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ABSTRACT

We report on the measurement and analysis of photoionisation,

and pulsed-field-ionisation zero-kinetic-energy photoelectron
dissociative-ionisation thresholds H* + D(1s) + e~ and H(1s) +

viathev = 11—13 vibrational levels of the Hand B outer wells of the HH ' = and BB ' & states and

provide information on the weakly bound levels of the X+ 22;

quantum numbers vt = 16—21 and rotational angular-momentum quantum numbers N* = 0—10.
The spectra also reveal for the first time shape and Feshbach resonances of HD* located energetically
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mass-analysed-threshold-ionisation
spectra of HD in the vicinity of the

+ p—
D" + e~. The spectra were recorded KEYWORDS
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ground state of HDT with vibrational

above the H* + D(1s) dissociation limit. The structure and dissociation dynamics of the H and B states

of HD and of the X* 2 and AT 2 states of HD™ near the

dissociation thresholds are strongly

influenced by the g/u-symmetry breaking caused by the nuclear-mass asymmetry.
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1. Introduction

This article presents an experimental study of HD™
in the vicinity of the H" + D(1s) and H(ls) + D"
dissociation thresholds by pulsed-field-ionisation zero-
kinetic-energy (PFI-ZEKE) photoelectron spectroscopy.
We used a resonant multiphoton excitation sequence via

thev = 11—13levels of the HH ' = and B"B ' Zf states.

These levels are located in the outer (H and B) potential
wells, which have ion-pair character, and are thus ideally
suited to efficiently access the high vibrational levels of
HD located just below, and the dissociation continua
located above, these thresholds. They are almost degen-
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Figure 1. Relevant distances in the HD™ molecular ion. The small
green dot designates the geometric centre of the nuclei.

erate and, in HD, the gerade/ungerade (g/u) symmetry
breaking from the nuclear-mass asymmetry mixes these
two states [1] and makes them accessible by two-photon
excitation from the ground state.

The emphasis of the article is placed on (i) the struc-
ture and dynamics of HD in the HH 'z and B"B Iyt
states and of HD™ near the dissociation threshold, and
(ii) the effects of the g/u-symmetry breaking in the elec-
tronic states of HD and HD™. The earlier theoretical
work of L. Wolniewicz and his coworkers on these topics
[1-3] were extremely useful in guiding our analysis, and
so were numerous experimental and theoretical studies
of isotopic effects near the dissociation thresholds of HD
(see, e.g. Refs. [4-11] and references therein).

HD™ is the simplest molecular system that possesses
a permanent electric dipole moment. The nonvanish-
ing electric dipole moment results from a breakdown
of the Born-Oppenheimer approximation that can be
attributed to the displacement of the centre-of-mass rela-
tive to the geometric centre of the nuclei. The rovibronic
molecular Hamiltonian can be expressed as [2,12]

Hen
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N e N e

Hj H, Hy

(1)

In Equation (1), Hey is the clamped-nuclei Hamiltonian,
(ROD) specify the nuclear spatial arrangement in the
laboratory-fixed frame, and

Mamy,

=— ()
H my + My
and
MaMp
g = ———, (3)
m, — Mp

where m, and my, are the masses of nuclei a and b, respec-
tively. All other symbols have their usual meaning and the
labels of the particles are given in Figure 1.

The Hamiltonian of HD differs from that of the
homonuclear species H, and D, only through the

additional term Hj, which vanishes in homonuclear
molecules and is the only term in Equation (1) that is
not invariant to the symmetry operations of the Doop
point group. Specifically, Hj is not invariant with respect
to the permutation of the nuclei a and b and has Cyoy
symmetry. This term causes a mixing of states of g
and u symmetry (see, e.g. Refs. [2,12]) and couples
ionisation channels differing in core rotational-angular-
momentum quantum number Nt and electron-orbital-
angular-momentum quantum number / by +1 [13,14].
Because of the mass ratio of H to D (and T), the nonadia-
batic g/u-symmetry breaking in HD (and HT) is stronger
than in any other isotopically substituted homonuclear
diatomic molecule.

