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Although the existence of quasibound rotational levels of the X ™ 22; ground state of H was predicted a
long time ago, these states have never been observed. Calculated positions and widths of quasibound
rotational levels located close to the top of the centrifugal barriers have not been reported either. Given the
role that such states play in the recombination of H(1s) and H to form H;, this lack of data may be
regarded as one of the largest unknown aspects of this otherwise accurately known fundamental molecular
cation. We present measurements of the positions and widths of the lowest-lying quasibound rotational
levels of Hi and compare the experimental results with the positions and widths we calculate using a
potential model for the X™ state of HY which includes adiabatic, nonadiabatic, relativistic, and radiative
corrections to the Born-Oppenheimer approximation.
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The theoretical treatment of H; has played and is still
playing an important role in the development of quantum
chemistry. HJ possesses one electron and its energy-level
structure can be calculated with extraordinary accuracy.
Highly accurate ab initio calculations started with the
nonadiabatic theory of Kolos and Wolniewicz [1] and its
applications to H, [2-6] and H; [7-10]. To compute
nonadiabatic effects in Hy, approaches based on a trans-
formed Hamiltonian [11,12] and coordinate-dependent
vibrational and rotational masses [13—17] are particularly
successful. Promising alternative methods of computing
the energy-level structure of Hj and H, not relying on the
Born-Oppenheimer approximation have also been devel-
oped [18-22]. High-order perturbative calculations of
relativistic and radiative corrections have been reported
both for H; [23-26] and H, [6,27].

H;r , HD", H,, and HD are among the first molecules to
have been formed in the universe and are therefore also of
central importance in astrophysics. Through reactions with
H,, the most abundant molecule in the interstellar medium,
Hj is converted into HJ, so that H; has not been detected
in astrophysical spectra so far [28,29], despite extensive
searches by radio astronomy.

481 and 4 rovibrational levels are believed to exist in the
ground (X*2?%F) and first excited (A'2Z[) electronic
states of H2+ , respectively [12,30-32], but only a fraction
of these have been observed experimentally, using methods
as diverse as microwave electronic [33—-35] and pure
rotational [36] spectroscopy, radio-frequency spectroscopy
of magnetic transitions between fine- and hyperfine-
structure components [37,38], photoelectron spectroscopy
[39-41], and Rydberg-state spectroscopy combined with
Rydberg-series extrapolation [42—46]. The main reason for
the incomplete experimental data set on the level structure
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of Hj is the absence of allowed electric-dipole rotational
and vibrational transitions.

Of the 481 rovibrational levels of the X state of H;, 58
are known to be quasibound tunneling (shape) resonances
located above the H(ls) +H" dissociation limit, but
below the maxima of the relevant centrifugal barriers
[12]. Whereas 26 of these resonances are extremely narrow
and can be calculated as accurately as bound levels,
Moss lists 13 quasibound levels for which an accuracy of
107* cm™! could not be reached. Nineteen quasibound
levels of the XT state are even located so close to the top
of the respective centrifugal potential barriers that they could
not be calculated so far [12,16]. These levels have not been
observed experimentally either. This lack of knowledge is
astonishing because shape resonances of Hj are not only
intrinsically interesting but also because they represent a
channel for the formation of Hy in H* + H(1s) collisions
by radiative or three-body recombination.

We report the observation of the lowest-N* shape
resonances of Hj, the (v" = 18, N* = 4) resonance of
para HJ and the (17,7) resonance of ortho H; and present
calculations of their positions and widths using Born-
Oppenheimer potential-energy functions of the X state
[7,47-49], and adiabatic [7,49], nonadiabatic [16], relativ-
istic and radiative corrections [12,50,51].

The quasibound levels of the XT state of H; were
studied by pulsed-field-ionization zero-kinetic-energy
(PFI-ZEKE) photoelectron spectroscopy [52] using an
electric-field pulse sequence designed for high spectral
resolution [53]. The spectra were obtained by monitoring
the electrons produced by field ionization of very high
Rydberg states (principal quantum number n beyond 100)
located below the ionization thresholds of H, as a function
of the wave number of a tunable laser. To access the bound
and quasibound rotational levels of the highest vibrational
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FIG. 1. Potential-energy functions of the HH state of H, [56]

