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Tunneling and decay dynamics of 1-712;“ outer well states in hydrogen
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We present an experimental study of the decay dynamics of rovibrational states confined in the outer
minimum of theHH 12; potential of the hydrogen molecule. Specific,J) quantum states are
populated using a two-step excitation process involving a pulsed extreme ultraviolet laser source.
Decay products are selectively probed with additional laser pulses, using the timing of these pulses
to determine lifetimes. The competition between dissociation and ionization, occurring at short
internuclear distance after tunneling through the potential barrier, is addressed. Observed lifetimes
and decay channels &f levels are consistent with a semiclassical description of tunneling of the
nuclear motion through the potential barrier towards small internuclear distance. For the HD
isotopomer breaking of thg—u symmetry is found to strongly affect the decay dynamics.

© 2000 American Institute of Physids$0021-9606800)00624-3

I. INTRODUCTION photon ionizatiol® and by (XUV +visible) two-frequency
photoionization'°
Molecular hydrogen, the smallest neutral molecule, is a  The theoretical framework of multichannel-quantum-
benchmark system for the study of competing decay prodefect theorfMQDT), developed to explain features of cou-
cesses of excited states, experimentally as well as theorefpling to continuum states, was refined by Jungéml. to
cally. Of the large number of studies we mention only a few.accurately reproduce the observations on states uof
Chupka and Berkowitz observed, already 30 years ago, consymmetry* and ofg symmetry'?
petitive decay by pre-ionization and predissociafidince The present experimental study focuses on the decay dy-
then many studies have been performed excitindrbim its ~ hamics of resonances of the hydrogen molecule, confined to
electronic ground state with short wavelength photons up téa"ge internuclear separation, at energies above(ithe2)
50 eV, produced in synchrotrons. Dissociative decay waglissociation limit. In the outer well of thelH ' double-
investigated by monitoring Lyman and Balmer emissionwell potential, denotedH, a series of narrow, long-lived
from the atomic H-fragments in excited staféseven in  rovibrational levels exist, part of which lie above the ioniza-
coincidence when two excited H-atoms were produtbe-  tion threshold. Accounts on the spectroscopy of these levels
cay by autoionization was detected with angular and kineticwere published befot&in combination withab initio calcu-
energy resolutiofi.In these studies super-excited statesiof lations that were shown to agree within 1 chi* In the HD
symmetry were probed, however, limited to the Franck-isotope the study was extended to #estate(short for the
Condon region, i.e., states which have vibrational wave funceuter-well part of theB”Elzj potentia), which has a po-
tions that overlap with th&*X;, v=0 ground state, lo- tential shape similar to thdeleér state. A spectroscopic
cated in a narrow region of internuclear distance. study has revealédthat nonadiabatic coupling of these two
Lasers and multiphoton excitation have extended thetates, due to a complete breakdown of gheu symmetry
scope of these studies on competing decay phenomena. Simas to be taken into account.
glet g Rydberg states were investigated using 1 X(Bx- Here we focus on the decay dynamics of individual
treme ultraviolet + 1 UV (ultraviolet) double resonance ex- ﬁlzg (v,J) quantum states. Tunneling through the poten-
citation with theB 12J state as intermediafeA similar laser  tial barrier, described within a semiclassical model, inhibits
scheme was employed to probe thé HH™ ion-pair pro-  autoionization and predissociation due to interaction with
duction channel.Via two-photon excitation of thEFlzér states at small internuclear distariRelt is shown that the
intermediate state, again thestates were probetiaccessing Symmetry breaking considerably influences the lifetimes of
states in a much wider range of internuclear distances than ife observed states in the case of HD.
earlier studies due to the extended vibrational wave function
of the EF state. At the (=3) dissociation limit the closing I1l. EXPERIMENT
of the pareqt ionizatioq chapn_el was observeq, accompanied The experimental technique to excite singlet gerade
by the opening of the dissociation channel. This phenome,noﬂesonances in the hydrogen molecule has been described
was probed by (3 1) REMPI (resonantly enhanced multi- o5 yjieri3-16here some modifications, made to identify decay

