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Both tunneling and Feshbach resonances occur near the second dissociation threshold of H2. There are
three channels, H(1s) + H(2p1/2), H(1s) + H(2s1/2), and H(1s) + H(2p3/2), which correlate to the 2pσB 1�+

u ,
3pσB′ 1�+

u , and 2pπC 1�u states, respectively. For the 2pπC state, there is a potential barrier near the
dissociation limit, which accommodates bound states υ ′ = 13, J ′ = 2, 3 with energies above the thresh-
old. The tunneling dissociation results in H(1s) + H(2p3/2), while Feshbach resonances produce H(1s) +
H(2s1/2) or H(1s) + H(2p1/2). We measured the rotationally resolved spectra and determined the correspond-
ing spectroscopic parameters. To study the dissociation dynamics, the spin-orbit branching ratios, and the
fragment anisotropy parameters along the line profiles have been measured by a combination of Rydberg
state ionization, velocity map ion imaging, and delay-time-curve methods. For the predissociation of the
2pπC 1�+

u (υ ′ = 13, J ′ = 2) state with fragment kinetic energy of 0.7 cm–1, only the fragment H(2p1/2) was
observed. For the 2pπC 1�−

u (υ ′ = 13, J ′ = 3) state with fragment kinetic energy of 36 cm–1, the branching ratio
between H(2p1/2) and H(2p3/2) was found to be close to the diabatic limit, and the predissociation should occur
via tunneling and coupling with a triplet state near the dissociation limit. For the 2pπC 1�+

u , υ ′ = 13, J ′ = 3
state, the predissociation should occur via tunneling, and coupling with the 3pσB′ 1�+

u and 2pσB 1�+
u states.

DOI: 10.1103/PhysRevA.106.012824

I. INTRODUCTION

For molecular photodissociation, Feshbach resonance and
tunneling (shape) dissociation may be classified into two types
of predissociations [1–3]. Tunneling dissociation in an excited
electronic state is usually accompanied by a Feshbach reso-
nance. The simultaneous tunneling and Feshbach resonances
involve two open channels and are different from Feshbach
resonance, which involves couplings among closed and open
channels. However, the two open channel coupling problem is
common in molecular photodissociation and is more compli-
cated than the Feshbach resonance.

For one photon photodissociation of H2 near the sec-
ond threshold, there are three channels, H(1s) + H(2p1/2),
H(1s) + H(2s1/2), and H(1s) + H(2p3/2), that correlate to the
2pσB 1�+

u , 3pσB′ 1�+
u , and 2pπC 1�u states, respectively

[4–15]; see Fig. 1 for the related potential energy curves. It is
known that there is a potential barrier for the 2pπC 1�u state
due to the avoided crossing of the same symmetric electronic
states [4–17]. Several rotational states of 2pπC 1�u(υ ′ = 13)
have been found with energies above the dissociation thresh-
old [4,12–19].

In 1998, Cheng et al. measured the line profile for the
transition to the 2pπC 1�+

u (υ ′ = 13, J ′ = 3) state [4]. The
measured linewidth was found to be much larger than that
of theoretical calculations that considered the adiabatic cou-
pling between the 2pσB 1�+

u and 2pπC 1�u states and the
tunneling dissociation [16]. The rotationally resolved line
profiles for other transitions have not been reported, and the
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energy levels for the 2pπC 1�±
u (υ ′ = 13, J ′ = 2, 3) states

have different reported values [4,12–19]. These unresolved
issues were attributed to the overlapping of various rotational
transitions near the threshold, including below and above the
threshold states. It is one of our motivations to develop ex-
perimental methods to deconvolute these blended lines and
provide better spectroscopic parameters. In the case of D2, it
is fortunate that the resonance lines near the threshold are not
blended and have been analyzed [4,10–14].

In addition to the line profiles, fragment state distributions
should provide further insight into the spectra and pre-
dissociation dynamics. Recently, we measured dissociation
channel branching ratios D(1s) + D(2s), D(1s) + D(2p1/2),
and D(1s) + D(2p3/2) produced from the tunneling dissocia-
tion of D2 by using a combination of Rydberg state ionization,
velocity map imaging, and delay-time-curve detection of
D(2s, 2p) fragments [10,11]. The results indicated that simul-
taneous shape and Feshbach resonances occur in D2. Because
of the small spin-orbit splitting relative to the fragment kinetic
energies, the spin-orbit branching ratios approach the diabatic
coupling limit [2,11].

It is worth noting that the rotational state
2pπC 1�+

u (υ ′ = 13, J ′ = 2) of H2 is only 0.7 cm–1 above the
threshold, which is comparable to the spin-orbit splitting of
0.36 cm–1 [4,12–17]. Therefore, the diabatic model may not
be suitable for describing the population distribution of the
spin-orbit states, which provides us a good opportunity to
study the relative importance between the shape and Feshbach
resonances.

Recently, we found that the variation in anisotropy param-
eters along the line profile, which we call the β profile, is a
useful tool to study the state coupling dynamics in a single
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FIG. 1. Potential energy curves of H2 correlating to the sec-
ond dissociation limit. The inset shows the potential barrier in the
2pπC 1�u state [15].

isolated Feshbach resonance [20–25]. Although the simul-
taneous shape and Feshbach resonances involve two open
channels, it would be interesting to see if the β profile could
give us new insight into the state coupling dynamics.

