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The region of the second dissociation limit of H, converging to H(1s)+H(2s,2p) has been investigat-
ed using high-resolution double-resonance spectroscopy through the E,F 'S} state. Transitions to the
very high vibrational levels of the B'Z,f, B''%}, and C 'II, states have been measured with 0.02-cm ~!
accuracy. Numerous perturbations and unexpected transitions are observed as far as 10 cm ~! below the
dissociation limit. This complex structure, still not fully understood, arises from a combination of elec-

tronic, fine-structure, and hyperfine interactions.
PACS numbers: 33.80.Rv, 34.20.Cf

The region very near a molecular dissociation thresh-
old is a unique physical regime where long-range intera-
tomic potentials dominate. Typically the adiabatic po-
tential curves are very accurately known and are fully
described by the first few terms of a power-series expan-
sion in the internuclear separation. In this adiabatic pic-
ture both the highest bound vibrational levels and the
continuum just above threshold are easily calculated, and
simple theoretical models have been developed to
parametrize the vibrational spacings. > However, exten-
sive perturbations or even a complete reordering of the
vibrational spectrum can occur when the vibrational
spacing becomes comparable to the energy separation
between different electronic states converging to the
same limit, or when the vibrational spacing approaches
the scale of the fine and hyperfine structures of the disso-
ciating atoms. Some of these effects have been investi-
gated in high-resolution studies of heavy diatomic mole-
cules, particularly I, and Cs. 3

In this paper we describe the first high-resolution
study of the threshold region in Hj, including extremely
long-range vibrational levels with binding energies as
small as 0.2 cm ! and outer turning points in excess of
100 bohrs. For such weakly bound states the perspec-
tives of molecular physics and atomic collision theory are
almost equally applicable. Recent investigations of cold
and ultracold collisions of alkali-metal atoms in atom
traps have revealed partially resolved resonant structure
thought to arise from analogous weakly bound molecular
levels.* Some of the unusual spectra and interactions de-
scribed here will probably be typical of these other one-
electron systems as well.

In our experiment optical double resonance is used to
excite the ungerade (u) states converging to H(ls)
+H(2/). As shown in Fig. 1, bound and continuum lev-
els of the B'E,f, B''s;}, and C 'IN, states are excited by
a high-resolution laser from the E,F '):g+ state. In the
adiabatic approximation, the B' 'L state correlates to
H(1s)+H(2s), while the B and C states correlate to
H(1s)+H(2p). Transitions to the rovibrational levels of

all three states are possible, though the adiabatic elec-
tronic transition moments to the B state are orders of
magnitude weaker than to the B' or C state.’ The B
state is quite unusual because its broad resonant 1/R?
potential curve supports a relatively dense set of high vi-
brational levels.

The adiabatic picture breaks down for two reasons.
First, nonadiabatic couplings extensively mix the elec-
tronic configurations of the B, B’, and C states. This
mixing is apparent both in experimental results, where
very strong transitions to the B state are observed, and in
nonadiabatic calculations of numerous bound levels by
Senn, Quadrelli, and Dressler.® Second, a complete
description of the region very near threshold must in-
clude the fine and hyperfine interactions, as well as the
0.035-cm ~! Lamb-shift splitting between the 2s and 2p
atomic limits. Such a calculation has not yet been un-
dertaken, although a recent analysis of 2s:2p branching
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FIG. 1. Adiabatic potential-energy curves of selected elec-
tronic states near the second dissociation limit of Ho.
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ratios in the continuum included some of these interac-
tions.”

Transitions to high-lying levels of the B, B’, and C
states have previously been observed in absorption by
several groups, most recently using vacuum-uv radiation
generated from a dye laser.®® Close to threshold, spec-
tral resolution limited to at best 0.1 cm ~! has caused
problems with spectral overlapping and ambiguous as-
signments. This region also has been observed in
double-resonance spectroscopy through the v=35 and 6
levels of the E,F state, but individual levels were not
resolved. ' Stwalley' has used a WKB model developed
by LeRoy and Bernstein? to analyze the high vibrational
levels of the B state, based on data obtained by Herz-
berg.8 However, as we shall discuss below, the adequacy
of this simple model very close to threshold is question-
able.

In our experiment, the E,F '2‘.; state is populated by
two-photon excitation, with somewhat different arrange-
ments for populating the v=3 and 6 levels. For v=3 we
obtain 10-uJ, 10-ns laser pulses at 197 nm by mixing the
second harmonic of a 591-nm dye laser with its funda-
mental in a B-BaB,04 crystal thermoelectrically cooled
to —30°C. To excite the v=06 level, 100-uJ laser pulses
at 193 nm are generated by mixing the fourth harmonic
of a Nd-doped yttrium aluminum garnet (Nd:YAIG)
laser at 266 nm with a Nd:YAIG-pumped dye laser at
705 nm, with room temperature -BaB,0,.

