1 853.96 I 8 3 3 829.91 I 8 4 2
873.52 I 8 3 2 861.24 I 8 4 1 830.96 I 8 4 3
882.58 I 8 4 1 861.97 I 8 4 2 832.24 I 8 4 4
883.30 I 8 4 2 862.99 I 8 4 3 834.15 I 8 5 2
887.15 I 8 5 1 865.78 I 8 5 1 834.69 I 8 5 3
887.53 I 8 5 2 866.15 I 8 5 2 835.31 I 8 5 4
888.90 a 2 866.68 I 8 5 3 835.64 a 2
889.06 a 2

via B (J54) via B (J55) via B (J56)

10665.40 I 8 0 3 10618.73 I 8 0 4 10667.55 I 8 3 5
671.92 I 8 0 4 626.80 I 8 0 5 670.63 I 8 3 6
672.10 EF 45 3 632.00 EF 45 4 671.97 EF 46 5
679.73 I 8 0 5 636.09 I 8 0 6 673.56 I 8 3 7
702.53 EF 45 5 664.47 EF 45 6 675.98 I 8 4 6
724.33 I 8 1 3 676.20 I 8 1 4 676.69 I 8 5 5
729.39 I 8 1 4 682.43 I 8 1 5 678.74 a 5
735.47 I 8 1 5 689.45 I 8 1 6
760.15 I 8 2 3 710.56 I 8 2 4
763.73 I 8 2 4 714.92 I 8 2 5
767.97 I 8 2 5 719.77 I 8 2 6
774.81 EF 46 3 728.06 I 8 3 4
779.32 I 8 3 3 731.15 I 8 3 5
781.58 I 8 3 4 734.00 I 8 3 6
784.18 I 8 3 5 736.51 I 8 4 4
788.36 I 8 4 3 737.98 I 8 4 5
788.57 EF 46 5 739.39 I 8 4 6
789.69 I 8 4 4 739.57 I 8 5 4
791.08 I 8 4 5 742.60 b
792.06 I 8 5 3
792.69 I 8 5 4
793.30 I 8 5 5
795.32 a 5

aNo electronic andv assignment, butJ assigned from combination differences.
bAs ~a!, J8 unknown betweenJ21 andJ11.
ys

vi

r-
ed
sions, to our knowledge hitherto unobserved; further anal
leads to an unambiguous assignment asEF vibrational lev-
els.

A rotational analysis is performed for each observed
brational level of theI 8 andEF states. ForI 8, energies of~e!
and ~f! rotational levels are simultaneously fitted to the fo
mula

EvJ~ f !5nv1Bv@J~J11!2L2#2Dv@J~J11!2L2#2,
~1!
 to 130.37.129.78. Redistribution subject to AIP licens
is

-

EvJ~e!5EvJ~ f !1QvJ~J11!. ~2!

Resulting parameters for H2 and D2 are listed in Table VIII.
The rotational distortion constantsD are large, indicating a
strong deviation from a rigid rotator system; this is illustrat
in Fig. 6 by a plot of energy vsJ(J11) for levels in D2 . For
the EF state, the relation forS states is used,

EvJ5nv1Bv@J~J11!#2Dv@J~J11!#2. ~3!
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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The two unknown bands in D2 can now be identified by
comparing the results from the rotational analysis with p
dictions for some vibrational levels ofgeradestates from
Ref. 37; expectation valueŝR22& of adiabatic vibrational
wave functions in the nonrotating molecule are conver
into B constants by the relation

B5
\

4pcm
^R22& ~4!

(B constants in cm21; molecular reduced massm
5918.0764me for H2 and 1835.2395me for D2). The em-
pirical n andB constants~1.704 and 1.084 cm21; cf. Table
VIII ! are consistent with theoretical values ofv544– 46 lev-
els ~2.074, 1.581, and 0.632 cm21).37 The assignments ar
tentativelyEF, v545 and 46 assuming that deviations b
tween observed levels and adiabatic calculation are simila
H2 and D2; further confirmation is obtained from the pre
dicted energy of thev545, J55 level in Ref. 23, Table
VIII, which is only '4 cm21 higher than the experimenta
value.