In this paper, we reported the rotationally resolved line
profiles due to the predissociation of H2 near the second
dissociation threshold by decoupling the signals from the dis-
sociative ionization and other overlapped transitions. We also
determined the spin-orbit branching ratios using the Rydberg
state ionization technique. It is interesting to find that only
the H(1s) + H(2p1/2) channel or the Feshbach resonance was
observed for the resonance state with energy 0.7 cm–1 above
the threshold. However, for resonance states with energies
36 cm–1 above the threshold, the channel branching ratios be-
tween H(1s) + H(2p1/2) and H(1s) + H(2p3/2) approach the
diabatic limit. The measured β profiles are found to provide
valuable insights into the predissociation dynamics.

II. EXPERIMENTS

Our experimental setup has been described in previous
publications [10,11,23–27], and only a summary is given
here. The setup consists of a tunable XUV pump laser (84.4–
85.1 nm), a probe laser (at 656 or 365 nm), and a typical
molecular beam machine equipped with a velocity map imag-
ing component [28]. The XUV laser was generated by a
four-wave sum frequency mixing method using one fixed
frequency laser, one tunable laser, and one pulse Kr jet as the
nonlinear medium. A toroidal grating was used to separate
the fundamental laser beams from the XUV laser beam and to
focus the XUV beam on the H2 beam. The wavelengths of the
two fundamental laser beams were calibrated by a commercial
wavemeter, WS-6 (HighFinesse Corp., Germany). Because
the dissociation threshold of H2 is very accurate, we also
checked our XUV wavelength using the dissociation threshold
in the spectra.

A. Measurement of branching ratio [H(2s)]/[H(2s) + H(2p)]

The H(2s, 2p) signals were measured as a function of
delay times between the XUV pump laser and the UV probe
laser pulses under field-free conditions [10,11,23–27]. A

pulsed electric field was applied about 200 ns after the pump
laser pulse to extract the H+ ions. The focused UV probe laser
(364 nm, 1 mJ/pulse, f = 300 mm) ionized the H(2s, 2p)
fragments. The ionization rate is much larger than the fluo-
rescence rate of the H(2p) atom. We refer to the measured
curve as the delay-time curve.

Since the lifetimes of the H(2s)(0.12 s) and H(2p)(1.6 ns)
states are very different and the pulse widths of both the XUV
pump and UV probe lasers are 6 ns, the signals measured at
15 ns after the XUV pump laser pulses should be from the
H(2s) fragments, and the signals measured with zero delay
time are a summation of the H(2s) and H(2p) fragments.
Thus, the branch ratio ([H(2s)]/[H(2s) + H(2p)]) can be de-
termined.

B. Measurement of spin-orbit branching ratio
[H(2p3/2 )]/[H(2p1/2 ) + H(2p3/2 )]

The photodissociation experiments were performed under
field-free conditions, and the fragments H(2s, 2p) were ex-
cited to high-lying Rydberg states H(nl, n = 30–60) by a
probe laser (∼365 nm) pulse in coincidence with the XUV
laser pulse. The H(nl ) fragments were ionized by a delayed
(200 ns) pulsed electric field relative to the XUV laser pulse
[11]. We call this detection method the Rydberg state ion-
ization method (RSI). By recording the H+ signal intensity
as a function of the probe laser frequencies, we obtained a
spectrum of the Rydberg state series, called the RSI spectrum.

Note that the H(2s1/2) and H(2p1/2,3/2) components are
present in the RSI spectrum mentioned above. An RSI spec-
trum with only the H(2s) components can be measured by
delaying the probe laser 40 ns relative to the XUV laser
pulse (referred to as the RSID spectrum). The RSI spectrum
with only the H(2p1/2,3/2) components can be obtained by
subtracting the RSID spectrum from the RSI spectrum of
H(2s1/2, 2p1/2,3/2). To avoid broadening the RSI and RSID
spectra by the Stark effect, great care was taken to make
the residual electric field in the vacuum chamber as weak as
possible.

For Rydberg states with n > 30, the spin-orbit splittings
(<10–4 cm–1) can be neglected relative to the probe laser reso-
lution (∼0.1 cm–1). Therefore, all spin-orbit states of the same
nl are summed in the RSI spectrum. It is easy to show that the
line intensities of the 2p3/2 and 2p1/2 states are equal in the
RSI spectrum for a particular nl state [11]. By calculating the
relative intensities in the spin-orbit state resolved RSI spec-
trum, the branching ratios between H(2p3/2) and H(2p1/2) can
be determined.

C. Velocity map images of the fragments H(2l ), H(2p3/2 ),
and H(2p1/2 )

The velocity map images of the H(2l, l = s, p) frag-
ments were measured under an electric field (∼300 V/cm),
in which the H(2s) and H(2p) states were completely
mixed [29].

The state-resolved velocity map images of the H(2s1/2),
H(2p2/3), and H(2p1/2) fragments must be obtained un-
der field-free conditions. The velocity map images of the
H(2p3/2) fragments were obtained under field-free conditions
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with the probe laser frequency fixed at the center of the
2p3/2 peak in the RSI spectrum. However, the peaks of 2s1/2

and 2p1/2 in the RSI spectrum overlap severely because the
energy spacing between the two is small (∼0.03 cm–1). We
measured the H(2s1/2, 2p1/2) and H(2s1/2) fragment images
under field-free conditions, respectively. For the H(2s1/2) im-
age, a probe laser delay of 40 ns relative to the pump laser
pulse was applied. The velocity map images of the 2p1/2

state can thus be obtained by the difference between the two
images.