The rovibronic g/u-symmetry-breaking interaction
is very small in low rovibrational states, but becomes
important in high vibrational states near the dissocia-
tion thresholds of HDT, HT + D(1s) and DT + H(ls),
that are separated by the different ionisation energies
of the atoms, i.e. by 29.843 cm~L. These two dissocia-
tion thresholds can be associated with the lower (X1)
and upper (AT) electronic states, respectively, and the
theoretical description is similar to that introduced for
the hyperfine-induced g/u mixing in Hy presented in
Ref. [15], although the rovibronic g/u-mixing effect in
HD™ is approximately 900 times stronger.

The nonzero electric dipole moment of HD™ allows
the measurement of rovibrational transitions in the
infrared and microwave region and a variety of such
transitions have been observed [16-23]. In particular,
Carrington and coworkers have studied the hyperfine
structure of rovibrational levels of HD™ in the vicin-
ity of the first dissociation threshold and the effects of
the asymmetric charge distribution in the centre-of-mass
frame [20].

Above the first dissociation threshold of HD™, the
g/u-mixing term Hj in the molecular Hamiltonian (1)
is also responsible for electronic predissociation (type
I predissociation in Herzberg’s classification [24]). The
rovibrational levels of the AT state cannot predissociate
in the cases of H; and D5 because they are located below
the dissociation threshold. In HD, they are all located
above the HT + D(1s) dissociation threshold and are cou-
pled to the HT + D(1s) continuum, which reduces the
lifetimes to the picosecond range. Although the decay
through electronic predissociation is allowed above the
lowest dissociation threshold, it does not always con-
tribute significantly, so that some resonances are better
described by elastic-scattering resonances i.e. shape and
orbiting resonances, as discussed, e.g. in Refs. [25-27].

All bound rovibronic states of HD™ associated with
the X state were calculated by Moss using a transformed
Hamiltonian in combination with the artificial-channels



scattering method [28]. With this method, the effect of
the g/u-mixing rovibronic term is removed from the
Hamiltonian using a unitary transformation that results
in effective nuclear charges and effective reduced masses
in the electronic Hamiltonian. For the lowest vibra-
tional states of HD™, variational calculations [29] and
pre-Born-Oppenheimer variational results including rel-
ativistic and QED corrections up to high order [30-33]
were reported.

Calculations, based on a variation-perturbation
approach first used in HD by Wolniewicz and Orlikowski
[2,3,34], using hyperspherical coordinates [35] and a
modified adiabatic Hamiltonian [36], were also reported
(see Ref. [37] for a review), but included more restrictive
approximations than the calculations of Moss [28]. How-
ever, these calculations could be extended to the energy
region above the first dissociation threshold H* + D(1s)
and predicted the positions and widths of the quasibound
states of HDT [3,25,34,35,38].

Several quasibound states (shape resonances) of the
Xt state with rotational quantum numbers N larger
than 16 were observed by Carrington and coworkers [39].
Their experimental method restricted the detection to
states with lifetimes longer than a few nanoseconds so
that only resonances trapped on the low-R side of large
centrifugal barriers could be detected. Concerning the
metastable levels of the AT state, Leach and Moss com-
mented in their review article that ‘there seems to be
no immediate prospect to experimentally observe these
short-lived levels of the first excited electronic state’ [37].

We present PFI-ZEKE photoelectron spectra of HD
near the HY + D and H + DT dissociative-ionisation
thresholds recorded via the HH 12;(1/ =11-13) and
B"B ! (v = 11—13) intermediate states. These spec-
tra reveal sharp transitions to the highest bound states
of HDT with v* between 16 and 21 and N* =0 — 10
as well as the onset of the dissociation continua. The
effects of increasing g/u mixing with increasing v* on
the relative intensities in these spectra are discussed.
By detecting the HT and D™ fragments using mass-
analysed threshold-ionisation (MATI) spectroscopy, we
also observed the metastable rovibrational levels of the
AT state for the first time. These levels are located
between the two dissociation thresholds and are Fesh-
bach resonances subject to fast electronic predissocia-
tion. We also observed three other resonances that are
attributed to the X (21,4), (20,7) and AT(0,4) reso-
nances, the first two of which are located below the
second dissociation threshold Dt + H(1s).

