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Observation of the /' 1Hg outer well state in H , and D,
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We observed bound levels of thestate in B and D,, confined in the outer well of the Iowe’siﬂg
adiabatic potential close to its $3 2p) dissociation limit, with an equilibrium internuclear distance
of ~8 a.u. Rovibronic levelsy=0-2,J=1-5 for H, andv =0-5,J=1-6 for D,) are populated
with pulsed lasers in resonance enhanced XUR (extreme ultravioletinfrared excitation, and
probed by a third laser pulse. Level energies are measured with an accuradya# cm !, and
are in reasonable agreement with predictions fedninitio calculations in adiabatic approximation;
the smallness of\-doublet splitting indicating that nonadiabatic interactions ng states are
generally weak. Additional resonances are observed close to=tt#& dissociation limit, some of
which can be assigned as high vibrational levels ofEﬂFelﬁg state. ©1998 American Institute
of Physics[S0021-96068)00246-3

I. INTRODUCTION Laser spectroscopy has led to the identification of most
of the excited singlet states of the hydrogen molecule below
The experimental investigation of excited singlet stategshe H(n=1) + H(n=2) dissociation threshold, where levels
of the hydrogen molecule has shown much progress in receafe narrow in the absence of autoionization and predissocia-
years with the application of multi-photon and extreme ultra-tion. In the ungerademanifold, excitation of the highest vi-
violet (XUV) laser spectroscopy® These sophisticated brational B3 levels, involving two-photon excitation to
techniques are presently employed to bridge the 11 eV gaghe EF 'S | state and detection of higher excited levels by
between the ground state and the first excited singlet state REMPI (resonance enhanced multi-photon ionizatjore-
hydrogen and to drive transitions between excited states. vealed a perturbed level structure just below as well as above
In contrast to singlet states oingeradesymmetry, for  the dissociation limit:*!’ Investigation ofungeradeRyd-
which spectral data were available from classical VUV ab-berg series allowed for a precise determination of the ioniza-
sorption studies?™** singlet gerade states do not have tion energies of different isotopomefDirect XUV excita-
dipole-allowed transitions to th& '3 ground state. There- tion of the dissociation continuum of electronimgerade
fore the excitedgeradestates were merely observed in dis- states and detection of the fluorescence of the products by
charges, where transitions between excited states may occ@alakrishnaret al. resulted an accurate determination of the
These early studies resulted in a huge amount of spectraissociation energy of the hydrogen molectité.
data, now tabulated in the form @fieke’s atlas' A tradi- Tsukiyama and co-workers observed a number of singlet
tional analysis of such emission spectra is difficult becausgerade levels close to the (=2) limit using resonance-
of spectral congestion and because in a light molecule likenhanced two-photon transitions, excited by XUV and vis-
hydrogen no simply assignable rotational band structures argle pulsed lasers and detected by observation of their fluo-
formed. Moreover strong deviations from the Born- rescence in the visible and near infrafé@:*°Lifetimes were
Oppenheimer approximation hamper a highly accurate theadeduced from the exponential decay of the fluorescence.
retical description, so that even today a considerable fractio@handler and Thorfé employed a delayed laser pulse and
of the observed emission lines remain unassigned. A furtheREMPI detection to measure the decay times of some
motivation to investigate excited states of Bif the singlet EF levels. Lifetimes of  gerade states
gerade manifold is their possible role in visible wavelength(EF 'S, H!S [, I 'TI4, J*Ay) were found to vary from
absorptions in interstellar space, the diffuse interstellar bandsbout 10 to more than 100 ns, indicating that optical transi-
(DIBs).24+15 tions between excited states is indeed the dominating decay
Selective excitation of a single quantum state using lamechanism, whereas XUV fluorescence to méEg or
sers opens the way to study transitions between excited statbss * states is forbidden by dipole or spin selection rules.
with well-defined quantum numbers. Subsequent multi-color  In parallel to the experimental progresd initio calcu-
excitation in double and multi-resonance schemes allows foiations of the strongly interacting® lHg, and 1Ag sys-
probing transitions between excited states near the ionizatiofems have improved to agreement with observations within a
and dissociation limits. The state-selectivity achieved byfew cm !, even for levels that are complicated superposi-
laser-based experiments, performed by our gtoapd tions of Born-Oppenheimer states with nonadiabatic shifts of
others>>®1® provides the necessary handle to unravel themore than 100 cm*.?223However, it appears that a number
complicated and perturbed structure of the excited singledf predicted levels in the energy region close to the2
states in hydrogen. dissociation limit are still unobserved. At the one hand there
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must exist higher vibrational levels of well-known electronic
states; at the other, these calculations also predict a hitherto H*+ H
unobserved electronic state, called thestate, which ap- 140 0001
pears in the representation of adiabatic potentials as a shal- +
low minimum of thel 11'[g potential at large internuclear H,
distance, separated from the knoWwstate by a high barrier.
We will refer to the two potential wells asand |’ states 1
following Yu and Dresslef? calling the entire double-well
potentialll ’.