In the “probe” step, the threshold region is excited
from the E,F state by a pulse-amplified cw laser produc-
ing 10-nsec, 3-mJ pulses with a bandwidth of about
0.003 cm ~!. The wavelength is approximately 594 nm
when starting from the v=3 level of the E,F state, or
677 nm from v=6. Bound levels are by resonant two-
photon ionization, in which a second red photon produces
H,*, HY, or H™ ions. The photodissociation continu-
um can also be observed by collecting Lyman-a photons
from the resulting H atoms.

A molecular beam of H; is formed from a pulsed su-
personic expansion and collimated to give a residual
Doppler width of 250 MHz. The weakly focused lasers
cross the molecular beam at right angles 20 cm from the
nozzle. A pair of electric-field plates is used to collect ei-
ther positive or negative ions with a typical field of 300
V/em. H,* and H™ ions are easily distinguishable by
their time of flight to the detector. The absorption spec-
trum of I, at 250°C is used for wavelength calibration.

The energy region from 0 to 40 cm ~! below threshold
was studied systematically. In parahydrogen ten transi-
tions from the v=6, N=0 level of the E,F state were
observed. In orthohydrogen we observed ten transitions
from the v=3, N =1 level and fourteen transitions from
v=6, N=1. Of these, nine pairs of transitions share a
common upper level. Most of the measurements were
made by detecting H* ions, but resonant signals were
observed in all three possible ion channels: H,*, H™,
and H*. The production of all three species indicates

the complex dynamical behavior of the final continuum
states produced in the resonant multiphoton excitation
process. These highly unstable states can decay by au-
toionization into H, * +e 7, by dissociation into the ion
pair HY+H ™, or by dissociation into H(1s)+H(n/)
atoms that can subsequently be ionized. !

Although the branching ratios between the ionic chan-
nels have yet to be studied carefully, the results obtained
so far indicate that the yields of H * and H," are rough-
ly equal. There is no significant variation in the relative
yields over most of the energy range studied, with the
notable exception that the onset of a large continuum is
seen in the H™ channel, starting just below the dissocia-
tion limit. This continuum, into which the highest vibra-
tional levels are blended, is clearly visible in the typical
spectrum shown in Fig. 2. The spectrum observed in the
H ~ channel is very similar to that in the H' channel
and is very roughly 10 times weaker, although this ratio
was not accurately measured.

The transition wavelengths were measured for several
laser powers and extrapolated to their zero-power values.
Extrapolations were performed by assuming both linear
and square-root dependences on the laser intensity.'?
The average of the two results was used for the final
value, and the difference between them was used to esti-
mate the uncertainty in the extrapolation. The transition
energies measured at the lowest laser power were within
0.01 cm ~! of the final extrapolated value. The results
are given in Table I, with uncertainties that include both
the systematic error from this power extrapolation and a
wavelength measurement uncertainty of 0.01 cm ~' due
to scan nonlinearities and uncertainty in the I, atlas. 13

Absolute term energies relative to the ground state can
be found from Table I by adding the E,F-state term en-
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FIG. 2. Spectrum obtained from the v=6, N =1 level of the
E,F '3z} state by detecting (a) H>* and (b) H*. The weakest
level shown in Fig. 3 is unobservable in this scan.
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TABLE 1. Transitions excited from the E,F 'Z;" state.

v=3,N=1 v=6, N=0 v=6, N=1
16810.210(14) 14783.539(11) 14731.237(12)
16812.467(15) 14813.829(11) 14735.101(12)

16812.605(15)
16818.941(17)
16818.972(17)
16819.831(16)
16819.980(15)
16822.12(20)2
16822.331(15)
16822.812(15)
16822.936(15)

14813.882(11)
14816.583(11)
14816.795(12)
14816.955(10)
14817.217(11)
14817.313(11)
14817.340(11)

14738.624(15)
14744.059(11)
14760.899(15)
14761.003(15)
14767.367(15)
14767.400(15)
14768.269(15)
14768.381(15)
14770.751(12)

14770.894(10)
14771.225(16)
14771.339(15)

#Too weak for accurate extrapolation to zero power.

ergies. We have previously measured the v=3, N=1
level, obtaining 101554.041 +0.010 cm ~'.'* The term
energy for v=6, N=1 can be calculated from v=3 by
using combination differences from Table I, with a result
of 103605.623+0.018 cm ~!. Finally, the energy for
v=6, N =0 is calculated using the V=0-1 rotational in-
terval given by Dieke,!® accurate to about 0.03 cm ~!,
giving 103559.633 +£0.035 cm ~ .