The angular distribution of the photofragments can be de-
termined from the velocity map images and are fitted using
the well-known formula [30]

f (θ ) ∝ 1 + βP2(cos θ ), (1)

where θ is the angle between the recoil velocity vector and the
polarization direction of the dissociation laser, and P2(cos θ )
is the second-order Legendre polynomial. β is the so-called
anisotropy parameter.

III. EXPERIMENTAL RESULTS

Figure 2(a) shows the H(2l ) fragment yield spectrum and
photoexcitation spectrum of H2 under an electric field (dc).
The H(2l ) fragments were detected using the so-called one-
photon resonance-enhanced one-photon ionization method,
often denoted as (1 + 1) REMPI, with the resonance transi-
tion between the H(2l ) and H(3l ) (Balmer α line, 656.3 nm)
states. The excited states of H2 were also ionized by the same
probe laser. Since the photon energy of the probe laser (1.89
eV) plus that of the XUV laser (∼14.68 eV) was lower than
the threshold (18.08 eV) of dissociative ionization of the H2

molecule, the H+ signals could not be from the one-photon
dissociative ionization of H∗

2 and should be from the photoion-
ization of the H(2l ) fragments. Figure 2(b) shows the H(2s)
yield spectra and excitation spectra of H2 measured under the
field-free condition with the probe (ionization) laser delayed
40 ns (referred to as the FFD method).

The spectra in the energy region shown in Fig. 2(a) can be
assigned from the transitions to the 2pσB 1�+

u , 3pσB′ 1�+
u ,

and 2pπC 1�u states. We only labeled the rotational lines of

FIG. 2. (a) The H(2l ) fragment yield spectrum and the photoex-
citation spectrum of H2 measured simultaneously with the pump and
probe laser (656.3 nm) pulses overlapping in time under the electric
field (dc); (b) the corresponding spectra measured under the field-free
condition with the probe laser pulse delayed 40 ns relative to the
pump laser pulse (FFD). The black vertical lines show the disso-
ciation thresholds for the initial rotational states of H2. Rotational
assignments are for the transitions to 2pπC 1�u(υ ′ = 13), and the
line positions are listed in Table I.

2pπC 1�u that we were interested in. The dissociation thresh-
olds for the initial rotational states of J ′′ = 1, 2, and 3 were

TABLE I. Line positions ω0, linewidths �, available energy Et , branching ratios α = [H(2s)]/[H(2s) + H(2p)], δ =
[H(2p3/2)]/[H(2p3/2) + H(2p1/2)], and the H(2s1/2, 2p1/2,3/2) fragment anisotropy parameters β from the predissociations of the
2pπC 1�u(υ ′ = 13) state. The uncertainties of ω0, 
, and Et are 0.1 cm–1. The uncertainties of � for the Q(2), R(1), and P(3) transitions
are estimated as 0.02 cm–1, and for Q(3) and R(2) are 0.1 cm−1.

ω0 (cm–1) 
(cm–1)a Et (cm–1)b � (cm–1) βd

Transition This work Ref. [4] Ref. [13] This work This work Ref. [4] qc α δ 2p3/2 2p1/2 2s1/2 2l

Q(2) 118023.1 –0.1 1.4 0.5 0.57 50 ± 5 <0.1
R(1) 118259.2 –3.0 –1.3 0.7 0.54 0.4 >100 <0.1 0.0
P(3) 117672.4 –2.8 0.9 0.65 <−100 <0.1 0.0
Q(3) 117707.4 –0.2 36.0 1.3 >20 <0.01 0.63 –0.59 –0.67 –0.68
R(2) 118059.9 0.1 –2.1 37.3 4.5 3.56 >50 0.46 0.81 1.34 0.08 0.74

aThe difference between this work and references.
bAvailable energy for the fragments. The threshold of H(1s) + H(2p1/2) is 118 376.98 cm–1 [8]. The rotational energies for the ground state of
H2 are 118.50, 354.39, and 705.54 cm–1 for J ′ = 1, 2, and 3, respectively [14].
cThe Fano q parameters for the Q(3) and R(2) transitions are only semiquantitative.
dUncertainty is estimated as 0.02.
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FIG. 3. (a) The spectra of the R(1) transition to 2pπC 1�+
u (υ ′ = 13, J ′ = 2) measured using the RSI and RSID detection methods (see

Sec. II B). The probe laser pumped H(2p1/2) to H(nl, n = 46); (b) the rotationally resolved R(1) spectrum in the black (fluctuated) line
obtained by the difference of the two spectra showing in panel (a), and the red (smooth) line is the fit; (c) the spectra of the P(3) transition.
The probe laser frequency was fixed at the peak of the transition H(n = 37) ← H(2p1/2) in the RSI and RSID spectra. The orange dotted dash
curve represents the H+ signals from the dissociative ionization (DI) of H∗

2 with the probe laser fixed at a frequency between peaks H(n = 37)
and H(n = 38) in the RSI spectrum; (d) the black (fluctuated) line is the P(3) spectrum obtained by subtracting the spectra using the RSID and
DI detection methods from the spectrum using the RSI method. The red (smooth) line is the fit. The fit parameters are listed in Table I.

easily identified. The inset in Fig. 2(b) shows the threshold
for J ′′ = 1.