products and to determine lifetimes, will be discussed in de-
dElectronic mail: elmar@nat.vu.nl tail. States of the singlet gerade manifold are populated using
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A of different wavelengths are used for ionization: Either a 355
H*+H nm pulse from the third harmonic of a Nd:YAG laser is used,
or another Nd:YAG-pumped dye laser with a tuning range of
420-440 nm is employed. The latter provides sufficient pho-
v=2-15 ton energy for dissociative ionization ofHnolecules in the
H state and to cover the Balmer{B,) line H(n=2)—(n
120 000 =5).
The timing of the ionization pulse with respect to the
| /,F other pulses is controlled on-line by an external trigger of the
Q-switches of the Nd:YAG laserStanford Research SRS-
DGD535. For lifetime measurements in the time domain the
1+ H* signal is recorded as a function of the delay of the last
u laser pulse. An exponential with a variable offset is fitted to
the signal; in each measurement the delay range covers at
XUV least four times the decay time to allow for a reliable fit. The
fit is started at a delay of 10 ns to avoid artefacts caused by
N temporal overlap of the ionization pulse with the excitation
pulses. Hence a time domain measurement is only possible
for lifetimes 7>5 ns and accuracy is significantly reduced
0 5 10 15 for 7<10 ns.
internuclear distance (a.u.) A sufficient signal-to-noise ratio is obtained by averag-
I ing over several pulses with the same delay and by varying
FIG. 1. Scheme for resonance-enhanced two-step excitation ¢ 8tate o ge|ay time in small steps. This results in total measure-
via intermediateB vibrational levels. Population is probed by dissociative . .
ionization with a delayed laser pulse, producing Kns. ment times of up to seven minutes for a decay curve at a
repetition rate of 10 Hz. Longer averaging times do not im-
prove the measurements because the dye lasers producing the
a resonance-enhanced two-step laser excitation scheme:Xx&V radiation and the second pulse in the visible, both fixed
narrowband, extreme ultraviol€XUV) pulse(3-5 ng, pro-  on the resonance frequencies without stabilization, tend to
duced in a third harmonic process in a pulsed gas jet, selegtift in wavelength. Residual effects of the wavelength drift
tively excites a single rovibrationd 'S | quantum state. are minimized by repetitively varying the delay in both time
The intense UV radiation that originates from the XUV gen-directions.
eration process is filtered out of the XUV-beam before reach-
ing the interaction region with a noncollinear phase-
matching setup described in Ref. 16. Subsequently a puls§f rResuLTS AND DISCUSSION
dye laser in the visible or near-infrared range excites the
states to be investigated; in view of the short lifetime of the ~ Observable effects of the decay dynamics are shortening
intermediate state@ypically 1 ng both laser pulses are tem- of lifetimes and the formation of different decay products.
porally overlapped in the interaction zone. The decay dy-«Variations of lifetimes are either observed indirectly through
namics of the excited gerade states is investigated throudine broadening or directly in a time domain measurement;
detection of ions, which are either decay products themselvedecay products and corresponding decay channels are iden-
or created by absorption of an additional photon; for thistified by the formation of ions, including fragment ions, un-
purpose a third laser pulse is applied in part of the experider different excitation conditions.
ments, using different wavelengths and timings to obtain
more detailed information on the decay process. lons are
extracted by a pulsed electric field, delayed»$00 ns with Considerable line broadening is observed for the highest
respect to the laser pulses and detected by an electron mulibrational levels below the barrier in théH potential in all
tiplier. H; and H' ions are separated by their time-of-flight |sotopomers H, D,, and HD. Above the barrier energy no
in a drift tube.(Accordingly D; , HD", and D" in the cases HH levels can be identified. Figure 2 shows a sequende of
of D, and HD; this will be implicitly assumed beloyv. levels in D, converging to the barrier energy; linewidths in-
After exciting H states by the two excitation pulses, the crease from laser linewidth in=20 to 3 cm? in v =22,
third pulse is delayed to selectively probe long-lived excitedobscuring the rotational structure. At the energy where the
states by dissociative ionization, i.e., ionization reaching the) =23 level is predicted, which should lie very close to the
dissociative continuum of H as displayed in Fig. 1 HH potential barrier, a strong resonance is observed that
2 L H+H +e . (1 shows an irregular lineshape; actually most of the broadened
lines deviate clearly from a Lorentzian. In addition to line
The second laser is tuned and Hignal is registered as a proadening strong variations in the;[D* ion signal ratio
function of wavelength, together with the;Hsignal. are observed between vibrational and rotational levels as
__In order to study various aspects of the dynamics of theshown in Fig. 2; this phenomenon is also observed in the
H state and to identify different decay processes, laser pulsesther isotopes.
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(v=23) D, TABLE |. Experimental lifetimes(in ps) of rovibrationalH levels in H,