The existence of a second, shallow well in the lowest
lHg potential of the hydrogen molecule was first suggested 4
by Mulliken®* using the following argument. The long-range )
interaction of two hydrogen atoms in the Iowéﬂg-type \ Hy:v=16
superposition of the atomic orbitalsst 2p is attractive® 100 0004 Dy:v=23
the Iowestll'[g state of H in the molecular-orbital basis is 1+
1so 3dmy, which is ann=3 Rydberg state with a potential
distictly above then=2 dissociation limit at moderately
large internuclear distand®. Due to the noncrossing rule,
both must be connected at large forming a single adia-
batic potential. The first calculation confirming the predicted
outer potential minimum was performed by BrowAidt is
not obvious whether the electronic configuration can be de- 0-
scribed more easily in terms of molecular orbitdl4O) or ——————————7————
atomic orbitals(AO). In the MO basis, thé’ potential well 0 insternuclear disltgnce (an) 15
is formed by the core-excitedpzr,2p, electronic state, o
which is repulsive at small internuclear distance but correfiG. 1. Excitation schemed 'S ; —X 'S andl’ Tl;—B 'S transitions
lates with the 043dm, Rydberg potential via an avoided are driven by temporally overlapped XUV and IR laser pulses. A delayed
crossing, giving rise to a steep barrier. This is similar to thq[gr?itz’zﬂgtr’]'se producesH(or D) from excited|” levels by dissociative
system of 2 potentials, where the well-known double-well '
potential shapes are explained by moleculseJnlo g orbit-
als of Rydberg states interacting with the doubly-excitedg|s with y=0-2, J=1-5 in H, and with v=0-5, J
(2poy)? configuration; theEF potential as the lowest en- _1_6in D, of both (¢) and () electronic symmetry are
ergy example is composed of a pure Rydberg state, formingyentified and their energies are determined, showing reason-
the inner well, and a pure doubly-excited state that forms the o agreement with thab initio calculation€® Some extra
outer well. In the AO basis, the minimum is explained by  |ines are found, which belong to transitions EF and
the interplay of the weak long-range dipole attraction WithGKlza— levels, and additionally some more complicated

the repl)ulsion due to the antibonding character of thescture is observed in the vicinity of the<2) dissocia-
1s2pw “1I, Heitler-Londen configuration. Calculations by o limit.

Browne?® and at higher accuracy by Zemkeal?’ decide in
favor of an atomic-orbital description, although major con-
figuration mixing remains present. More recaitinitio cal-
culations by Kotos and RychlewsRi(including also triplet Thel’ 'I4 levels in H, and D, are excited by two syn-
andungeradestate$ and by Dressler and Wolniewitzstart ~ chroneous laser pulses in the XU®xtreme ultraviolgtand
from a much larger set of basis functions, leading to an aclR (infrared, driving a resonance-enhanced two-photon tran-
curate potential over a wide range of internuclear distancesition with a vibrational level of th& !X state as interme-
The |’ state has a maximum binding energy of about 200diate as illustrated in Fig. 1. Starting from a thermally popu-
cm ! at R=~8 a.u., which should sustain a couple of rovi- lated rotational level withv=0 of the electronic ground
bronic levels whose energies are predicted in Ref. 29 foptate, a moderately high vibratioriallevel is excited, which
several isotopomers in the adiabatic approximation. Energiel§ chosen to have good Franck-Condon overlap with the
are given as part of a calculation of all levels in both wells ofground state and with the' state around the inner and the
the I’ potential; as the barrier at intermediate internucleaouter classical turning point, respectively.
distance reaches a value-sfL850 cm ! above the dissocia- The general features of the experimental setup are simi-
tion energy, all levels are almost completely localized in ei-lar to the one used for the investigation of tHél 1EJ state
ther of the potential wells. So separate sets of vibrationain H,.° A schematic overview is given in Fig. 2. The output
guantum numbers are used for thandl’ states, following of a pulsed dye laséPDL), pumped by the second harmonic
Yu and Dresslef® of an injection seeded, Q-switched Nd:YAG laser, is fre-
In the present study we report the observation of rovi-quency doubled in a KDP crystal, providing35 mJ/pulse
brationall’ levels in isotopomers of the hydrogen molecule,of coherent UV radiation. XUV radiation is produced via
which are excited in XUWIR two-photon transitions. Lev- third harmonic generation from the UV beam, which is fo-
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FIG. 3. The spectral filter separating the third harmonic XUV from the
fundamental UV radiation. The rod creates a shadow in the UV distribution
along the optical axis. A considerable fraction of the XUV is generated close
to the axis and passes through the slit, which cuts off the UV.

FIG. 2. Schematic experimental setup. PDL: pulsed dye laser.s2cond
harmonic generation.: third harmonic generation. DM: dichroic mirror.
PD: photo diode. The pulsed xenon jet and the collimatgedéam flow in
differentially pumped vacuum chambers.

thel’ state also some parasitic’Hind H; ions are produced

by the combination of laser pulses. The energies of the XUV

cused (=18 cm in a pulsed jet of xenon. The tunable XUV (=93 nm and fundamental UV £280 nn photons are
light is tuned on and fixed to transitions from th@lzg+ sufficient to produce Hl ions in a REMPI process when the
electronic ground state to selected rovibrational levels of th&XUV is tuned in resonance with thB state. H is also
B> state. The light for the second step, inducing transi-detected, originating from at least a three photon process;
tions in the I'—B system, is obtained from a second this phenomenon was discussed in Ref. 8. By separating the
Nd:YAG pumped PDL. incident UV beam from the generated XUV, these back-