The observedL-doublet splittings in theI 8 1Pg state are
generally very small (!1 cm21); the Q constants in Eq. 2
reflect the systematic shift of the~e! levels caused by thei
heterogeneous, nonadiabatic interaction with states of
1Sg

1 manifold. This includes contributions from bound v
brational levels that lie far away in energy, as well as fro
the dissociation continuum of these states. Possible sys
atic shifts caused by states withL>1 are not accounted fo
because they affect~e! and ~f! levels identically. However,
near coincidence with a rovibrational level of another el
tronic state may cause a distortion.

The valuesQv obtained from the fit are only marginall
significant in view of the derived uncertainties, with~e! lev-
els lying slightly lower than~f! levels; however, in D2 one
example of a resonant nonadiabatic interaction is found
provides some information on the coupling strength of theI 8
state with other states: TheJ54 levels of theI 8 1Pg(e), v
53 and theEF 1Sg

1 , v546 states coincide in the rotation
analysis; in the experiment the levels are found to be se
rated by 0.6 cm21 ~cf. Fig. 6!, while for otherJ levels no
significant deviation from the rotational fit is found. The u
derlying interaction is analyzed by invoking a heterogene

TABLE III. Energies ofB 1Su
1 , v516, J levels in H2 andv523, J levels

in D2 relative to theX 1Sg
1 , v50, J50 ground state, corrected by th

analysis of combination differences as explained in the text.D1 refers to the
correction with respect to Ref. 8 andD2 to the difference from energies in
Ref. 12 for H2 . All values in cm21.

J Eobs D1 D2 Eobs D1

H2 : B, v516 D2 : B, v523
0 107383.99 0.00 20.08 108129.80 20.02
1 107404.17 20.01 10.01 108140.46 20.06
2 107445.44 0.00 20.01 108161.84 20.02
3 107507.94 10.01 20.01 108193.83 20.01
4 107591.62 10.10 10.02 108236.46 10.05
5 108289.56 0.00
6 108353.11 10.18
loaded 31 Mar 2011 to 130.37.129.78. Redistribution subject to AIP licens
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(J-dependent! coupling between theI 8, v53 and EF, v
546 vibrational states and solving the eigenvalue probl
for each value ofJ,

S EI 8~3! hAJ~J11!

hAJ~J11! EEF~46!
DC5EC. ~5!

From the fit to the observed level energies a coupling c
stant of h50.077(4) cm21 is determined. The twoJ54
eigenstates have mixedI 8 andEF character of nearly equa
contribution, while all otherJ states turn out to be pur
states, with less than 1% admixture of the other electro
character. In H2 no such strong mixture ofI 8 and other states
was found.

The energies of theI 8 levels and the interaction with th
EF state are accurately described by the relations in Eqs.~1!,
~2!, and~5! with deviations of less than 0.05 cm21 through-
out. Thus it is found that nonadiabatic effects in theI 8 outer-
well state appear to be small; the adiabatic approxima
used in the calculation in Ref. 29 seems to be valid. It
known, in contrast, that nonadiabatic effects do play an
portant role at shorter internuclear distances, where la
L-doublet splittings are reported for all rotational leve
Heterogeneous interaction between states with differenL
within the singletgerademanifold is attributed to the rota
tional coupling between the Rydberg states of the 3d com-
plex, (3ds)G 1Sg

1 , (3dp)I 1Pg and (3dd)J 1Dg . The situ-
ation is complicated by homogeneous interaction betw
the 1Sg

1 states, which stems from the crossing
(1ssgnlsu) Rydberg state potentials with the doubly excit
(2psu)2 configuration.22 So it is not surprising that the rep
resentation ofEF levels by a rotational progression@cf. Eq.
~3!# is less accurate, because~in contrast to theI 8 state! the

TABLE IV. Energies of theI 8 1Pg levels in H2 relative to theX 1Sg
1 , v

50, J50 ground state.Ecalc values are derived from binding energies give
in Ref. 29, shifted appropriately on the energy scale as explained in the
All values in cm21.