2. Experimental setup and procedure

The experiments relied on the use of PFI-ZEKE pho-
toelectron spectroscopy [40] in combination with a
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resonant three-photon-excitation scheme from the ground
X 12;(1/ = 0) state of HD. The region around the first
dissociative-ionisation threshold of HD, which is located
146,084.55541(37) cm ™! above the X 12; (v=0,N =
0) ground state of HD [28,41], was accessed using the
resonant three-photon excitation sequence

Xlz;(o,O—s)

T Blsf(20-21,1-4)

B A'S(11-13,0-5) or
B'® (11-13,1-4)

25 X*25}(16-21,0-10) and

AT22F(0,0-4) (4)

via excited vibrational levels of the B 1 &;F and either the
HIZ; or the B'X ! intermediate states, see Figure 2.
The same laser system, consisting of a broadly tunable
VUV laser used to drive the B-X transition, a visible
laser to induce the HH-B and B”B-B transitions, and
a UV laser to access the dissociative-ionisation thresh-
old, was already used to study the highest bound states
and shape resonances of H; and D5 and is described in
Refs. [26,27,42,43].

The g/u-symmetry breaking in HD allowed the direct
excitation, from the B!X1(20—21,1—4) intermediate
levels, of rovibrational levels of the BB ! % state [1,44],
which has (1sog)3po, character in the inner well and
(2po,)2so, and ion-pair character in the outer well.
Because of the ion-pair character of the outer-well states
of the HH and B”B state, their potential-energy curves
are almost identical beyond 8 ag. Consequently, the g/u
mixing is substantial and some levels of the B”B state can
be excited from the B state almost as efficiently as the cor-
responding levels of the HH state despite the fact that
their nominal ungerade character makes the excitation
forbidden in zero order.

The PFI-ZEKE photoelectron spectra were recorded
by monitoring the yield of electrons generated by delayed
pulsed-field ionisation as a function of the wave number
of the UV laser. The multipulse electric-field sequence
used for field ionisation is displayed in the upper panel
of Figure 3 and consists of 10 electric-field steps with
field strength increasing from —0.05 to —1.22V/cm.
The electric fields also extracted the electrons toward a
microchannel-plate (MCP) detector located a the end of
a flight tube. The lengths of the individual pulses were
chosen so as to be able to unambiguously relate each elec-
tron time-of-flight peak to the corresponding electric-
field step in the sequence. Their strengths were selected
to achieve a high resolution (about 0.15cm™!) in the
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Figure 2. Potential-energy functions of the B "%, HH 'sF
and B’B "X states of molecular hydrogen and of the X 23

and At 2Xf states of the molecular-hydrogen cation. The
dashed lines represent schematically the diabatic potential-
energy functions of the repulsive states with configurations
(2poy)?, (2poy)(3po,h) and (2poy)(2s04) (magenta) and of the
H*D~/H~ D™ ion-pair states (green). The horizontal dotted green
line gives the position the ion-pair-dissociation thresholds. The
left inset indicates the two ion-pair dissociation thresholds D+
+ H™ and D~ + H™ of HD, and the right inset the two dissoci-
ation thresholds D™ + H(1s) and D(1s) + HT of HD*. The blue
and magenta colours highlight the mixed characters in the cor-
relation to the X* and AT states. The vertical arrows indicate
the photoexcitation sequence used to access the region of the
dissociative-ionisation threshold from the X ' Z; ground state of
HD.

spectra generated by pulses (2)-(5) and a high signal-to-
noise ratio in the spectra recorded with the last pulses
of the sequence. The lower part of Figure 3 presents the
time-of-flight spectrum of the electrons generated by the
pulse sequence when carrying out the photoexcitation
to a spectral position above the dissociative-ionisation
thresholds, which makes it possible to generate a field-
ionisation signal simultaneously with all field pulses. The
labels (1) to (10) designate the groups of electrons gen-
erated by the 10 pulses of the sequence. The PFI-ZEKE
photoelectron spectra presented in the next section cor-
respond to the electron signals generated by the field
pulses (2)-(5). The positions of the ionisation thresh-
olds were corrected for the field-induced shifts, which
were determined from calculations of the field-ionisation

rates of the Rydberg-Stark states following the procedure
described in Ref. [45]. The field-corrected spectra were
then added to improve the signal-to-noise ratio.