Stick diagrams in Fig. 3 show the binding energies of
the observed levels closest to the dissociation limit, to-
gether with previously assigned levels of the B’ and C
states as given by Senn, Quadrelli, and Dressler® and the
predicted positions of the highest B-state levels given by
Stwalley.! All possible singlet ungerade levels in this en-
ergy region are included in the predicted spectrum. The
line heights indicate the relative sizes of the observed
transitions. We also observed five transitions to lower-
lying levels not shown in Fig. 3; they agree well with cal-
culated energies and confirm the strong mixing between
the B, v=36 level and the B’', v=8 level predicted by the
nonadiabatic calculations of Senn, Quadrelli, and
Dressler. The predicted and observed spectra begin to
differ significantly about 12 cm ~! below threshold, at
first with the appearance of extra lines in at least four
cases, and finally with a complete breakup of the vibra-
tional sequence in the last 1 cm ~!.

The irregular behavior within 1 cm ! of the limit is to
be expected, because the vibrational spacing in this re-
gion is comparable in scale to the fine-structure and
Lamb-shift interactions in the n =2 H atom. The double
lines seen for several much more strongly bound levels of
the B state are more surprising and can only arise from
admixture of the singlet ungerade levels with other levels
that are nearly degenerate. The repeated occurrence of
this doubling suggests that the degeneracy occurs regu-
larly, implying that the perturbing state must have a
long-range potential curve nearly identical to the B state.
A study of the interatomic potentials shows only one
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FIG. 3. (a) Comparison of observed and predicted N =1
levels of parahydrogen. (b) Same comparison for N =0 and 2
states of orthohydrogen. The binding energies are given rela-
tive to the dissociation limit, here taken to be 118377.2 cm ~".

candidate, the triplet gerade (g) potential curve arising
from the same 1s+2p limit. '®

The only perturbation that can give rise to the normal-
ly forbidden admixture of these states is the hyperfine in-
teraction. Hyperfine-induced g-u mixing has been ob-
served previously in I, and Cs;, and has been analyzed in
some detail.> The g-u coupling term is typically similar
in magnitude to the atomic hyperfine splitting. This
term can be evaluated explicitly when the molecular
wave function can be written as a simple combination of
atomic wave functions (not a good approximation here
because the atomic fine structure is strongly mixed). In
atomic hydrogen, the F=0 and 1 levels of the ls;;
ground state are split by 0.048 cm ~!, in good agreement
with the splittings of 0.03-0.2 cm ! that we observe in
the molecular spectrum. A more quantitative analysis
using parametrized fits as in the earlier work is not prac-
tical for H, because the spectrum has too few lines.

On a somewhat coarser energy scale, the B-state vi-
brational spacings can be compared with Stwalley’s
WKB model.! He fitted and extrapolated the high vi-
brational levels of the B state by using an asymptotic ex-
pression for the adiabatic energies,

vp —v=as(g,) /6.
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Here vp is the effective vibrational quantum number at
the dissociation limit, &, the binding energy of level v,
and a3 an easily calculated constant. It would clearly be
useful to repeat his analysis with our improved energy
levels. Unfortunately, it is now clear that the crucial
v=39 level cannot be reliably assigned without a full
analysis of fine and hyperfine interactions, and the previ-
ous assignment must be interpreted as a blended line. If
the dissociation limit is calculated using v=37 and 38
(taking the average of the two closely spaced v=38
lines), a limit of 118377.8 cm ! is found. For v=36
and 37 the result is 118381.8 cm ~!. Both values are too
high compared with the theoretical value of 118377.05
cm ~! or the experimental value of 118377.2(2) cm ~'
we have obtained by observing the onset of the dissocia-
tion continuum.'” These values are given for the ls);
+2s,,, limit, but the weighted average for 2s and 2p;/,
is only 0.1 cm ~! higher. We conclude that vibrational
extrapolations should be approached very cautiously,
since their region of validity is often quite limited.

In summary, the observed spectra, even though sparse,
show evidence for strong configuration mixing, hyper-
fine-induced symmetry breaking, and a complete rear-
rangement of the spectrum very near the limit. Because
so many interactions play a significant role, they will
probably have to be considered together for a successful
theoretical treatment. One possibility is to employ gen-
eralized multichannel quantum-defect theory, an ap-
proach used already for theoretical studies of near-
threshold behavior in alkali-metal dimers.*'® Once the
structure is fully understood, a precise determination of
the dissociation energy by vibrational extrapolation
should become possible.

Further experimental work is under way, including ex-
tension to the HD and D, isotopes and an investigation
of the continuum just above the dissociation threshold.
The development of theoretical methods for treating the
near-threshold region is badly needed, and we hope that
these results will encourage such an effort.
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