There are different constraints for the choice of the vi-ground signals can be strongly reduced. The procedure and
brational B level, which determines the combination of tools to geometrically separate the fundamental from the
wavelengths needed in both excitation steps: primarily thehird harmonic are schematically displayed in Fig. 3. A rod
Franck-Condon overlap in thE —B system, but also the (diameterd=1.5 mm) is placed in the UV beamdi~8 mm),
ease of generating XUV and IR and the possibility of ain front of the lens along the propagation of the overlapping
wavelength calibration of the second excitation step. Thdight beams. A slit with adjustable central position and width
yield of XUV photons and the reliability of the XUV gen- is then used at a distance of10 cm behind the focus to
eration is best foh>91 nm; these wavelengths can be gen-block the propagating UV-beam. The XUV-beam, predomi-
erated using the efficient and very stable dyes Rhodamine 6@antly generated on axis, due to phase-matching, is transmit-
and Fluorescein 27, pumped at high power by the secontkd into the interaction region in the far field through the slit
harmonic of a Nd:YAG lasef600 mJ at 532 nm For the  opening. The XUV-yield with this wavelength-separation
infrared wavelengths the LDS 925 dye combines a sufficiensetup is 40% of that obtained without XUV-UV separatidn.
quantum efficiency(6%) in a wide range of wavelengths Since the rovibronic energy levels of tBe'S, | state are
(900-940 nm with solvability in methanol, such that the known®1!! only the infrared used in the second excitation
hazardous use of highly toxic solvents can be avoided. Witlstep needs to be calibrated for a determination ’dfﬂg
these combinations of dyes, the rovibrational levels of thdevel energies. Because no convenient reference-standard is
B3, state withu=16 in H, andv=23 in D, can be ex- available around 925 nm, part of the IR-light is frequency
cited and the entire manifold of vibrationHl levels can be doubled in a KDP crystal, and a J<absorption spectrurat
covered, while the Franck-Condon overlap in the-B sys-  510°Q is recorded simultaneously with the double reso-
tem is reasonable for both isotopes. nance spectra probing th&' states. By fitting of the

Since photons of the third harmonic of Nd:YA@55  Te,-resonances with Gaussian profiles and assigning the
nm) are sufficiently energetic for dissociative ionization of a peak positions with the Teatlas®® an accurate frequency
H, (or D,) molecule from thel’ state, but not from th&  scale is constructed for the IR. Frequencies of theard D,
state, detection of Hions can be used to record spectra oflines are then determined via fitting of the resonances and
thel’ 'II;—B '3} band system. The ions are extracted fromcomparison with the frequency scale. At low excitation in-
the interaction region by a pulsed electric field, which istensities the linewidth of the Hand D, lines is about 0.08
delayed with respect to the laser pulses. lons are massm ! (FWHM), which corresponds to the IR laser linewidth.
selected in a field-free time of flighffOF) tube and col- Because the molecular beam and the laser beams intersect
lected at an electron multiplier. The signal from the electronperpendicularly residual Doppler broadening of the lines is
multiplier is integrated by two boxcar integrators having thenegligible.
timing windows set for H and H; ions. The IR and 355 nm The spectra are recorded in two stages. First a series of
beams are spatially overlapped by means of a dichroic mirrooverview spectra are measured, scanning the infrared dye
and both beams are then overlapped with the counterpropavith a step size 0&0.05 cm . Although this nearly equals
gating XUV beam, intersecting the molecular beam in thethe laser linewidth, all I’ —B) transitions are unambigu-
interaction region. The IR and the XUV beams are also temeusly discernible because the intensity of the infrared(
porally overlapped as the lifetime of thgstate is~1 ns. mJ/pulsg is high enough to cause strong saturation broaden-

Apart from the H signal ions produced via excitation of ing of the lines.
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FIG. 4. XUV+IR spectrum of H with the XUV laser tuned on thB—X
(16,0 R(1) transition.

All transitions found in the overview spectra are next
recorded a second time with a step size of 0.01 tnaver-
aging over eight pulses per step to increase the signal/noise
ratio. To prevent saturation broadening in these scans, the IR
pulses are attenuated to Qud-0.5 mJ, depending on tran-
sition strengths.

Figure 4 and the upper trace of Fig. 5 show typical spec-
tra of H, and D;, displaying the H and D" yield during an  FiG. 5. xuv + IR spectrum of ) with the XUV laser tuned on th&
overview scan of the IR laser at full intensity, while the XUV —X (23,0 R(3) transition. Upper panel: overview scan, taken wit@ mJ
requency i fed to 8-~ X (16,0 R(1) wansiton n H 1%t B s, e o e
and tOB__X (23,0 R(S) in D,. Grpups C_'f three lines each trum, registerez with reduged IR intenéity, shoSving .thegB(1,23) bandp
can be discerned, which can easily be interpreted a®the (ansitions on the scale of transition energy, together with theBsorption
Q, andR transitions of ond’'—B (v',v) band; some addi- spectrum of frequency doubled IR; lines marked with an asterisk are used
tional lines are found in between. At energies beyond thdor calibration.

(n=1)+(n=2) dissociation limit, fragment atoms are ion-

ized and detected. The lower trace of Fig. 5 shows tHe D

signal in a slow scan of the attenuated IR laser, resulting imnd Ref. 33 (B). However, the present double resonance
laser limited linewidths, together with the J@bsorption spectra allow for an improved determinationB®Etate level
spectrum. energies because we observed many of the upper levels in
as well asR transitions, providing an extra check of combi-
nation differences. These have to be analyzed separately for
systems of ortho and para levels, which are not intercon-

All observed transitons are listed in Table | foy BInd in  nected by optical transitions. In,H five cases of combina-
Table Il for D,, with their assignments as discussed belowtion differences between intermediate levels with ddare
The question arises if the observiéd-B (v',v=16) transi- analyzed; they are consistent within the experimental uncer-
tions in H, can be found iDieke’s atlas'® which contains tainty of theB level energies of~0.04 cn* in Ref. 8, but
many unassigned emission lines in this wavelength rangesome inprovement is achieved by shifting the 1 energy
Actually more than half of our observed transitions are founddown by 0.01 cm?® and theJ=3 energy up by the same
to nearly coincide(within estimated uncertainty margins amount. For eved it turns out that combination differences
but these may be happenstance coincidences. Thereforeoftransitions viaB, v=16,J=2 and O(five casepare con-
check for combination differences was made for transitionsistent within 0.02 cm?, while transitions vial=4, com-
from the same upper levels to seveBal v=16 states, as- pared toJ=2, give energies systematically lower by 0.1
suming that Frank-Condon factors are comparable in view ofm™! (four cases We assume that th&=4 energy should
the potential shapes and the location of the classical turninge 0.1 cm* higher than derived from Ref. 8, but consistent
points. In most cases no transitions at the predicted frequenvith Ref. 12; this discrepancy is acceptable because in Ref. 8
cies were found; we conclude that the-B band system is the value is only based on the relatively weai3) transi-
probably not contained iDieke’s atlas tion, while J=0 and 2 energies are consistently derived from