By comparison between Figs. 2(a) and 2(b), it is seen that
the Q branches almost disappeared using the FFD method.
The results showed that the Q branches correlate to the disso-
ciation channel of H(1s) + H(2p), which is in agreement with
the previous results [10,11,23–25]. The reason is that the Q
branches are the transitions to the 2pπC 1�−

u state that cannot
interact with the 3pσB′1�+

u state correlating to the channel
H(1s) + H(2s) due to the symmetry requirement.

For a single isolated Feshbach resonance, the line profile
can be fitted using the so-called Fano formula [1–3,31],

σ (ω) = σi
[q + 2(ω − ω0)/�]2

1 + [2(ω − ω0)/�]2 + σb, (2)

where σi and σb represent the absorption cross sections to the
interacting and noninteracting continuum states, respectively.
q is the Fano parameter, ω0, the resonance frequency, and �,
the linewidth. We neglected σb in the fits.

A. State-resolved spectra for the
2pπC 1�±

u (υ′ = 13, J′ = 2) state

To obtain the state-resolved spectrum, we must subtract the
components interfering with the target spectrum from the total

spectrum. To cross-examine the results, we determined the
spectroscopic parameters using the R(1) and P(3) transitions.
The related spectra are shown in Figs. 3(a)–3(d).

1. Rotational-state-resolved spectrum of the R(1) transition

The XUV fluorescence-excitation spectrum of the H2

molecule and the H(2s) fragment yield spectrum were
recorded near the R(1) transition by Balakrishnan et al.
in 1992 [7]. Two peaks overlapped heavily in the spec-
trum. One peak was associated with the dissociation channel
H(1s) + H(2s) and the other with H(1s) + H(2p). In 1998,
Cheng et al. obtained a similar fragment yield spectrum by
exciting the H2 molecule using a two-step photoexcitation
process and multiphoton ionization of H(2l ) fragments [4].
Cheng et al. assigned the first peak as the R(1) transition
to C 1�u(υ ′ = 13, J ′ = 2), and the second peak as the R(1)
transition to 3pσB′ 1�+

u (υ ′ = 9, J ′ = 2) that correlates to the
channel H(1s) + H(2s) [4].

Figure 3(a) shows the H(2s, 2p) and H(2s) fragment yield
spectra near the second threshold of H2(J ′′ = 1) detected us-
ing the RSI and RSID methods, respectively. Note that the
probe laser was a collimated UV (365 nm) laser beam in
this case. The spectrum confirms the previous results, namely,
that the first peak is associated with H(1s) + H(2p) and the
second peak with H(1s) + H(2s). Subtracting the spectrum of
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FIG. 4. The spectrum of the Q(2) transition to 2pπC 1�−
u (υ ′ = 13, J ′ = 2). (a) The H(2l ) fragment yield and H2 excitation spectra

measured under field-free condition with the pump and probe laser coincidence in time, and the H(2s) fragment yield spectrum measured
with the probe laser delayed 40 ns relative to the pump laser. (b) The spectrum measured by recording the signals of near-zero kinetic energies
of the H(2l ) fragments [33,34]. The signal intensities are not scaled in the figure.

the H(2s) fragments from that of the H(2s, 2p) fragments,
we obtained the rotational-state-resolved R(1) spectrum as
shown in Fig. 3(b). As can be seen, the line profile is
relatively symmetrical. The fit parameters can be found in
Table I.

2. Rotational-state-resolved spectrum of the P(3) transition

Similar to the studies for the R(1) transition, we mea-
sured the yield spectra of the H(2l ) and H(2s) fragments
near the dissociation threshold of H2(J ′′ = 3), as shown
in Fig. 3(c). There are three overlapped peaks in to-
tal. As mentioned in Sec. III A 1, the P(3) transition to
3pσB′ 1�u(υ ′ = 9, J ′ = 2) produces only H(2s) fragments.
There are also H+ signals from the dissociative ionization
of H2(2pσB 1�+

u , υ ′ = 33, J ′ = 2) excited by the R(1) transi-
tion. The corresponding H2 excitation spectrum can be found
in Fig. S1 in the Supplemental Material [32]. The H+ signals
from the dissociative ionization, as shown by the dotted dash
line (orange) in Fig. 3(c), were measured by tuning the probe
laser off the line centers of the peaks in the RSI spectrum.
The rotational state-resolved spectrum for the P(3) transition
was thus obtained by subtracting the H(2s) yield spectrum
measured using the RSID method and the H+ dissociative
ionization (DI) spectrum from the H(2l ) yield spectrum mea-
sured using the RSI method, as shown in Fig. 3(d). The fit
parameters are listed in Table I.

Table I shows that the linewidths and energy levels of
the R(1) and P(3) transitions are in reasonable agreement
considering that the two state-resolved spectra were obtained
indirectly. The average value of the energy level J ′ = 2 is
thus 118 377.8 (±0.1) (cm–1), lower than the 118 380.7 cm–1

reported by Cheng et al. [4], but higher than 118 374.63 cm–1

reported by Abgrall et al. [17]. The average linewidth is 0.60
(±0.05) cm–1.