(e) levels (f ) levels
J Ecalc Eobs Doc Eobs Doc

v50
1 118257.17 118257.20 10.03 118257.19 10.02
2 118263.40 118263.31 20.09 118263.45 10.05
3 118272.63 118272.48 20.15 118272.64 10.01
4 118284.72 118284.49 20.23 118284.78 10.06
5 118299.46 118299.08 20.38

v51
1 118328.13 118328.58 10.45 118328.53 10.40
2 118332.29 118332.64 10.35 118332.80 10.51
3 118338.35 118338.74 10.39 118338.79 10.44
4 118346.10 118346.48 10.38 118346.72 10.62
5 118355.19 118355.52 10.33

v52
1 118360.13 118361.24 11.11 118361.17 11.04
2 118362.48 118363.47 10.99 118363.58 11.10
3 118365.80 118366.76 10.96 118366.84 11.04
4 118369.82 118370.66 10.84 118370.86 11.04
5 118374.12 118374.88 10.76
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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vibrational wave functions of these levels extend over a w
range of internuclear distanceR and therefore interact with
other states at smallR.

In Tables V and VII deviations between observed en
gies of theEF levels and a fit to Eq.~3! are listed. The fits
for the EF, v545 andv546 states in D2 do not reproduce
thev545, J55 andv546, J50 energies, which had to b
left aside in the fitting procedure. Their deviations of12.29
and 20.35 cm21, respectively are presumably due to t
nonadiabatic interaction with near-coincident levels. For
former, we found a candidate perturber state which lies 7
cm21 lower in energy.

The level energies of theEF, v531 state in H2 are
strongly distorted, leading to deviations from a fit using E
~3! of more than 1 cm21 for several levels; we do not prese
fit parameters because they are not meaningful. This si
tion is not unexpected, as the calculation of Yu a
Dressler23 shows that three rotational level progressio
cross EF, v531 betweenJ52 and 3 (I 1Pg , v53;
O 1Sg

1 , v50; andS1Dg , v50). The rotational fit of the
EF,v532 state represents theJ50 – 4 levels reasonably~cf.
Table V!; deviations in the order of 0.2 cm21 are significant
in view of the experimental uncertainty, indicative of pertu
bations. The observed energy if theJ55 level is 10 cm21

lower than the fit; this striking feature is consistent withab
initio calculations within 3 cm21, Ref. 23.

Some transitions in both H2 and D2 still remain unas-
signed. The observation of a strong H1 signal on these reso
nances close to the (n52) dissociation threshold sugges
that they are associated with bound levels stretching to
long range part of the potentials, but no obvious band str
ture is found. A similar perturbed structure close to then
52) dissociation limit was found earlier in the system
ungeradestates, by Eyler and co-workers.3,4 The extra tran-
sitions were in a qualitative sense attributed to couplin
between singlet and triplet, as well as betweenungeradeand
geradestates close to the dissociation threshold. A deta
investigation of the perturbed structure in this energy ra
remains the subject of future work.

Ab initio calculations29,37predict one more vibrationalI 8
level in H2 (v53) and for both H2 and D2 in the EF state

TABLE V. Energies of identifiedEF, GK 1Sg
1 andI 1Pg levels in H2 ; D1

is the difference from values from Refs. 2, 23 andD2 gives the deviation
from a fit to Eq.~3! with constants listed in Table VIII.