Total level energies with respect to the ground state ar¢he P(1), R(1) andP(3) transitions. A similar analysis of
obtained by adding the measured transition energies in the IBombination differences in Pleads us to the assumption of
to the energies of the intermediaBelevels; the latter were B level energies that also differ slightly from values in Ref.
obtained by addin®— X (v’,v=0) transition energies from 8. Level energies of the intermediate levels both fgrard
Ref. 8 and ground state rotational energies from Ref. 33 (H D, as used to determine the excited state energies are listed

* * % * * * *k

I I
21460 21470

energy (cm'l)

I
21450

Ill. RESULTS AND DISCUSSION
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TABLE |I. Transition energies in ct in the second excitation step in,iith B 'S+, v=16, J intermediate

levels.
E State J’ E State J’ E State J’
via B (J=0) viaB (J=1) viaB (J=3)
10679.45 EF31 1 10680.09 EF31 2 10567.32 EF31 2
873.21 1”0 1 853.02 1”0 1 643.45 EF31 4
883.60 EF32 1 853.53 EF32 0 749.63 13 4
944.58 1”1 1 859.13 1”0 2 755.37 1”0 2
977.25 "2 1 881.38 EF32 2 764.70 1”0 3
989.19 a 1 92436 1'1 1 776.55 1”0 4
928.48 1”1 2 777.62 EF32 2
via B (J=2) 951.32 GK38 0 794.64 b
957.00 1”2 1 807.68 b
10664.85 b 95930 I'2 2 824.67 1”1 2
665.36 EF 31 3 970.02 b 828.66 EF 32 4
693.16 1”0 4 972.54 b 830.86 I'1 3
694.09 13 3 838.54 "1 4
811.75 1”0 1 via B (J=4) 855.53 1”2 2
818.01 1”0 2 858.90 1”2 3
822.16 EF 32 1 10609.65 EF31 5 862.72 1”2 4
827.04 1”0 3 680.87 1”0 3 866.23 b
863.79 EF 32 3 664.95 b 867.66 b
915.80 1”2 1 707.46 1”0 5 868.74 b
918.14 1”2 2 717.62 EF 32 3
919.71 GK8 1 747.12 1”1 3
921.33 1”2 3 755.10 1”1 4
927.73 a 1 760.26 EF 32 5
928.84 b 76390 I'1 5
931.20 b 775.14 1”2 3
779.24 1”2 4
783.26 1”2 5

@No electronic and assignment, bud assigned from combination differences.
PAs (a), J' unknown betweed—1 andJ+1.

in Table Ill, together with the shifts with respect to Ref. 8 asexcited byP andR and(f) levels byQ transitions. The agree-

well as the deviation from Ref. 12 forH ment between observed and calculated energies is very good
Unambiguous assignment of rovibrationaf'Il, levels  for v=0 in H, as well as in Q) (within ~0.1 cn * for both

is possible forn=0-2,J=1-5 (e electronic parity andJ (e) and (f) levels, but deteriorates at higher, when inter-

=1-4 (f parity) in Hy,, andv=0-5,J=1-6 (e) andJ preted as a relative deviation of binding energiesth re-

=1-5 (f) in D,. Total energies of these levels with respectspect to the dissociation limjtthe discrepancy increases to

to theX 'S, , v=0, J=0 ground state in each isotope are as much as 25% for the highest observed vibrational level

listed in Tables IV and VI and compared widb initio val- (v =5) in D,. This suggests that thed initio calculation of
ues. Further levels that were observed are listed in Tables the potentid® is rather accurate for internuclear distances up
and VII; their assignments are discussed below. to ~10 a.u., but deviates in the long range region, where the

Theoreticall’ level energies are derived from the most highest vibrational wave functions typically have their larg-
recentab initio calculation by Dressler and Wolniewié?, est amplitude.
who give binding energies with respect to the=2)+(n Identification of the transitions that do not belong to the
=1) dissociation limit. Energies with respect to the groundl’ —B system is somewhat more difficult, because nonadia-
state are deduced by substracting them from 118377.023atic interactions are known to play a major role for states
cm ! for H, and 119029.700 cit for D,; these values that are associated with potentials at short internuclear dis-
follow from the sum of the most accurate dissociation enertance. Transitions in § can be assigned aSF—B and
gies of the respective ground state -calculated byGK—B with upper levels first identified by Tsukiyama
Wolniewicz** (36118.069 cm* for H,, 36748.364 cm' for  etal” asEF 'S, v=31-32 andGK 'S, v=8. Our re-
D,) and the k-2s atomic transition energy82258.954 sults are consistent with Ref. 2 within the experimental un-
cm ! for H, (Ref. 35 and 82291.336 cm' for D, (Ref. 36.  certainty, except foEF, v =31, J=4, which is 0.3 cm? off
The calculation in Ref. 29 was made in the adiabatic apas shown in Table V. Observed energies are about 60'cm
proximation, soA-doublet levels are degenerate. However,lower than calculated adiabatic enerdieand still more than
nonadiabatic interaction with the manifold 6Eg states 20 cm ! lower than first calculations taking nonadiabatic
only occurs with (e) levels of I’1Hg, resulting in a interactions into accoudt in the most receniab initio
A-doublet splitting betweete) and (f) levels. In our excita-  calculatiorf® the remaining discrepancy is ordy3 cm *. A
tion scheme with 8 13| state as intermediatég) levels are  series of levels in Pappear to form two rotational progres-
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TABLE II. Transition energies in cm' in the second excitation step i, Dvith B 13}, v =23, J intermediate