3. Rotational-state-resolved spectrum of the Q(2) transition

Figure 4(a) shows the H(2l, l = s, p) and H(2s) fragment
yield spectra near the second threshold of H2(J ′′ = 2), which
were measured under field-free conditions with the probe laser

(364 nm, 1 mJ/pulsed, f = 300 mm) without delay, and with
a 40 ns delay relative to the pump laser pulses, respectively.
The excitation spectrum of H2 obtained by ionization of H∗

2
using the same UV probe laser is also shown in Fig. 4(a). A
similar H2 excitation spectrum was reported by Cheng et al.
using multiphoton ionization of H∗

2; however, they did not
report the H(2l ) fragment yield spectra [4].

There were at least two overlapped peaks in the H(2l )
fragment yield spectrum measured under the field-free condi-
tion. The left peak correlates to the H(1s) + H(2p) channel, as
evidenced by the H(2s) spectra. This peak should come from
J ′′ = 3 since it is located below the threshold of J ′′ = 2 and
is predissociated (the population of J ′′ = 4 could be neglected
in our H2 beam); however, its exact assignment is not known
to us. The right peak was assigned as Q(2) by Cheng et al.
[4]. The Q(2) peak correlates to the H(1s) + H(2p) channel
and is located about 0.5 cm–1 above the threshold of J ′′ = 2.
Because of the near-zero kinetic energy of the fragments, we
could distinguish Q(2) from its neighbor peak with J ′′ = 3
by using a technique similar to the zero-kinetic-energy photo-
electron spectroscopic method [33,34]. Therefore, a spectrum
with only the Q(2) transition was obtained and is shown in
Fig. 4(b). The fit parameters for this peak are shown in Table I.

The energy level for C 1�−
u (υ ′ = 13, J ′ = 2) is thus

118 377.5 cm–1, in agreement with the reported value [4].The
energy difference between C 1�+

u (υ ′ = 13, J ′ = 2) and
C 1�−

u (υ ′ = 13, J ′ = 2) is determined to be 0.3 (±0.1) cm–1,
which is in agreement with the value of 0.47 cm–1 reported by
Abgrall [17].

B. State-resolved spectra for the
2pπC 1�±

u (υ′ = 13, J′ = 3) states

Figures 5(a) and 5(b) show the H(2l ) fragment yield
spectra and the H2 excitation spectra for the Q(3) and R(2)
transitions, respectively. There were H+

2 signals observed in
the Q(3) transition, which indicated that some of the observed
H+ signals were from the dissociative ionization of H∗

2 in-
duced by the focused probe laser (364 nm). The line center of
the Q(3) branch is 117 707.4 (±0.1) cm–1, which is very close
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FIG. 5. The H(2l ) fragment yield spectra (open cycle) and H2 excitation spectrum (lower blue line) from the (a) Q(3), and (b) R(2)
transitions to 2pπC 1�u(υ ′ = 13) under electric field. The solid red line is the nonlinear least-squares fits using the Fano formula.

to the value of 117 707.57 reported by Namioka [13]. The line
center of the R(2) branching is 118 059.9 cm–1, which is good
agreement with that of Cheng et al. [4], but different from the
118 061.96 cm–1 of Namioka [13].

The linewidth of the Q(3) transition is 1.3 (±0.1) cm–1,
which is consistent with the fact that the excited H∗

2 was
observed with a focused probe laser beam. The linewidth of
the R(2) transition is 4.5 (±0.1) cm–1. There was no H+

2 signal
observed due to the short lifetime of the excited H∗

2 [small
H+

2 signals were observed; however, they were from the R(1)
transition to 2pσB 1�+

u (υ ′ = 34)]. It is interesting to note that
neither line profile could be satisfactorily fitted using the Fano
formula [Eq. (2)]. This is probably because the dissociations
involve two open channels [H(1s) + H(2p1/2,3/2)], which can-
not be described by Eq. (2) [3].

Note that both the Q(3) and R(2) transitions have larger
linewidths than those of the Q(2) and P(3) transitions, which
indicates that they have stronger L-uncoupling strengths.

C. Branching ratios of [H(2s)]/[H(2s) + H(2p)]

Figure 6 shows the measured delay-time curves for the
Q(3), R(2), and P(3) transitions. As we mentioned (see Fig. 1),
channel H(1s) + H(2s) correlates to the 3pσB′ 1�+

u state,
while channel H(1s) + H(2p) correlates to the 2pπC 1�u and
2pσB 1�+

u states.
For the Q(3) transition, the experimental results demon-

strated that only the H(2p) fragments were produced, as we
mentioned earlier. For the R(2) transition, Fig. 6(b) indicates
that there is a large percentage (46%) of the H(2s) components
present, which indicates that the corresponding predissocia-
tion involves direct or indirect couplings between 2pπC 1�+

u
with 3pσB′ 1�+

u . The previous theoretical calculation did not
take this coupling into account, which may be the reason why
the calculated linewidths (<0.1 cm–1) were much smaller than
the experimental results [16].

For the P(3) transition, it seems that there were
∼10% H(2s) components. However, there were some
H(2s) signals from the overlapping P(3) transition to

3pσB′ 1�+
u (υ ′ = 9, J ′ = 2) [4], as shown in Fig. 3(c). It is

thus expected that the H(2s) fragments produced in the P(3)
transition should be much less than 10%.

For the Q(2) and R(1) transitions, the delay-time
curve could not provide qualitative branching ratios of
[H(2s)]/[H(2s) + H(2p)] because of the H(2s) fragments
produced from the direct dissociations of the molecules with
J ′′ = 3 in the H2 beam [27,35]. However, the branching ratios
are less than 10%, as seen in Fig. 2(b), which is consistent
with the previous results [4].