MATI spectra were also recorded in the vicinity of
the dissociative-ionisation thresholds using a sequence of
two electric-field pulses. The first, weak (—70 mV/cm)
discrimination pulse served the purpose of sweeping
prompt ions out of the photoexcitation volume whereas
the second, stronger (800 mV/cm) pulse was used to field
ionise high Rydberg states located below the bound and
continuum states of HD™ and extract the H*, D* and
HDT ions toward the MCP detector. Below the D(1s) +
H™" dissociation threshold, only HD" ions correspond-
ing to weakly bound vibrational levels of the X* and A™
states can be observed in the MATT spectra for energetic
reasons. HT and D ions can only be observed above the
D(1s) + HT and the Dt + H(1s) dissociation thresholds,
respectively.

The UV wave number was calibrated using a waveme-
ter (absolute accuracy of 0.02 cm ™!, relative accuracy of
0.015cm™!) and the line centres were determined using
a Poisson-weighted nonlinear fit of a Gaussian line-shape
model assuming a constant line width determined by the
field-ionisation sequence. The relative positions of the
rovibronic levels of HD™ were extracted in a weighted
linear least-squares fit from a redundant network of more
than 350 transitions connecting different rovibrational
levels of the H and B states to the rovibronic ionisation
thresholds. The absolute term values of the HD™ levels
with respect to the X 1 & g+ (0, 0) ground state of HD were
obtained by adding the calibrated UV wave numbers to
the term values of the H' = or B' ;" levels reported
by Reinhold et al. [1] and compensating for the shifts of
the ionisation thresholds induced by the pulsed field ion-
isation [45]. This procedure resulted in typical absolute
and relative uncertainties of 0.11cm™! and 0.02cm™!,
respectively, for the rovibronic levels of HD™.

3. Experimental results

3.1. Structure and dynamics of the HH(v =11-13)
and B”B(v = 11—13) intermediate states

The (1+1”) resonant two-photon ionisation spectrum of
HD in the vicinity of the XT (v = I, NT = 0-2) lev-
els of HDT recorded via the B 12 (20, 2) intermediate
level is displayed in Figure 4. An electric field of 260 V/cm
was applied 100 ns after the VUV and VIS excitation to
(i) field ionise molecular Rydberg states of HD and (ii)
extract all ions toward the MCP detector. HD', Dt and
H™ ion signals could be observed separately using the
TOF spectrometer and the corresponding spectra are dis-
played in the top, middle and bottom panels, respectively.
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Figure 3. Upper Panel: Electric-field pulse sequence used to record the PFI-ZEKE photoelectron spectrum of HD in the vicinity of the
dissociative-ionisation thresholds of HD. Lower panel: Electron time-of-flight spectrum obtained by collecting the electrons gener-
ated by the pulsed-field-ionisation sequence. The peak labels (1)-(10) designate the field pulses that led to the field ionisation of the

corresponding Rydberg states, as indicated by the grey diagonal lines.

The dominant contributions to the HD" signal in the
top panel of Figure 4 are from molecular Rydberg states,
even though these states have low principal quantum
numbers and cannot be field ionised by the 260 V/cm
electric-field pulse. The HD signal in this case is caused
by (field-induced) autoionisation. In this spectral region,
the Rydberg states excited from the B state, which has
(1s0g)(2po,) character at short range, are s and d Ryd-
berg states converging on the X1 (1,1) level of HD™.
Although HD does not have an inversion centre, the
g/u symmetry of the electronic wavefunctions is a good
symmetry within the Born-Oppenheimer approxima-
tion and is only broken by nonadiabatic interactions,
as explained in the introduction. Consequently, the g/u
symmetry remains useful as approximate symmetry in
HD and can be used to explain intensity patterns. More-
over, HD, unlike H, and D5, is not subject to restrictions
imposed by the Pauli principle. Starting from a rota-
tional state with odd rotational angular momentum in
the ground state (e.g. X(0,1)), we expect the strongest
autoionising Rydberg series to be s and d Rydberg series
converging on the X* (1, 1) state of HD" and such series
can indeed be seen above 126,460 cm™! in the top panel
of Figure 4. Some intensity is also observed for the
nd3, (v = 1) Rydberg series, which gives rise to the
broad rotational-autoionisation resonances with Fano-
type lineshapes above the X1 (1,0) ionisation threshold.
Rydberg series converging on higher vibrational levels of

HD™ also contribute to the spectrum depicted in the top
panel of Figure 4.