levels.
E State J’ E State J’ E State J’
via B (J=0) viaB (J=2) viaB (J=3)
10897.83 1'5 1 10730.27 EF45 1 10703.15 1’0 2
899.55 a 1 73192 1'0 1 704.88 EF 45 2
73520 I'0 2 708.04 1’0 3
viaB (J=1) 740.06 1'0 3 71448 1'0 4
746.74 EF 45 3 727.72 EF45 4
10748.27 EF45 0 79261 1'1 1 76311 I'1 2
753.27 1I'0 1 795.19 1’1 2 766.97 1’1 3
75654 1’0 2 79896 1’1 3 77192 1'1 4
758.28 EF 45 2 830.24 1'2 1 800.04 1’2 2
71400 1’1 1 832.07 I'2 2 802.82 1’2 3
816.53 I'1 2 834.78 1'2 3 806.26 1’2 4
85158 I'2 1 839.62 EF 46 1 811.79 EF 46 2
85341 1’2 2 849.41 EF 46 3 820.15 1’3 2
858.53 EF 46 0 850.95 1'3 1 821.94 1’3 3
865.12 EF 46 2 852.19 1'3 2 824.48 EF 46 4
87231 I'3 1 853.96 '3 3 829.91 1’4 2
87352 I'3 2 861.24 1’4 1 830.96 1’4 3
88258 1'4 1 861.97 1’4 2 83224 1’4 4
88330 I1'4 2 862.99 1’4 3 834.15 I'5 2
887.15 I'5 1 865.78 I'5 1 83469 I'S5 3
88753 I'5 2 866.15 I'5 2 83531 I'5 4
888.90 a 2 866.68 |'5 3 835.64 a 2
889.06 a 2
via B (J=4) viaB (J=5) viaB (J=6)
10665.40 1'0 3 10618.73 1’0 4 10667.55 1’3 5
671.92 1'0 4 626.80 1'0 5 670.63 1’3 6
672.10 EF45 3 632.00 EF45 4 671.97 EF46 5
679.73 1'0 5 636.09 1’0 6 67356 1’3 7
702,53 EF45 5 664.47 EF45 6 675.98 1'4 6
72433 1’1 3 67620 1’1 4 67669 1’5 5
72939 1’1 4 68243 1’1 5 678.74 a 5
73547 1’1 5 689.45 1’1 6
760.15 1’2 3 71056 1’2 4
763.73 1’2 4 71492 1’2 5
767.97 1’2 5 719.77 1’2 6
77481 EF 46 3 728.06 1'3 4
77932 1’3 3 73115 1’3 5
78158 1’3 4 734.00 1'3 6
784.18 1’3 5 73651 1’4 4
788.36 1’4 3 737.98 1’4 5
788.57 EF 46 5 739.39 1'4 6
789.69 1’4 4 73957 I'5 4
791.08 1’4 5 742.60 b
79206 1’5 3
79269 1’5 4
79330 I'5 5
795.32 a 5
#No electronic and assignment, bul assigned from combination differences.
bAs (@), J' unknown betweed—1 andJ+1.
sions, to our knowle_dge hlthert_o unobserve_d, fu_rther analysis Euie)=Evan+QuI(I+1). 2
leads to an unambiguous assignment&&svibrational lev-
els. Resulting parameters forHand D, are listed in Table VIII.

A rotational analysis is performed for each observed vi-Thg rotational distortion constanB are large, indicating a
brational level of thé” andEF states. Fot’, energies ofe)  girong deviation from a rigid rotator system; this is illustrated
and (f) rotational levels are simultaneously fitted to the for-in Fig. 6 by a plot of energy v3(J+ 1) for levels in By. For
mula the EF state, the relation fok, states is used,

Euy= v, +B,[I(I+1)—A%]-D,[J(I+1)—A?]?

Q) E,s=v,+B,[J(J+1)]-D,[II+1)]% 3
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TABLE lll. Energies ofB 'Y, v=16, Jlevels in H, andv=23, Jlevels  TABLE IV. Energies of thel’ 'TI, levels in H relative to theX 'S/ , v

in D, relative to theX 12g , v=0, J=0 ground state, corrected by the =0,J=0 ground stateE_, values are derived from binding energies given
analysis of combination differences as explained in the texrefers to the  in Ref. 29, shifted appropriately on the energy scale as explained in the text.
correction with respect to Ref. 8 an, to the difference from energies in  All values in et

Ref. 12 for H. All values in cni 2.

(e) levels (f) levels
J Eobs A 1 A 2 Eobs A 1 J Ecalc Eobs A oc Eobs A oc
H,: B, v=16 D,: B, v=23 v=0
0 107383.99 0.00 —0.08 108129.80 —0.02 1 118257.17 118257.20 +0.03 118257.19 +0.02
1 107404.17 —-0.01 +0.01 108140.46 —0.06 2 118263.40 118263.31 —0.09 118263.45 +0.05
2 107445.44 0.00 -0.01 108161.84 —0.02 3 118272.63 118272.48 —0.15 118272.64 +0.01
3 107507.94 +0.01 -0.01 108193.83 -0.01 4 118284.72 118284.49 —0.23 118284.78 +0.06
4 107591.62 +0.10 +0.02 108236.46  +0.05 5 118299.46 118299.08 —0.38
5 108289.56 0.00
6 108353.11  +0.18 v=1
1 118328.13 118328.58 +0.45 118328.53 +0.40
2 118332.29 118332.64 +0.35 118332.80 +0.51
3 118338.35 118338.74 +0.39 118338.79 +0.44
4 118346.10 118346.48 +0.38 118346.72 +0.62
5 118355.19 118355.52 +0.33