D,, and HD andB levels in HD, deduced from observed linewidths; esti-
mated relative uncertainty 20%. Calculated tunneling times are given in the

last column.
D+ J=0 J=1 J=2 J=3 J=4 J=5 cCalc.
H,
; . : v=14 21 40 34 27 48 21 14
128080 123090 128100 v=15 7.9 37 55 5.6 1.4
D,
v=21 61 >100 47 28 27 20
v=22 D,* v=22 1.0 68 28 70 24 77 26
v=23 0.54 0.54
HD: H state
Dt v=16 36 34 22 32 63
v=17 4.4 27 85 11 6.7
2 : , . v=18 20 82 52 10 0.9
g 127930 127940 127950 v=1%R 0.9 7.9 0.6 1.9
@ HD : B state
2 =2 D} v=16 45 47 61 36
> v=17 20 12 24 52
g v=18 40 30 24 16
v=19 5.8 59 4.3 15
>l >lc02em™ D+ v=20 & 24 34 25
v=21 2.P 1.5 2.1 1.8
127780 127790 v=22 0% 0 02 02

®Resonance above adiabatic potential barrier.
v=20 D' bBased on total width of a resonance with complicated shape; rotational
assignment uncertain, possibly overlappihg0 and 2, orJ=1 and 3;
uncertainty 50%.
‘Uncertainty 50%.

D+
>l<0.1 cm™

127'6mab0 N 137'630 4 and 33 ns at 433 nm. Comparable differences between mea-
energy above the ground state (cm™) surements with these two wavelengths are found for all low
FIG. 2. Sequence dfi rovibronic levels in B with v =20-22,J=0 and 2, Vlbratlor?al levels th.at were |nV€Stlg§lted. 'AS. WI'|| be dis-
excited from theB, v=27, J=1 intermediate state; Dand D' signals ~ cussed in the following section, additional ionization effects
monitor autoionization and predissociation, respectively. A complex resooccur with a pulse at 355 nm; only the measurement at 433
nance is observed at the energy whereutke23 level is predicted. nm reflects the actual lifetime of tHe quantum levels.
Experimentally determined lifetimes in,Hand D, are
I shown in Table II; in HD no lifetimes longer than 5 ns are
Lifetimes 7 of broadened resonances are deduced fron]g L . .
; ) i .. found. The uncertainty is estimated from the scatter in the
observed widtha v after deconvolution with the laser width:
= . ) results of repeated measurements performed for some of the
=1/(2mcAv) (Av in cm 7). In cases of complex reso- e . S .
. . . states. Lifetimes of the highest two vibrational levels in each
nances the total width is taken. Obviously such a structuré

does not correspond to a single exponential in the time do|_sot0pomer are significantly shortened. For lower levels

main, and the lifetime thus derived for thé state corre-
sponds roughly to the fastest time scale related to the decay
of the resonance. Lifetimes thus derived are listed in Table I.
For some levels spectra were taken with different intermedi-
ate states, showing linewidth variations in the order of only
10%-20%; we assume an uncertainty of 20% as a conserva-
tive value. The uncertainty is larger for lines that are only
slightly broader than the laser linewidth 6£0.07 cm !

only lines broader than 0.1 cm are considered.