J Eobs D1 J Eobs D1 D2

EF, v531 EF, v532
0 118052.99a 0 118257.70 20.01 20.20
1 118063.44 20.03 1 118267.59 20.02 10.17
2 118084.26 20.05 2 118285.55 20.07 10.21
3 118110.80 0.00 3 118309.23 10.02 20.25
4 118151.39 20.31 4 118336.60 20.08 10.07
5 118201.27 20.02 5 118351.88 20.01 210.22b

GK, v58 I , v53(e)
0 118355.49 10.04 3 118139.53 10.17
1 118365.15 20.01 4 118257.57 20.05

aValue taken from Ref. 2.
bLevel left out of the fit.
loaded 31 Mar 2011 to 130.37.129.78. Redistribution subject to AIP licens
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(v533 andv547 respectively!. A further estimate can be
obtained by an analysis of the number of vibrational sta
that are sustained by a potential close to its dissociation lim
following LeRoy and Bernstein38 and Stwalley;39 only the
long-range behavior of the potential curve is needed as
input to extrapolate from the known vibrational level stru
ture. There are three singletgeradepotentials in the hydro-
gen molecule that dissociate into H(n51)1H(n52), the
EF 1Sg

1 , the GK 1Sg
1 , and theII 8 1Pg potentials, which

correlate at large distance with atomic states 1s12s, 1s
12ps, and 1s12pp, respectively. The leading terms in th

TABLE VI. Energies of theI 8 1Pg levels in D2 relative to theX 1Sg
1 ,v

50, J50 ground state.Ecalc values are derived from Ref. 29 in the sam
way as for H2 in Table IV. Unperturbed levels are represented by Eqs.~1!
and ~2! within 0.05 cm21.

(e) levels (f ) levels
J Ecalc Eobs Doc Eobs Doc

v50
1 118893.68 118893.76 10.08 118893.73 10.05
2 118896.95 118896.99 10.04 118897.04 10.09
3 118901.84 118901.88 10.04 118901.87 10.03
4 118908.30 118908.30 0.00 118908.38 10.08
5 118916.29 118916.19 20.10 118916.36 10.07
6 118925.65

v51
1 118954.26 118954.45 10.19 118954.46 10.20
2 118956.82 118956.97 10.15 118957.03 10.21
3 118960.62 118960.80 10.18 118960.80 10.18
4 118965.63 118965.76 10.13 118965.85 10.22
5 118971.77 118971.93 10.16 118971.99 10.22
6 118979.01

v52
1 118991.30 118992.08 10.78 118992.04 10.74
2 118993.13 118993.87 10.74 118993.91 10.78
3 118995.83 118996.60 10.77 118996.65 10.82
4 118999.34 119000.11 10.77 119000.19 10.85
5 119003.59 119004.43 10.84 119004.48 10.89
6 119009.33

v53
1 119011.66 119012.79 11.13 119012.77 11.11
2 119012.88 119013.98 11.10 119014.03 11.15
3 119014.65 119015.79 11.14 119015.77 11.12
4 119016.93 119018.31 a 119018.04 11.11
5 119019.63 119020.65 11.02 119020.71 11.08
6 119023.56 119023.74
7 119026.67

v54
1 119022.09 119023.08 10.99 119023.04 10.95
2 119021.83 119023.76 10.93 119023.81 10.98
3 119023.90 119024.83 10.93 119024.79 10.89
4 119025.24 119026.07 10.83 119026.15 10.91
5 119026.75 119027.54 10.79 119027.54 10.79
6 119028.95

v55
1 119026.95 119027.63 10.68 119027.61 10.66
2 119027.38 119027.98 10.60 119027.99 10.61
3 119027.99 119028.52 10.53 119028.52 10.53
4 119029.14 119029.15
5 119029.78 b

aPerturbed byEF, v546, J54.
bResonance above threshold.
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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long-range potentials were calculated by Stephens
Dalgarno.40 The II 8 state shows a dipole attraction}R23,
while theEF state is attractive with a van der Waals pote
tial }R26. So both these states might containv levels close
to the dissociation limit. TheGK potential is repulsive}R23

in the long range, and shows a barrier of'100 cm21 above
the asymptotic energy atR'8 a.u.,37 so it can be left aside in
the analysis.