D. Spin-orbit branching ratio [H(2p1/2 )]/[H(2p1/2 ) + H(2p3/2 )]

Figure 7(a) shows the RSI and RSID spectra of the P(3)
transition, and Fig. 7(b) shows those of the R(1) transition. We
introduced the RSI and RSID spectra in Sec. II B. The RSI and
RSID spectra were alternatively measured. As seen from the
insets shown in Figs. 7(a) and 7(b), no H(2p3/2) component
was found in the RSI spectra. Note that the H(2s1/2) com-
ponents were mainly from the overlapping transitions [see
Fig. 3(c)] and background dissociations [27,35]. Therefore,
only the H(2p1/2) component was observed in the P(3) and
R(1) transitions.

Figure 8(a) shows the RSI and RSID spectra of the
H(2l ) fragments produced from the Q(3) transition of
2pπC 1�−

u (υ = 13). Figure 8(b) shows an expanded spec-
trum of H(nl, n = 37), which demonstrates that both
H(2p3/2) and H(2p1/2) components are present. The branch-
ing ratio [H(2p1/2)]/[H(2p1/2) + H(2p3/2)] was calculated
by the relative areas between the two components in the
difference spectra between RSI and RSID [11]. The statis-
tical average of all peaks yields a value of 0.63(±0.03),
approaching the diabatic ratio of 2/3; see also Table S1 in
the Supplemental Material [32]. Note that in the diabatic
model, the spin-orbit branching ratios are determined by the
components of spin-orbit states in the diabatic states [2].

For the R(2) transition, due to the strong H(2s) signals, we
have not obtained a reliable spin-orbit branching ratio.
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FIG. 6. The delay-time curves for the determination of branching
ratios [H(2s)]/[H(2s) + H(2p)] for the predissociations due to (a)
Q(3), (b) R(2), and (c) P(3) transitions to 2pπC 1�u(υ ′ = 13).

E. State-resolved fragment angular distributions for the Q(3)
and R(2) transitions

Figure 9 shows the inverse-Abel transforms of the velocity
map images of the spin-orbit state resolved H(2l ) fragments
produced from the Q(3) and R(2) transitions. The correspond-
ing angular distributions are also shown in the figure.

For the Q(3) transition, the anisotropy parameters of
H(2p1/2) and H(2p3/2) were determined to be −0.67 and
−0.59, respectively, which are similar to the theoretical value
of −0.75 assuming a dissociating state of 1�u symmetry
[19,25]. The agreement between the experimental values and
the theoretical model may indicate that the predissociation
occurs via the tunneling dissociation mechanism; however, the
observed spin-orbit branching ratio of 2/3 suggests that both
tunneling and coupling with another state (see the following
discussion) should play roles in the predissociation. This con-
tradiction can be understood as the angular distribution of the

FIG. 7. The RSI and RSID spectra of the H(2l ) fragments pro-
duced from the predissociations due to (a) P(3), and (b) R(1)
transitions to 2pπC 1�+

u (υ ′ = 13). The insets in the figure show that
no H(2p3/2) fragments were produced in the predissociations.

fragments being determined primarily by the transitions in the
Franck-Condon region, while the spin-orbital state distribu-
tion is determined primarily by the state coupling near the
dissociation limits [11].

For the R(2) transition, the anisotropy parameters of the
H(2p3/2) and H(2p1/2) fragments were determined to be 0.81
and 1.34, respectively. The theoretical β value of the R(2)
transition with a dissociating state of 1�+

u symmetry is 0.8
[26]. Although the β value of the H(2p3/2) fragment agrees
with a dissociating state of 1�+

u symmetry, the β value of
the H(2p1/2) fragment is larger than that of the theoretical
model, which we do not yet understand. Note that without the
state-resolved β value of H(2l ) is 0.74 in agreement with the
theoretical model.

F. β profiles of the Q(3) and R(2) transitions

The β values for a predissociation usually vary along the
absorption line profile, which we call the β profile [20–25].
For a Feshbach resonance, the absorption intensity at the line
center is mainly due to the quasibound state, and β at the line
center can be calculated using a simple analytical formula
[20,26]. As the excitation energy deviates from the center,
it is also possible to calculate β using a theoretical model
[20–25]; however, several dynamical parameters are involved.
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FIG. 8. (a) The RSI and RSID spectra of the H(2l ) fragments produced from the predissociation due to the Q(3) transition to
2pπC 1�−

u (υ ′ = 13, J ′ = 3). (b) An expanding portion of the left figure for n = 37. The area ratios between the peaks of H(2p3/2) and
H(2p1/2) for all Rydberg states are listed in Table S1 in the Supplemental Material [32].

FIG. 9. Inverse-Abel transforms of the velocity map images and the corresponding angular distributions of the H(2s1/2, 2p1/2), H(2p3/2)
and H(2s1/2) fragments produced from the predissociations due to the Q(3) and R(2) transitions to 2pπC 1�−/+

u (υ ′ = 13), respectively. The
H(2l ) fragments were detected using the RSI and RSID methods by pumping H(2l ) to H(n = 52) or H(n = 51). The polarization of the XUV
laser is along the up-down direction of the images. The β values are also listed in Table I.
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FIG. 10. (a) Inverse-Abel transforms of velocity map images of the H(2l ) fragments along the line profile of the Q(3) transition to
2pπC 1�−

u (υ ′ = 13) measured under the electric field. The numbers in the figure indicate the shifts to the line center of the transition;
(b) the corresponding angular distributions of the images. The β values are listed in Table S2 in the Supplemental Material [32]; see also
Fig. 11.