(lower panel) and the X (solid, dashed) and A™ (dotted) states of
H3 [7.48]. Selected vibrational wave functions and energy levels
of para (red) and ortho (blue) hydrogen are displayed.

states (v = 16-19) of the X* state of Hj from the X 'X;
ground state of H,, a three-photon excitation sequence

Hi <2 ij A(11,2-3) 28819, 1-2) X x (0,0 1). (1)

was used via the B} (19, 1 or 2) and the H 'S} (11,2 or
3) intermediate levels. Selecting vibrational levels of the
outer (H) well of the HH state is ideal for accessing long-
range states of molecular hydrogen, as demonstrated by
Reinhold et al. [54,55], who also reported the absolute term
values of many rovibrational levels of the H state. Figure 1
depicts the potential-energy functions of the HH state [56]
of H, (lower panel) and the X* (N* = 0,4, and 7) and A"
states of Hj [7,48] (upper panel) and selected vibrational
wave functions. The figure indicates that the v =11
vibrational level of the H can be used to access the
ionization continua associated with the highest vibrational
levels of the X' and the few bound levels of the AT state.

The vacuum-ultraviolet (VUV) radiation around
109750 cm™' needed in the first step of the excitation
sequence, Eq. (1), was generated by four-wave mixing in a
pulsed beam of Kr gas using two Nd: YAG-pumped pulsed
dye lasers (pulse duration 5 ns), as described in Ref. [57].
A third pulsed dye laser was used to access the H(v = 11)
levels from the selected levels of the B state. A fourth
tunable pulsed dye laser, delayed by approximately 10 ns
with respect to the other two laser pulses, was used to
access the region near the dissociative ionization (DI)
threshold of H,.

All three laser beams intersected a pulsed skimmed
supersonic beam of neat H, at right angles on the axis of
a PFI-ZEKE photoelectron spectrometer [57]. The wave

number of the fourth dye laser was calibrated at an accuracy
of 600 MHz (30) using a wave meter. The resolution of the
photoelectron spectra was determined by the bandwidth of
about 1 GHz of the fourth dye laser and the selectivity of
the PFI process. The instrumental line-shape functions
adequate to describe the spectra recorded with the succes-
sive pulses of the PFI sequence [see inset of Fig. 2a] are
Gaussian functions with a full width at half maximum
(FWHM) of 0.2 cm™! (pulses 2 to 5 in the pulse sequence),
0.25 cm™! (pulse 6), and 0.35 cm™' (pulses 7 and 8). The
line widths of the spectra recorded with pulses 9 and 10
were too large, and the signal recorded with the first pulse
was too weak, to be included in the analysis. Mass-
analyzed threshold ionization (MATI) spectra [S8] were
recorded with a pulse sequence consisting of a discrimi-
nation pulse of —70 mV/cm followed by an extraction
pulse of 800 mV/cm and monitoring H™ and Hj ions.

Figures 2(a) and 2(b) display the PFI-ZEKE photo-
electron spectra of para and ortho H, in the vicinity of the
H* + H(ls) 4+ e~ DI threshold recorded from the H 'X/
(11, 2 and 3) intermediate levels, respectively. Ten spectra
were recorded simultaneously by monitoring the electrons
produced by the ten electric-field steps of the pulse
sequence [see inset of Fig. 2(a)] but only five, correspond-
ing to the steps labeled A-E, are shown for clarity. The
upper horizontal scale indicates the wave number above the
H,(» =0,N = 0) ground state, which was determined
from the known term value of the selected H'Z} (11, N =
2 or 3) level [55] and the wave number oy g, [see Eq. (1)].
The scale given below each spectrum in Figs. 2(a) and 2(b)
gives the wave number relative to the positions of the
X"(17,6) and the X' (18,3) states, respectively. The
position of the DI threshold, 145796.8413(4) cm™!
[45,59] is marked by a grey dashed vertical line and
coincides with the onset of a continuum in the spectra.
Because the spectra display the yield of electrons produced
by delayed PFI, the electron signal measured in the
continuum must stem from the field ionization of high-n
Rydberg states of H, a conclusion that was confirmed by
the MATT spectra, displayed in the upper part of Fig. 2(b).