For all but the highest vibrationad levels narrow lines T VY S
are observed, including levels above the ionization limit. 0 100 200 300
Lifetime measurements in the time domain are performed for delay (ns)
rovibrational levels withJ=0-3 andv=6-12 in H, and _
v=15-19 in O. Figure 3 shows two recordings of tﬂ’r_e, FIG. 3. Time domain measurement bf v=8, J=3 in H,, showing an

_ _ . exponential in the H signal with7=33 ns(ionizing pulse at 433 nm, upper
v=8, J=3, taken with two wavelengths of the delayed trace; the hump at=0 occurs due to laser pulses overlapping in time. With

pulse. A striki_ng difference appears _in t_he respective Meagn ionizing pulse at 355 nrflower trace the signal decreases more slowly
sured decay times: 114 ns for an ionization pulse at 355 nriue to delayed ionization of metastable i) Fragments(see text

H* yield (arb. units)
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TABLE Il. Observed lifetimegin ns) of rovibrationalH states in H and D, A A
measured in the time domain. Estimated relative uncertainty 10%. Calcu- . j
lated tunneling times are given if shorter than.&. ,H +H 'y
H (n=5)
J=0 J=1 J=2 J=3 Calc.
140 1 “
H,
v=6 28 30 433
v=7 19 27 1304 dsap
v=28 22 19 28 32 X [355
v=9 28 32 30 42 IP
v=10 41 29 33 27 190
v=11 23 18 14 16 16 1201
v=12 22 8 13 10 1.3 = H(n=2)
D, ME +H (#=1)
v=15 56 58 58 55 S 1104
v=16 56 48 50 56 2
v=17 46 50 51 57 220 g
v=18 35 10 28 15 ®
v=19 10 16 23 <5 15 1001

L L L LA R
0 \/ 5 10 15 oo
internuclear distance (a.u.)
some nonsystematic variation with and J occurs; typical _ _ _ _
. . e FIG. 4. Dynamical behavior of thid state: Fluorescence, tunneling through
values are 30 ns in Hand 60 ns in B. These lifetimes are — . i o . .
. . .. e .. he HH potential barrier, autoionization at small internuclear distance, and

considerably shorter than the predicted radiative lifetime o

: ) redissociation into the hi(=2)+H(n=1) continua. Upward vertical ar-
about 140 ns, which was calculated for fluorescence in th?‘ows denote optical excitation of the state of its decay products. hi(

ﬁlzg -B 1EJ system, the only system of bound—bound =2) fragments can be ionized by the third pulse, either by one photon at
transitionst® This deviation and the significant difference of 355 nm or through two-ph_o.ton ionization with resonance enhancement on
lifetimes in D, and H, strongly suggest that other decay M¢ H('=2)—(n=5) transition.

processes are dominant.

crease the population of the state, a nonlinear dependence
B. Identification of decay processes of the H; yield on pulse energy is observed, suggesting that

For identification of the decay channels from experimen-mur[l':'phgiOn |o(rjl|za'F|on ﬁffeCtS arr]e respon3|fble. . Ei
tal spectra it is important to consider all processes that may or production three pathways are feasibté Fig.

o . . . — . 74): Dissociative ionization of an excited neutraj kholecule,
give rise to ion signal. Possible decay channels of exdited ) 3

) . - 2 . hotodissociation of K originating from autoionization, and
rovibrational states are indicated in Fig. 4 together with ad—p bi orig g

" o . ; photoionization of neutral hydrogen atoms originating from
d|t|on_al lonization pathways induced by the third laser pljlsepredissociation. All processes require a third laser pulse and
The H outer well state may decay by fluorescence, by pre

_ U : i : tan, therefore, be distinguished by the effect of using differ-
dissociation due to interaction with the i€ 1)+H(n=2)