According to LeRoy and Bernstein38 and Stwalley,39 the
binding energies«v of vibrational levelsv close to the dis-
sociation limit of a potential that asymptotically follows
simple power law,V52CnR2n, are related by

vD2v'an «v
~n22!/2n ~6!

with

an5
2Ap

n22

G~1/211/n!

G~111/n!

A2m

h
Cn

1/n, ~7!

derived from Eqs.~7! and~8! in Ref. 39; the constantvD can
be interpreted as the ‘‘effective’’ vibrational quantum num
ber at the dissociation threshold. From experimental val
of «v one can derivevD by extrapolating to«v50 and de-
termine binding energies of vibrational levels for integer v

TABLE VIII. Results of the rotational analysis of vibrational levels in H2

and D2 according to Eqs.~1!, ~2!; the interaction ofEF, v546 andI 8, v
53 is accounted for following Eq.~5!. All values in cm21.

v nv Bv Dv/1023 Qv/1023

H2 : I 8 state
0 118255.63 1.570 1.88 216.3
1 118327.49 1.068 3.05 212.7
2 118360.60 0.609 3.68 210.2

H2 : EF state
32 118257.90 4.85 46.

D2 : I 8 state
0 118892.93 0.821 0.46 24.6
1 118953.80 0.647 0.70 23.4
2 118991.59 0.467 0.76 22.9
3 119012.47 0.309 0.91 22.6
4 119022.86 0.190 0.97 21.2
5 119027.51 0.099 0.71 20.6

D2 : EF state
45 118888.67 1.711 3.68
46 118999.34 1.084 7.63

TABLE VII. Energies of identifiedEF 1Sg
1 levels in D2 . D gives the de-

viation from a fit to Eq.~3! with constants listed in Table VIII. All values in
cm21.

J Eobs D J Eobs D

EF, v545 EF, v546
0 118888.73 10.06 0 118998.99 20.35
1 118892.11 10.03 1 119001.46 20.02
2 118898.73 20.08 2 119005.59 10.02
3 118908.57 20.11 3 119011.26 10.02
4 118921.55 10.12 4 119017.62 20.03
5 118938.99 12.29 5 119025.06 10.01
6 118954.03 20.02
loaded 31 Mar 2011 to 130.37.129.78. Redistribution subject to AIP licens
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uesv<vD . For the II 8 potential,n53 andC350.554929
~in atomic units! from Ref. 40 lead toa3(H2)53.2343 and
a3(D2)54.5722, with «v to be taken in cm21. Figure 7
shows a modified Birge-Sponer plot of (v2vD)/a3 against
«v

1/6, which allows us to include experimental values of bo
isotopes in a single graph.«v is taken with respect to
118377.1 cm21 for H2 and 119029.7 cm21 for D2 ; the re-
sults discussed here are insensitive to an uncertainty o
least 0.2 cm21. We find that data points of both isotopes
well to a straight line with a slope of20.97, close to the
expected slope of21. Strikingly there is no deviation from
linearity even for the lowestv levels. Extrapolation to«v
50 leads to effective vibrational quantum numbers at
dissociation threshold ofvD56.99 in H2 and vD510.10 in
D2 . So in the adiabatic approximation, 4–5 more vibration
levels are expected above the identified ones in both
topes; however, the highest ones are too close to the di
ciation limit to be undisturbed by fine and hyperfine intera
tion. A similar analysis for the observed levels in theEF
state, withn56 in view of the van der Waals potential a
large distance, shows strong deviation from the relation
Eq. ~7!. It follows that both in H2 and D2, an additional
vibrational level is expected at binding energies in the ran
0.5–5 cm21. This analysis holds for the nonrotating mo
ecule (J50); for all J.0 states the long-range potential
dominated by the ~repulsive! centrifugal term mJ(J
11)/R2, effectively limiting the number of stable rotationa
levels. For theI 8 state there exist noJ50 levels, so at leas
J51 has to be stable for a vibrational level to exist at a
The predicted binding energy of theI 8, v53 state in H2 is
'4 cm21, which is more than for the observedv55 level in
D2; at least threeJ levels should be stable. However, anEF
level (v533) is expected at roughly the same energy, wh
probably interacts with theI 8, v53 level. Indeed some lev
els are observed in this energy range with perturbed posit
such that we cannot assign them.