The two unknown bands in Dcan now be identified by
comparing the results from the rotational analysis with pre- v=2

dictions for some vibrational levels ajerade states from ; ﬂgggg-ig 112321-24 +111 11836117 +1.04
_ , -2 o . 347 +0.99 11836358 +1.10
Ref. 3f7' ex_pecta_ltlor;] valueR™*) of adllabaltlc vibrational g 3 11836580 11836676 +096 11836684 +1.04
wave functions in the nonrotating molecule are converted ;  11g3g0%s>  118370.66 +084  118370.86 104
into B constants by the relation 5 118374.12  118374.88 +0.76
B= R2 4
amon R @

(J-dependent coupling between thé’, v=3 andEF, v
=46 vibrational states and solving the eigenvalue problem
for each value of],

(B constants in cm'; molecular reduced massu
=918.0764n, for H, and 1835.239%, for D,). The em-
pirical v andB constantg1.704 and 1.084 cimt; cf. Table

VIII') are consistent with theoretical valuesvof 44—46 lev- e NTRE)
els (2.074, 1.581, and 0.632 cm).®’ The assignments are 1'(3) VI +1) ¥ —EV ®)
tentativelyEF, v =45 and 46 assuming that deviations be- VJI(J+1) Eerae) '

tween observed levels and adiabatic calculation are similar in
H, and D,; further confirmation is obtained from the pre- From the fit to the observed level energies a coupling con-
dicted energy of the»=45, J=5 level in Ref. 23, Table stant of =0.077(4) cm?! is determined. The twd=4
VI, which is only ~4 cm ! higher than the experimental eigenstates have mixdd and EF character of nearly equal
value. contribution, while all other] states turn out to be pure
The observed\ -doublet splittings in the’ 1Hg state are states, with less than 1% admixture of the other electronic
generally very small €1 cm 1); the Q constants in Eq. 2 character. In Hno such strong mixture df and other states
reflect the systematic shift of th@) levels caused by their was found.
heterogeneous, nonadiabatic interaction with states of the The energies of the’ levels and the interaction with the
12; manifold. This includes contributions from bound vi- EF state are accurately described by the relations in &9s.
brational levels that lie far away in energy, as well as from(2), and(5) with deviations of less than 0.05 crhthrough-
the dissociation continuum of these states. Possible systemut. Thus it is found that nonadiabatic effects in theuter-
atic shifts caused by states witte=1 are not accounted for well state appear to be small; the adiabatic approximation
because they affede) and (f) levels identically. However, used in the calculation in Ref. 29 seems to be valid. It is
near coincidence with a rovibrational level of another elecknown, in contrast, that nonadiabatic effects do play an im-
tronic state may cause a distortion. portant role at shorter internuclear distances, where large
The valuexQ, obtained from the fit are only marginally A-doublet splittings are reported for all rotational levels.
significant in view of the derived uncertainties, wiiy lev-  Heterogeneous interaction between states with diffefent
els lying slightly lower than(f) levels; however, in D one  within the singletgerademanifold is attributed to the rota-
example of a resonant nonadiabatic interaction is found thaional coupling between the Rydberg states of tlilec®m-
provides some information on the coupling strength oflthe plex, (3do)G 12g , (3dm)l 11'[g and (36)J 1Ag. The situ-
state with other states: Thie=4 levels of thel’ 1l'Ig(e), v ation is complicated by homogeneous interaction between
=3 and theEFlEg, v =46 states coincide in the rotational the 12; states, which stems from the crossing of
analysis; in the experiment the levels are found to be sepdlsogynlo,) Rydberg state potentials with the doubly excited
rated by 0.6 cm® (cf. Fig. 6), while for otherJ levels no  (2po,)? configuratior?? So it is not surprising that the rep-
significant deviation from the rotational fit is found. The un- resentation oEF levels by a rotational progressidof. Eq.
derlying interaction is analyzed by invoking a heterogeneou$3)] is less accurate, becau@e contrast to thd' statg the
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TABLE V. Energies of identifie®F, GK 'S andl "1 levels in H; A, TABLE VI. Energies of thel’ "1 levels in D, relative to theX '3 v

is the difference from values from Refs. 2, 23 ahg gives the deviation =0, J=0 ground stateE, values are derived from Ref. 29 in the same
from a fit to Eq.(3) with constants listed in Table VIII. way as for H in Table IV. Unperturbed levels are represented by Ets.
and (2) within 0.05 cnmi 2.
J Eobs A1 J Eobs A1 A2
(e) levels f) levels
EF, v=31 EF, v=32 3 E E A E A
0 118052.99 0 118257.70 —0.01 —0.20 cale obs o obs o°
1 118063.44 —0.03 1 118267.59 —0.02 +0.17 v=0
2 118084.26 —0.05 2 118285.55 —0.07 +0.21 1 118893.68 118893.76 +0.08 118893.73 +0.05
3 118110.80 0.00 3 118309.23 +0.02 -0.25 2 118896.95 118896.99 +0.04 118897.04 +0.09
4 118151.39 -0.31 4 118336.60 —0.08 +0.07 3 118901.84 118901.88 +0.04 118901.87 +0.03
5 118201.27 —0.02 5 118351.88 —0.01 —10.22 4 118908.30 118908.30 0.00 118908.38 +0.08
5 118916.29 118916.19 -0.10 118916.36 +0.07
GK, v=8 I, v=3(e) 6 118925.65
118355.49 +0.04 3 118139.53 +0.17
1 118365.15 —0.01 4 118257.57 —0.05 v=1
1 118954.26 118954.45 +0.19 118954.46 +0.20
“value taken from Ref. 2. 2 118956.82  118956.97 +0.15  118957.03 +0.21
Level left out of the fit. 3 118960.62  118960.80 +0.18  118960.80 +0.18
4 118965.63 118965.76 +0.13 118965.85 +0.22
5 118971.77 118971.93 +0.16 118971.99 +0.22
6 118979.01