- - ! ent wavelengths and the ion signal dependence on pulse de-
continuum, and by tunneling of the nuclear motion through|ay_

the HH potential barrier towards short internuclear separa-  The first pathway is the generic process for the detection
tion R. After tunneling further decay at sm&imay occur by o i states as described above; all wavelengths used for the
autoionization when energetically possible, by fluorescencggnization pulse provide sufficient photon energy. A signa-
or by predissociation. The two predissociation processes may,re of this process is an exponential signal decrease as a
be called direct and indirect predissocia_tion, respectively. fynction of pulse delay, determined by the lifetime of the
H, ions are produced by exciting & level above the excited molecular state. The second pathway cannot play a
ionization limit with 1 XUV+1 visible photon, leading to significant role in the observed spectra, although it is ener-
autoionization. Tunneling through the barrier must be in-getically allowed: Photodissociation of;Hmust involve an
volved because only the lowest vibrational levels of theelectronic transition to the repulsive exciteds. state, but
X?%4 ground state of the Hion at small internuclear dis- the energy of a 355 nm photon is not sufficient for the low-
tance are energetically available. THev =10 level in His  lying ro-vibrational ground state levels of;Hproduced in
the lowest one for which autoionization is observed, al-the investigated energy range. Accordingly, most of the reso-
though it is energetically possible foe=5. All higher levels  nances with a high § yield go along with a negligible H
that show strong autoionization have a short lifetime. Assignal. The third pathway includes ionization of hydrogen
long as the intensity of the second laser is kept sufficientlyatoms in the 8 and 2o states. Both can be ionized by a
low, the H, ion signal is specific for autoionization; linear single photon at 355 nm or two photons at 434.2 nm resonant
dependence of the ion signal as a function of laser puls@ith theB, transition. The P state has a lifetime of only 1.6
energy shows that no additional photon is involved. At highns and, therefore, decays predominantly via Lymafitio-
intensities of the second laser pulse, however, as applied foescence unless the ionization pulse is temporally overlapped
some transitions with small Franck—Condon factor to in-with the excitation pulses. ThesXtate is metastable, giving
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Fig. 5. The inset shows the atomia£2)—(n=5) reso-
nance in the H signal as the ionization laser is tuned in
wavelength at a constant delay of 100 ns, identifying atoms
A in the metastable £ state as the major source of the'H
4340 4342 4344 nm signal. The nonexponential decrease of the signal with time
is clearly an artefact due to fly-out and has no relation with
lifetimes. Other (nonautoionizing high vibrational states
give rise to a strong H signal that appears only when the
0 100 200 ionization pulse is temporally overlapped with the other laser
delay (us) pulses. These levels are broadened, therefore, their lifetime is
) _ ) ) o short enough to prevent dissociative ionization of the excited
FIG. 5. H" signal fromH, v =14,J=2 in H, as a function of the ionization 0 jiself: for the same reason nd kit all is observed for
pulse delay. H signal is observed only when the ionizing pulse is resonant S . . .
with the atomic Ha=2)— (n=5) transition(434.2 nm, upper traggbut  autoionizing states with comparable lifetimes. Thus fast dis-
not at 433 nm(lower tracg. The inset shows a wavelength scan of the sociation leading to H(@) atoms, which are ionized by the

H* yield (arb. units)

ionization pulse with a constant delay of 100 ns. third laser pulse, is identified as decay process.
rise to an essentially delay independerit kignal. C. Tunneling towards small internuclear distance
All low vibrational H levels are observed in the *H Autoionization and what was called indirect predissocia-

signal, irrespective of the wavelength used for the ionizationjon both require tunneling through théH potential barrier
pulse; no H is observed in all these cases. However, differ-towards short internuclear distance. The strength of this cou-

ences in decay times obtained in lifetime measurements gfling can be quantified: Semiclassical tunneling rates are
these states with ionization radiation at 355 and 433(cin  gjyen by’

Fig. 3) suggest that hydrogen atoms in the metastatde 2
state are detected by the delayed 355 nm pulse. Fly-out of Iv=TsP(Eu), 2
these fast dissociation fragments from the interaction volumeith f the classical vibration frequency of the level and

of ~5x5x5 mn? may give the false impression of a decay (g y the permeability of the potential barrier at a given
process. 433 nm photons can only produce ions via dissoCiggyg| energy E,; the permeability is given in JWKB
tive ionization of the exciteﬂ molecule, providing a reliable (Jeffreys—Wentzel—Kramers—Brillovimpproximation by
lifetime measurement of thid state.