First, the β value due to the continuum state (βc) should
be taken into consideration. Interference effects between the
bound and continuum states also play an important role in
determining the angular distribution (βint ). The β profile is
found to be asymmetrical when the anisotropy parameter due
to the continuum state (βc) is not equal to that due to the
interference (βint ) (βc �= βint) [24]. Note that the extremum

β in the β profile is located near the Fano dip [21,24]. In
the absence of state interference in the Franck-Condon re-
gion, the extremum β is located at the line center, and the
β profile is symmetrical (see Eq. (9c) in [20] or Eq. (3) in
Ref. [24]).

Figure 10 shows the inverse-Abel transforms of the veloc-
ity map images of the H(2l ) fragments and the corresponding
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FIG. 11. Anisotropy parameters β of the H(2l ) photofragments
along the Fano profile of the Q(3) transition to 2pπC 1�−

u (υ ′ = 13).
The symmetric β profile indicates that the excitation process only
involves the 2pπC 1�−

u state in the Franck-Condon region.

angular distributions at different excitation energies along the
Q(3) line profile. The corresponding β profile is shown in
Fig. 11. The experiments were performed under the electric
field, and the H(2s) and H(2p) fragments were thus fully
mixed [29]. As can be seen, the β profile is almost symmet-
rical relative to the resonance center, which indicates that the
coupling of the 2pπC 1�−

u (υ ′ = 13) state with other states
is weak in the Franck-Condon region. The β value at the
resonance center is −0.68, which is in agreement with the
theoretical calculation. It is surprising to see that the β values
for the two sides of the β profile are ∼0.0. The transitions out-
side the resonance peak should be mainly to continuum states,
which can be regarded as a combination of P(3), Q(3), and
R(3) rotational branches. For the R(3) and P(3) transitions of
1�+

u ( 1�u) symmetry, the β values should be 0.71 (0.61) and
0.29 (0.14), respectively, which are all positive values larger
than 0.0. Therefore, near-zero β values suggest that the Q(3)
branch dominates the transition in the continuum state. Fur-
thermore, more P(3) [R(3)] components are expected on the
left (right) side of the resonance peak, and β values are thus
lower on the left side and higher on the right side, as shown in
Fig. 11. The excited continuum state should be the vibrational
continuum of the 2pπC 1�u state in this energy region.

We also measured the β profile for the R(2) transition.
Figure 12 shows the inverse-Abel transforms of the H(2l )
fragment velocity map images and the corresponding angular
distributions along the R(2) line profile. The β profile is shown
in Fig. 13. It is seen that the β profile is highly asymmetrical,
which indicates that the 2pπC 1�+

u (υ ′ = 13) state is coupled
with continuum states in the Franck-Condon region [20–25].
Note that the β values vary quickly from positive to negative
values as excitation energies decrease from the center of the
peak. The reason is not clear to us and should be studied in
the future.

In the neighborhood of the R(2) transition, there are
three resonances due to the P(1) and R(1) transitions to
the 3pσB′1�+

u (υ ′ = 6) state and the R(0) transition to the
2pσB1�+

u (υ ′ = 34) state. The three states have lower en-

ergies than the threshold. The peaks of H+ signals for the
three transitions are, in fact, from the two-photon dissociative
ionization of H∗

2, which resulted in background signals in the
velocity map images and lowered their β values, which we
denoted as “*” in the figure.

IV. DISCUSSION

A. P(3), R(1) and Q(2) predissociations

The P(3) and R(1) transitions are to the
2pπC 1�+

u (υ ′ = 13, J ′ = 2) state. There is an L-uncoupling
between the 2pπC 1�+

u and 2pσB1�+
u states [2,29], which

results in the predissociation of the 1�+
u state via the

2pσB1�+
u state. Therefore, the dissociation of the 1�+

u
state can occur via both tunneling and coupling with the
2pσB 1�+

u state. However, the 2pπC 1�+
u (υ ′ = 13, J ′ = 2)

state is just ∼0.3 cm–1 above the threshold to produce
the excited H(2p3/2) atoms; the probability of tunneling
dissociation is expected to be weak. Our experimental
results support such a conclusion: Only the ground state
H(2p1/2) was observed; therefore, the predissociation of the
2pπC 1�+

u (υ ′ = 13, J ′ = 2) state is a typical single isolated
Feshbach resonance [3].

For the Q(2) transition to the 2pπC 1�−
u (υ ′ = 13,

J ′ = 2) state, only H(2p1/2) was observed, and the linewidth
is 0.57 cm–1, similar to that of the 2pπC 1�+

u state. It is thus
concluded that the tunneling dissociation is weak. Note that
the 2pπC 1�−

u state does not interact with any singlet state
correlating to the channel H(1s) + H(2p1/2). The only possi-
ble mechanism to produce H(2p1/2) is that the 2pπC 1�−

u
state interacts with some triplet state, possibly 2pπc 3�−

u ,
near the dissociation limit via the spin-orbit interaction. The
detailed mechanism should be studied in the future.