vibrational wave functions of these levels extend over a wide

range of internuclear distand® and therefore interact with 118991 30 118992”0;2 078 11899204 +0.74

other states at smaltt. o 11899313  118993.87 +0.74  118993.91 +0.78
In Tables V and VIl deviations between observed ener- 118995.83 118996.60 +0.77 118996.65 +0.82

gies of theEF levels and a fit to Eq(3) are listed. The fits 118999.34  119000.11 +0.77  119000.19 +0.85

for the EF, v =45 andv =46 states in B do not reproduce 119003.59  119004.43 +0.84  119004.48 +0.89

thev =45, J=5 andv =46, J=0 energies, which had to be 119009.33

left aside in the fitting procedure. Their deviations-02.29 v=3

DO WN P

and —0.35 cm'!, respectively are presumably due to the 1 119011.66  119012.79 +1.13  119012.77 +1.11
nonadiabatic interaction with near-coincident levels. For the 2 119012.88  119013.98 +1.10 ~ 119014.03 +1.15
; R 119014.65 11901579 +1.14 11901577 +1.12
former, we found a candidate perturber state which lies 7.68 3
1 ; P 4 119016.93  119018.31 a 119018.04 +1.11
cm ~ lower in energy. , 5  119019.63  119020.65 +1.02  119020.71 +1.08
The level energies of th&F, v=31 state in H are 6 119023.56 119023.74
strongly distorted, leading to deviations from a fit using Eq. 7 119026.67
(3) of more than 1 cm? for several levels; we do not present p=d
f?t parameters because they are not mean?ngful. This situa- ¢ 119022.09  119023.08 +099  119023.04 +0.95
tion is not unexpected, as the calculation of Yu and 2 119021.83  119023.76 +0.93  119023.81 +0.98
Dresslef® shows that three rotational level progressions 3 119023.90  119024.83 +0.93  119024.79 +0.89
cross EE, v=31 betweenJ=2 and 3 ( ng v=3: 4 119025.24 119026.07 +0.83 119026.15 +0.91
' ' - ' 5 119026.75  119027.54 +0.79  119027.54 +0.79
O'Sy, v=0; andS*'Ay, v=0). The rotational fit of the ] 11902898

EF,v =32 state represents tlle-0—4 levels reasonablgf.
Table V); deviations in the order of 0.2 cm are significant 110026.95 11902711625 068 11902761 4066
in view of the experimental unc_ertamty, |nd|cgt|ve of p_elrtur- 11902738 11902798 +0.60 11902799 +0.61
bations. The observed energy if tle=5 level is 10 cm 119027.99 11902852 4053 11902852 4053
lower than the fit; this striking feature is consistent wath 119029.14 119029.15
initio calculations within 3 cm?, Ref. 23. 119029.78 b

Some transitions in both Hand D, still remain unas-
signed. The observation of a strong Kignal on these reso-
nances close to thenE2) dissociation threshold suggests
that they are associated with bound levels stretching to the
long range part of the potentials, but no obvious band strucfv =33 andv =47 respectively A further estimate can be
ture is found. A similar perturbed structure close to the ( obtained by an analysis of the number of vibrational states
=2) dissociation limit was found earlier in the system of that are sustained by a potential close to its dissociation limit,
ungeradestates, by Eyler and co-worket4.The extra tran-  following LeRoy and Bernsteffi and Stwalley*® only the
sitions were in a qualitative sense attributed to couplingsong-range behavior of the potential curve is needed as an
between singlet and triplet, as well as betweegeradeand  input to extrapolate from the known vibrational level struc-
geradestates close to the dissociation threshold. A detailedure. There are three singlgeradepotentials in the hydro-
investigation of the perturbed structure in this energy ranggen molecule that dissociate into ## 1)+H(n=2), the
remains the subject of future work. EF'S,, the GK'Y , and thell’ 'II potentials, which

Ab initio calculationd®®’ predict one more vibrational  correlate at large distance with atomic statestPs, 1s
level in H, (v=3) and for both H and D, in the EF state  +2po, and 1s+ 2pr, respectively. The leading terms in the

a b wNBE

3Perturbed byEF, v=46, J=4.
PResonance above threshold.
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TABLE VII. Energies of identifiedE F 1Eg levels in D,. A gives the de-
viation from a fit to Eq.(3) with constants listed in Table VIII. All values in 119030
cm™ L. |
J Eobe A J Eobs A 5 119020
EF, v=45 EF, v=46 @
0 118888.73  +0.06 0 118998.99 —0.35 g
1 118892.11  +0.03 1 119001.46  —0.02 S 1190107
2 118898.73  —0.08 2 11900559  +0.02
3 11890857  —0.11 3 119011.26  +0.02
4 11892155  +0.12 4 119017.62  —0.03 119000 e HAL AR B S e —
5 118938.99  +2.29 5 119025.06  +0.01 0 10 20 30 40 50
6 118954.03  —0.02 JU+1)

FIG. 6. Rovibronic energies of the highest obserl/de) andEF levels in
D, as a function ofi(J+1); the deviation from a straight line indicates the

| tential lculated by Steph ‘s';{r:ong nonrigidity of vibrational levels close to the dissociation threshold.
ong-range potentials were calculated by Stephens ang. " _3" 124 jevel is perturbed bEF, v =46

Dalgarno® The I’ state shows a dipole attractionR™ 3,
while the EF state is attractive with a van der Waals poten-
tial <R~ 8. So both these states might contaitievels close

to the dissociation limit. Th&K potential is repulsivecR—3 ~ UeSv=<vp. For thell” potential,n=3 andC,=0.554929