The spectra of para H, [Fig. 2(a)] consist each of three
sharp lines located below the DI threshold, which can be
unambiguously attributed to the (17,6) and (18,2) levels of
the X 2% ground state and the (0,1) level of the A" 2X,
first excited state. The spectra also reveal a broader line
above the DI threshold. Modeling the line shape by taking
into account the experimental line-shape function and after
subtraction of the contribution of the DI continuum indicates
a Lorentzian line-shape function with a FWHM of
0.21(7) cm™!, which suggests that this level is a quasibound
level of H . Based on the calculations presented below, we
assign this line to a transition to the quasibound (18,4) level
of Hj.

The spectra of ortho H, [Fig. 2(b)] also reveal transitions
to bound and quasibound levels of Hy . The bound states of
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FIG. 2. PFI-ZEKE photoelectron spectra of para (a) and ortho (b) H, in the vicinity of the DI threshold, which is indicated by a grey
vertical dashed line. The spectra were recorded with the electric-field steps labeled A-E in the pulse sequence depicted in the inset in (a).

MATI spectra of ortho H, are displayed in the upper panel of (b).

HJ observed in these spectra are assigned, in order of
increasing energy, to the X™ (18,1), (16,9), (18,3) levels,
the A" (0,0), (0,2) levels, and the X (19,1) level, the
position of which is located just below the DI threshold.
The broader line observed above the DI threshold is
attributed to a second quasibound rotational level of
the X+ state, the (17,7) level, for which we derive by
deconvolution a Lorentzian line-width function with a
FWHM of 0.56(8) cm~!. This conclusion is confirmed
by the fact that this line appears in the H" mass channel of
the MATI spectrum [see Fig. 2(b)].

The positions of the DI threshold and of the Hy + e~
ionization thresholds gradually shift towards lower wave
numbers at successive steps of the field-ionization
sequence, with shifts of —0.68(5), —0.81(5), —1.07(5),
—1.27(5), and —1.59(5) cm™! for the pulses A-E. These
shifts are equal to those we determine in simulations of the
PFI dynamics using the method described in Ref. [53].
When given relative to the (17,6) and the (18,3) thresholds
in Figs. 2(a) and 2(b), respectively, the positions of the lines
in the spectra recorded with different pulse steps are
identical within the experimental uncertainties because
the PFI shifts are exactly compensated. The positions of
the levels of para and ortho H; determined experimentally
are listed relative to the positions of the (17,6) and (18,3)
levels in Table I, where they are compared with the
theoretical values of Moss [12] and the results of our
own calculations. Whereas the relative positions of all
levels of Hj could be determined with uncertainties of
only 0.06 cm~!, the uncertainties in the widths of the

quasibound levels are larger because (1) the predissociation
widths of these levels are of the same magnitude as the
resolution of our experiment, and (2) the DI-continuum
cross section is not known and is thus difficult to cleanly
remove by subtraction. This difficulty also hindered the
quantitative analysis of the (19,1) level, which is therefore
omitted in Table I.

TABLE L. Positions of the observed (o) bound and quasibound
states of H compared with the calculated (c) values. The levels
of para and ortho Hj are given with respect to the X*(17,6)
and (18,3) levels, respectively. The experimental uncertainties
represent one standard deviation.

Level U,(cm™1)? o-c(cm™")P o-c(cm™)*
(17,6) 0 0 0
(18,2) 4.349(27) 0.0267 0.0406
0,1) 16.08(4) 0.0161 cee
(18,4) 20.41(4)° e 0.0191¢
(18.1) —14.56(4) 0.0193 0.0107
(16,9) —6.39(6) —0.0035 —0.0255
(18,3) 0 0 0
(0,0) 2.61(3) 0.0168 cee
0,2) 5.265(16) 0.0404 cee
17,7) 17.11(6)° cee —-0.0105 "
*This work.

PRef. [12].

T, =0.21(7) cm™.

r, =020 cm™.

T, = 0.56(8) cm™".

T,=0.16 cm™.
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The observation of transitions to states of high rota-
tional quantum number N, up to N* = 9 in ortho H; in
Fig. 2(b), is attributed to the fact that, at long range, the H
state has HYH™ ion-pair character. Consequently, a single-
center expansion of the orbital out of which the electron is
ejected consists of several £ components (¢ is the orbital
angular momentum quantum number). Applying photo-
ionization selection rules [60,61] leads to the conclusion
that |AN| = |NT — N| must be equal to, or less than,
Cmax + 2, where ¢, is the highest component in the
single-center expansion of the H orbital, and that AN
must be even (odd) for the X (AT)«H photoionizing
transition. The spectra presented in Figs. 2(a) and 2(b)
indicate that 7, is at least 4.