B. Q(3) and R(2) predissociations

The Q(3) and R(2) transitions are to the 2pπC 1�−
u and

2pπC 1�+
u states of υ ′ = 13, J ′ = 3, respectively. The en-

ergy difference between the two opposite symmetrical states
is 1.4 cm–1.

The spin-orbit branching ratio [H(2p3/2)]/
[H(2p3/2) + H(2p1/2)] for the Q(3) transition was found
to be 0.63 ± 0.03, approaching the diabatic limit of 2/3. The
same results have been found in the tunneling dissociation
of D2 [11]. Note that the available kinetic energies of the
fragments are ∼36 cm–1, which is much larger than the
spin-orbit splitting between the H(2p1/2) and H(2p3/2)
states. Therefore, the spin-orbit state distribution can be
described by the diabatic model. It may also be concluded
that the dissociation occurs via two pathways, tunneling and
spin-orbit coupling between 2pπC 1�−

u and a triplet state
near the dissociation limit.

As we mentioned, the β profile of the Q(3) transi-
tion indicates that the predissociation occurs mainly via the
2pπC 1�−

u state and the coupling with other states is not
important in the Franck-Condon region.

For the R(2) transition, there is a large proportion of H(2s)
products, which indicates that there are direct and indirect
couplings between 2pπC1�+

u and 3pσB′1�+
u . The spin-orbit-

resolved β parameters clearly showed that the dissociative
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FIG. 12. See the caption of Fig. 10, however, for the R(2) transition to 2pπC 1�+
u (υ ′ = 13). The β values are listed in Table S2 in the

Supplemental Material [32]; see also Fig. 13.

states have 1�+
u symmetry in the Franck-Condon region. As

we mentioned, we could not obtain definite values of the
spin-orbit branching ratio between H(2p1/2) and H(2p3/2) due
to the strong H(2s) signals. However, our previous results on
the tunneling dissociation of D2 suggest that the ratio should
approach the diabatic limit. The asymmetrical β profile also
clearly demonstrates the coupling effect with the 1�+

u states.
For the predissociation of the 2pπC 1�+

u (υ ′ = 13, J ′ = 3)
state, it can be concluded that there are three dissociation
channels: tunneling dissociation producing H(2p1/2), and Fes-

hbach resonances producing H(2s) and H(2p3/2) by coupling
with 2pσB1�+

u and 3pσB′1�+
u , respectively. The three disso-

ciation channels should result in a larger linewidth than the
previous theoretical results (<0.1 cm–1) [15].

V. SUMMARY AND OUTLOOK

There is a barrier in the potential energy curve of the
2pπC 1�u state of H2, which hosts several rotational states
[4,12–17]. The previously reported rotational spectra were
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FIG. 13. Anisotropy parameters β of the photofragments H(2l )
along the line profile of the R(2) transition to 2pπC 1�+

u (υ ′ = 13).
Note that the β profile is highly asymmetrical showing state interfer-
ence in the dissociation. Assignments for the transitions of B′-X (6,0)
P(1), B-X (34,0) R(0), and B′-X (6, 0)R(1) are from Refs. [12,13].

blended due to the rotational transitions of other electronic
states [4]. We obtained the rotationally resolved spectra by
measuring the components of the blended spectra and deduct-
ing the blurred effect.

We also studied the dissociation dynamics by measuring
the spin-orbit branching ratios between H(2p1/2) and
H(2p3/2) and the angular distributions of the H(2l )
fragments. The 2pπC 1�+

u (υ ′ = 13, J ′ = 2) state is
0.7 cm–1 above the dissociation threshold, and only the
H(2p1/2) component (Feshbach resonance) was observed.
For the 2pπC 1�−

u (υ ′ = 13, J ′ = 3) state where the
available kinetic energy is 36 cm–1, the branching ratio
[H(2p3/2)]/[H(2p1/2) + H(2p3/2)] (0.63 ± 0.03) was found

to be close to the diabatic limit, and the measured β profile for
the Q(3) transition is symmetrical. It is therefore concluded
that the predissociation occurs via the tunneling dissociation
and coupling with a triplet state near the dissociation limit.
For the 2pπC 1�+

u (υ ′ = 13, J ′ = 3) state, the experimental
results demonstrated that the predissociation occurs via
tunneling, and coupling with the 3pσB′1�+

u and 2pσB1�+
u

states.
The experimental results in this work call for future the-

oretical studies on some of our interesting findings. For
example, to understand the branching ratios between the
H(2p1/2) and H(2p3/2) states produced by the predissociation
of the 2pπC1�−

u state, a thorough study is required on the
spin-orbit couplings between singlet and triplet states near the
dissociation limit. The variation in the β parameters around
the resonance peaks (Figs. 11 and 13) may need theoretical
calculations considering multichannel couplings.

It is also worth noting that hyperfine structures are rarely
considered in the study of molecular photodissociation be-
cause of the small energy splittings in comparison with the
electronic spin-orbit splittings and translational energies of
the fragments. However, we measured the population distri-
butions of the H(2p1/2) and H(2s1/2) states with an energy
spacing of 0.035 cm–1, which is even smaller than the hy-
perfine level splitting (0.046 cm–1) of the H(1s1/2, F = 0, 1)
atom [36]. It would be interesting to measure the population
distribution in the hyperfine levels of H(1s) atoms in the
future.
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