The detection of H(8) atoms for all low vibrational p(E)=exp< _ZJ
states means that they decay partly by a dissociative process,
which may be related to the unexpected lifetime difference

between H ana 0. Diect redssosiaton of 1l sate /%% 16080, mase of e moton 4 e he
into dissociative continua of lower-lying electronic statesisa .. . P 9 y Ine Opp P

- 9 with (isotope-dependenadiabatic shifts addef. The inte-
possibility; although calculated predissociation rates due tg

nonadiabatic coupling with thEF state at largeR are too gration s taken over the classically forbidden regiof(R)

small by orders of magnitude to account for the observe E].; VIbrat|or.1 frequgnueév are approximated by the vi-
o 6 1 = ] ) rational spacing, taking for each level the mean of the spac-
lifetimes (107 s~ for H, v=0,'% coupling with other con-

. ) ST X " ings to the adjacent higher and lower level.
tinua at then=2 dissociation limit may contribute. Selection Tunneling rates calculated with this model are shown in
rules allow for predissociation by théK '3 and I 'II

e oo ) “~g. Fig. 6; values for the lowest and highest observed vibrational
states. The p035|b_|l|ty of indirect predissociation after tunnelyayels in the isotopes H HD, and D, differ by up to 18
ing through theHH potential barrier will be discussed be- orders of magnitude and increase roughly by a factor of 10
low. per vibrational level. These rates form an upper bound to the
An additional decay process leading tort2) decay decay rates involving tunneling; when decay rates of states
products is radiative dissociation. Next to decay in #he reached at small internuclear distance are smaller than the
—B system dipole selection rules allow for decay to thetunneling rate, the decay dfi states may be slower than
B’ 'S, and C'II, states; their potentials have almost calculated, but tunneling remains the limiting factor in case
reached the H(=1)_+H(n=2) asymptote at the internu- of very fast further decay.
clear distance of thél state, favoring radiative dissociation Two regions of different dynamical behavior can be dis-
over bound transitions in these systems. These decay chacerned. Tunneling rates of vibrational states in region I, part
nels may contribute to shortening of the lifetime by an un-of which even lie up to 2000 cit above the ionization
known amount, but no isotope dependence is expected astlareshold, are smaller than the predicted fluorescence rate of
result of radiative processes. 7x10° s~1.2%n region Il tunneling rates are large enough to
For several higher vibrational levels*Hions are ob- allow for autoionization and indirect predissociation at small
served with a delayed ionization pulse at 355 nm; this signainternuclear distance to become dominant. Tunneling rates
is also obtained witthn=434.2 nm 8,), while it is absent below the shaded interval result in lifetimesX5 ng that
for A=433 nm, as shown for the=14, J=2 state in H in exceed the laser pulse duration and are, therefore, accessible

1/2

dR]. (©)]

2
ﬁ—’z‘[vm)—E]
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o W
10% 1 : ; :
—~ 128270 128275 128280
—;m 106 4
8 Bv=20
s 10
2 T T T
= 10° 128075 128080 128085
E
£ 1073 =
BVM
10761 HD D , '
2 127875 127880
B B A W B B
0 5 10 15 20 Bv=18
vibrational quantum number M
FIG. 6. Tunneling rates dfl vibrational levels in H, HD, and b through 127670 127675 127680

the potential barrier in the JWKB approximati¢kq. (3)], based on the

Born—Oppenheimer potential and adiabatic corrections for the isotopes from H v=19
Ref. 18. The dashed line separates region | of dominant fluorescence from

region I, where decay after tunneling dominates. Lifetimes of states below

the shaded region exceed are studied in the time domain, whereas lifetimes : MW\/

4

above that interval show up as line broadening. E ; T y
£ 127780 127790 127800
=

for investigation in the time domain, whereas decay rates % T

lying above that intervalcorresponding tor<100 pg are £ v=I18

studied in the frequency domain, showing up as line broad-

ening exceeding laser linewidth. 127600 127610 1_217620

In Tables | and Il observed lifetimes are compared with energy above the ground state (em ™)

the times correspondlng to the calculated tunnellng rate%IG. 7. Sequence df andB vibrational levels in HD close to the top of the