In Fig. 2, the relative intensity of the photoelectron
signal in the continuum compared to that below the DI
threshold increases at each successive step of the field-
ionization sequence. This trend can be explained in part
by the fact that the resolution of the photoelectron spectra
decreases at each step of the pulse sequence, with the
consequence that sharp structures are less efficiently
excited than broad ones.

Rovibrational energies E; and the nuclear wave functions
xi(R) were calculated in atomic units by solving

1 &

o NT(NT+1)
_2,uvibﬁ

2ﬂr0tR2

—Ei|xi(R)=0, (2)

where U = UN + H, + H, is the adiabatic potential
curve with the clamped-nuclei energy UN = U +1/R
and the electronic energy U® is obtained by solving
the electronic Schrodinger equation at fixed R. UN and
the adiabatic corrections H, = —(1/2u) [w;* Agw,;dr and
Hy = —(1/8u) [w;* Ay dr were taken from Refs. [7,49].
Because the X state is well separated from other gerade
states, the leading term of the nonadiabatic corrections can
be evaluated conveniently by introducing R-dependent
reduced masses for vibration and rotation, which allows
one to retain the idea of a single electronic potential
function [15,16]. Vibrational and rotational masses uj;) =
WL+ AR)/m,)  and  ph = o (1 4+ Byy(R)/m,)
were determined using A(R) and B, (R) as given in
Ref. [16]. The proton-to-electron mass ratio was taken
to be m,/m, = 1836.15267389(17) and E,/hc =
219474.6313702(13) cm™ [59]. The relativistic and
radiative corrections as reported by Moss [12] were added
to our nonadiabatic energies.

We implemented the renormalized Numerov method
as described in Ref. [62] to solve Eq. (2) numerically on
a grid (0.2 ag, Rya = 200 ay) with an integration step of
0.01 ay. USN was interpolated with a fifth-degree poly-
nomial that fits U and dU®'/dR simultaneously at three
points [63]. dU®/dR was calculated from U® and the
adiabatic correction H, using the virial theorem which holds
exactly within the Born-Oppenheimer approximation [64].

The other functions were interpolated using a fifth-degree
Lagrange polynomial and all functions were smoothly
connected to the HT + H(1s) dissociation limit. The energy
E.., and the FWHM T of the resonances were determined
by calculating the energy-dependent phase shift 5+ (E) for
each N* [65]. Because limg_, ,, U*(R) = const, the asymp-
totic solution of Eq. (2) is a linear combination of the regular
and irregular spherical Bessel functions jy+(kR) and
ny+(kR) with k> = 2u(E — U*). The phase shift for a
given energy Sy+(E) was obtained by using the values of
the wave function at the two outermost grid points R, and
R, = R, using

Kjn+(Ra) = jn+ (Rp) |

Kny+(R,) = ny+(Rp) ,

_ Ry (Ry)
Ryyn+(Ry)

tan o+ =

3)

For an isolated resonance in a single channel the energy
dependence of the phase shift is given by

r
tan [Sy+ (E) — 8%.] = En )

(4)
where 59\,_ is assumed to be constant near E ..

The experimental positions of bound and quasibound
levels of Hy agree with the calculated positions within the
experimental uncertainty of 0.06 cm~'. The positions of
the bound levels we calculate with our effective potential
agree with the results of Moss within 0.025 cm™! and we
attribute the differences to the incomplete description of the
nonadiabatic effects in the present work. The width we
observe for the (18,4) quasibound level agrees with the
calculated value, but the measured width of the (17,7)
resonance is more than 3 times larger than the width we
calculate. Given the excellent agreement of the positions,
we do not have a good explanation for this discrepancy. It
may simply be a consequence of the approximate nature of
our calculations. Alternatively the ions generated in the DI
continuum of ortho H,, which is more than three times
stronger than in para H,, may broaden the PFI-ZEKE
signal. The discrepancy may further indicate nonadiabatic
interactions in the three-body system H(1ls)-e~ —H"
which, in this energy region, may decay either by ionization
or dissociation with chaotic branching ratios. The fact that
the field-ionization shifts behave normally speaks against
the latter two explanations. Further theoretical work is
needed to clarify this discrepancy.
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