- : 1 (in atomic unitg from Ref. 40 lead taz(H,) =3.2343 and
B e (045720 v, 10 ke e’ P 7
o shows a modified Birge-Sponer plot of € vp)/a; against

the analysis. 106 : . .
According to LeRoy and Bernstéfhand Stwalley®the  £v - which allows us to include experimental values of both

binding energies, of vibrational levelsy close to the dis- isotopes in a single graphe, is taken with respect to

Al ~- .
sociation limit of a potential that asymptotically follows a 11I837d7'.1 cm dfor: H and _11902.9.'7 et for Dy; th‘? re- f
simple power law)/=—C,R™", are related by sults discussed here are insensitive to an uncertainty of at

least 0.2 crn. We find that data points of both isotopes fit
vp—v~a,e "2 (6)  well to a straight line with a slope of 0.97, close to the
expected slope of- 1. Strikingly there is no deviation from

ith i . :
w linearity even for the lowest levels. Extrapolation tc,
2V7 T'(1/2+1n) \2u =0 leads to effective vibrational quantum numbers at the
a.= 1/n (7) . .. . .
""h—2 T(1+1nh) h N dissociation threshold af=6.99 in H, andvp=10.10 in

, ) _ D,. So in the adiabatic approximation, 4—5 more vibrational
derived from Eqs(7) and(8) in Ref. 39; the constant, can  |gyels are expected above the identified ones in both iso-
be interpreted as the “effective” vibrational quantum num- topes: however, the highest ones are too close to the disso-

ber at the dissociation threshold. From expe_nmental valueiation limit to be undisturbed by fine and hyperfine interac-
of &, one can derivep by extrapolating tae,=0 and de-  on A similar analysis for the observed levels in tB&

termine binding energies of vibrational levels for integer Va"state, withn=6 in view of the van der Waals potential at
large distance, shows strong deviation from the relation of
TABLE VIII. Results of the rotational analysis of vibrational levels ip H EQ. (7). It follows that both in H and D,, an additional
and D, according to Eqs(1), (2); the interaction ofEF, v=46 andl’, v vibrational level is expected at binding energies in the range
=3 is accounted for following Eq(5). Al values in ¢ *. 0.5-5 cm. This analysis holds for the nonrotating mol-
ecule g=0); for all 3>0 states the long-range potential is

-3 —3

7 " B, b.110 i dominated by the (repulsive centrifugal term wJ(J

Hp: 1’ state +1)/R?, effectively limiting the number of stable rotational
0 118255.63 1570 1.88 -16.3 levels. For thd’ state there exist nd=0 levels, so at least
! 118327.49 1.068 3.05 ~127 J=1 has to be stable for a vibrational level to exist at all.
2 118360.60 0.609 3.68 -10.2 , > ; X

The predicted binding energy of thé, v=3 state in H is

H,: EF state ~4 cm %, which is more than for the observed:5 level in
32 118257.90 485 46. D,; at least thred levels should be stable. However, Bif

D,: |’ state level (v=33) is expected at roughly the same energy, which
0 118892.93 0.821 0.46 4.6 probably interacts with the’, v=3 level. Indeed some lev-
1 118953.80 0.647 0.70 —34 els are observed in this energy range with perturbed positions
2 118991.59 0.467 0.76 —29 such that we cannot assign them.
3 119012.47 0.309 0.91 -26 . ) o
4 119022 86 0.190 0.97 12 Incidentally rotational levels which lie slightly above the
5 119027.51 0.099 0.71 -06 dissociation energy are metastable, due to confinement by

D EF state the centrifugal barrier; this phenomenon occurs in the
45 118888.67 2'1.711 3.68 =5, J=5 state of the B molecule(cf. Table VI), observed

46 118999.34 1.084 763 as a narrow resonance several 0.01 érabove the dissocia-
tion threshold. The long-range potential for thes 1
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FIG. 7. Plot of the vibrational quantum numhenf |’ levels in H, (circles
and D, (squares as function of the binding energy on af’® scale.v is 0
taken on a¢ —vp)/a; scale to fit data points of both isotopes with a single : . | . i . : | . i :
straight line. Arrows indicate positions of predicted levels. 118377 118378

energy (cm™)

+2pm casé® and the centrifugal potential for Dwith J FIG. 8. H, dissociation spectrum excited from tf&!S ' ,v=16, J=1
=5 give rise to a barrier 00.05 cm'! at an internuclear state; H(2) fragments are probed by the'Hsignal that is produced by the
distance of 100 a.u. An estimate of the tunneling probabilitydelayed UV pulse. The sudden onset of dissociation at 118377.2,cm
in the WKB approximation shows a very strong energy de_lcnodr:;ﬁtuejmb.y a dashed line as a guide to the eye, is attributed td-=tite
pendence(one order of magnitude per 0.01 ¢/, so a
guantitative prediction of the resonance width would require
an extremely small energy uncertainty. other states were investigated, which can account for some
Figure 8 shows the onset of tle=2 dissociation con- irregularities in thel” spectrum. These interactions turn out
tinuum, excited from al=1 intermediate level; thus con- to be about two orders of magnitude weaker than similar
tinuum states withl between 0 and 2 may contribute. The interactions between othegerade states of the hydrogen
delayed third laser pulse ionizes atoms left in fmstate  molecule. The same holds for the systematic interaction with
after dissociation; atoms in tH2p state are not detected due the whole 125 manifold as deduced from the small
to their short lifetime. Wigner's threshold law implies that A-doublet splitting. Some spectral lines very close to the
the yield as a function of excess energys dissociation limit remain unassigned; a detailed investigation
412 of the perturbed structure in this energy range remains the
loce ) (8) .
subject of future work.
as pointed out in Ref. 4. This implies that the onset of the
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