H|gh_er Vlbratlona! Ie_vels, for WhI_Ch decay via tunneling HH potential barrier. Levels of dominaht character quickly broaden and
dominates, have lifetimes that are in general Ionger than Cahisappear in the continuum with increasing enefgjytevels remain bound,

culated within one order of magnitude. This indicates thatbut are broadened by—u breaking interaction with the short-livedH

decay rates of high vibration&l levels are indeed limited by state; tunneling through tH@”B barrier is not involved.
tunneling rates through the potential barrier, but also influ-
enced by the subsequent decay dynamics. The most extreme

example of the latter is the=18, J=0 state in HD the 1 . et : . —
lifetime of which is 20 times the calculated tunneling time. cm .hlgher than in theH H_Eg potential. Treating th&
Considerable variation withl quantum number is found State inthe same way as thestate[Eq. (3)] leads to values

(e.g., a factor of 26 between=22, J=0 and 4 in B), for the barrier permeability in th&"B potential orders of

while calculated rates do not differ significantly. magnitude smaller than faiH. The_tunneling rate for the
highest observed level of dominaEt character (=22) is
D. Additional effects in HD only 2x10° s~ %, which means thaB levels should be nar-

L : row if there was no interaction with the state.
In HD the situation is more complicated because of ) . .
However, levels withv =16 show line broadening be-

breaking of m?g +u sym_n;etiy, Ieadulgisto stror.1g Interaction yond the laser linewidth; in Fig. 7 we show spectra of levels
between thed X ; andB "% states*1° Equation(2) can- ; I ianed aB with v=18-21 J=0 and 2. which
not be applied strictly because there is no well-defined semi-_orma y assigned ab wi v_ - gn » Whic
classical vibrational frequency for individual states, which!i® far below theB”B potential barrier, but in the energy
have all mixedH andB character. However, an approximate [€9i0n close to the barrier in titéH potential, to which they
result for the semiclassical tunneling rates is obtained foAre coupled. Starting froB, v =19 (the first one higher in
levels with predominant character by treating them as if energy than the barrier afiH) levels are broad and the
they were pure; the results are included in Fig. 6. Experimentotational structure is gradually washed out; in contrast to the
tal lifetimes deduced from observed linewidths are includecH levels in HD as well as in KHland D, (cf. Fig. 2), theseB

in Table I. Time-domain measurements turn out to be imposlevels do not completely disappear in the continuum. Auto-
sible because lifetimes of all observed low vibrational levelsionization shows a strong enhancement close to the expected
are shorter than the laser pulses. This may be explained bpvibrational line positions, however, with a complicated
dominant radiative decay to the ground state, not dipole forstructure superimposed. Corresponding lifetimes are given in
bidden in HD, in contrast to Hand D,. TheB state corre- Table I, where the widths of the highest levels are again
sponds to the outer well of the double-well potentialtaken as the widths of the complete resonance structures.
B”glEJ ,14!20 similar in Shape to the_-] state, except for the This lifetime reduction of th_@ state indicates that efficient
barrier at intermediate internuclear distance bein§400 decay occurs through thdH admixture due t@—u sym-
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metry breaking in HD; théiH component is not confined to ground state, which is not only an allowed transition in HD,
large internuclear distance in this energy range, in contrast tBut it is expected to be strong due to magpr u mixing of

the dominanB component. the H and theB state}® the B state quickly decays to the
ground state by fluorescence. Lifetimes of all obsered
IV. CONCLUSION levels in HD are shortB levels in HD with moderately high

In the present paper we report on an experimental study vv_hic.h should still be strongly confined by a high potential
of the decay dynamics of excited states in the hydrogen molearrier ifg—u symmetry was not broken, are strongly broad-
ecule, confined at large internuclear distance in the energgned by coupling with théi state.
region above the ionization threshold and tine=@2) disso- Branching ratios between predissociation and autoioniz-
ciation limit. The decay dynamics of theleg state  ation of theH state are found to change without an apparent
strongly depends on the vibrational excitation and shows difpattern even between rotational states of the same vibrational
ferent features in homonuclear and heteronuclear isotdevel and additional structure is observed in broadened lines;
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broadened, indicating very short lifetimes. These observatiD the interaction with'A, states has to be included as
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