Incidentally rotational levels which lie slightly above th
dissociation energy are metastable, due to confinemen
the centrifugal barrier; this phenomenon occurs in theI 8,v
55, J55 state of the D2 molecule~cf. Table VI!, observed
as a narrow resonance several 0.01 cm21 above the dissocia
tion threshold. The long-range potential for the 1s

FIG. 6. Rovibronic energies of the highest observedI 8(e) andEF levels in
D2 as a function ofJ(J11); the deviation from a straight line indicates th
strong nonrigidity of vibrational levels close to the dissociation thresho
The I 8, v53, J54 level is perturbed byEF, v546.
e or copyright; see http://jcp.aip.org/about/rights_and_permissions
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12pp case40 and the centrifugal potential for D2 with J
55 give rise to a barrier of'0.05 cm21 at an internuclear
distance of 100 a.u. An estimate of the tunneling probabi
in the WKB approximation shows a very strong energy d
pendence~one order of magnitude per 0.01 cm21), so a
quantitative prediction of the resonance width would requ
an extremely small energy uncertainty.

Figure 8 shows the onset of then52 dissociation con-
tinuum, excited from aJ51 intermediate level; thus con
tinuum states withJ between 0 and 2 may contribute. Th
delayed third laser pulse ionizes atoms left in the2s state
after dissociation; atoms in the2p state are not detected du
to their short lifetime. Wigner’s threshold law implies th
the yield as a function of excess energy« is

I}«J11/2, ~8!

as pointed out in Ref. 4. This implies that the onset of
J50 continuum is sharp. Although in Fig. 8 the thresho
region is overlapped by the wing of a strongly saturatio
broadened resonance, we can derive an approximate val
118377.260.1 cm21 for the 1s12s dissociation energy in
the singletgeradecase, 0.14 cm21 higher than the most ac
curate value found in the singletungeradesystem.1,19Further
studies are needed to investigate the complex system of
ferent dissociation limits that arise from the fine and hyp
fine splitting of then51 andn52 states of the hydroge
atom.

IV. CONCLUSION

A large number of levels of the hitherto unobserv
I 8 1Pg state of H2 and D2 were excited with a resonant two
photon laser excitation technique, applying pulsed XUV a
IR radiation. Careful choice of the intermediate levels lea
to good Franck-Condon overlap with the wave function co
fined in a shallow potential well at large internuclear d
tance, just below the second dissociation limit. Other lev
were found in the same energy region, some of which w
also observed for the first time and could be successf
identified. Nonadiabatic interactions of theI 8 levels with the

FIG. 7. Plot of the vibrational quantum numberv of I 8 levels in H2 ~circles!
and D2 ~squares! as function of the binding energy on an«1/6 scale.v is
taken on a (v2vD)/a3 scale to fit data points of both isotopes with a sing
straight line. Arrows indicate positions of predicted levels.
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other states were investigated, which can account for so
irregularities in theI 8 spectrum. These interactions turn o
to be about two orders of magnitude weaker than sim
interactions between othergerade states of the hydrogen
molecule. The same holds for the systematic interaction w
the whole 1Sg

1 manifold as deduced from the sma
L-doublet splitting. Some spectral lines very close to t
dissociation limit remain unassigned; a detailed investigat
of the perturbed structure in this energy range remains
subject of future work.
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