The rovibrational levels of the H'S and B'E;}
outer-well states that we wanted to use as intermediate
levels to access the region of the dissociative-ionisation
thresholds of HD are difficult to recognise in the top
panel of Figure 4 but they are clearly visible in the mid-
dle and bottom panels, which display the D* and H' ion
signals, respectively, observed in the region of the v =
11—13 vibrational levels. The rovibrational states in the
H and B outer wells of the HH and B”B states are known
to predissociate to the H(2I) + D(1s) and H(1s) + D(2I)
dissociation continua of lower electronic states of X/,
and Ig/, symmetry [46]. The HY and D ions observed
in the middle and bottom panels of Figure 4, respectively,
result from predissociation of the rovibrational levels of
the H and B states forming H and D atoms in n = 2 Ryd-
berg states. These Rydberg states are then ionised by the
VIS laser pulse in a multiphoton process to form H* and
DT ions. Reinhold ef al. found lifetimes shorter than 5 ns
for the low vibrational levels of the HH state of HD com-
pared to lifetimes of the order of 20 ns in H, and 50 ns
in D; [46]. They concluded that the radiative decay is
stronger in HD because of the larger number of dipole-
allowed transitions to lower states originating from g/u-
symmetry mixing. Our observation of strong HD*, H
and DT signals following excitation to the H and B
states indicates that autoionisation and predissociation
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lines) recorded via the B (20, 2) level. The HD™, D™ and H* ion signals are shown in the top, middle and bottom panels, respectively. The
pairs of lines correspond to the P(2) and R(2) transitions to the ¥ = 11—13 vibrational states of the H ' 2; and B 1% states. See text for

details.

are also important decay channels for vibrational levels
in the range v = 11—13, the g/u-symmetry mixing allow-
ing nonadiabatic interactions with additional continua
compared to H, and D».

The spectra depicted in the middle and bottom pan-
els of Figure 4 are dominated by the P(2) and R(2) lines
of the H(11-13) - B(20) and B(11-13) - B(20) bands.
The rovibrational levels of the HH and B”B states are
closely spaced, as expected from the large internuclear
distances of the outer-well states. The degeneracy of the
potential energies of the H and B states at long range (see
Figure 2) implies a close proximity of their vibrational
levels and a significant mixing of the g/u character in HD
caused by nonadiabatic interactions. The spectral lines
associated with each value of v thus form two pairs, the
lower and higher pairs corresponding to exitation of the
B and H states, respectively. The H and B states have ion-
pair character at large internuclear distance and can be
represented as positive (gerade) and negative (ungerade)

superposition of the HTD~(1s)?> and H~(1s)*D* ion-
pair configurations. The g/u mixing results in a super-
position of these gerade and ungerade ion-pair configu-
rations, which causes the (at least partial) localisation of
the electrons on either the proton or the deuteron. Based
on the difference in the ionisation energies and electron
affinities of atomic hydrogen and deuterium, we expect
the lower-lying pair of states, i.e. corresponding to the B
state, to be correlated with the H" D™ ion-pair configu-
ration and the higher-lying pair of states (corresponding
to the H state) to be correlated with the H"D™ ion-pair
configuration.

The relative intensities of the transitions to the v =
11—13 levels of the H and B states observed in the three
spectra depicted in Figure 4 is determined by the complex
interplay between the transition moments from the B(20)
intermediate level and the competition between radia-
tive decay and decay by predissociation and autoionisa-
tion. The B state of HD around v = 20 has dominant u
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diate level. The HT + D(1s) and DT + H(1s) dissociation thresholds are indicated by dashed blue and red lines, respectively.

character so that the absorption intensities are propor-
tional to the g character of the H(11-13) and B(11-13)
levels. These characters can be derived from the analysis
of these states presented in Refs. [1,47] to be 0.86, 0.81,
and 0.72 for the v = 11, 12 and 13 levels of the H state
and 0.14, 0.19 and 0.28 for the v = 11, 12 and 13 levels
of the B state, with almost no dependence on the rota-
tional quantum number. These characters explain why
the lines associated with the excitation of the H vibra-
tional levels are overall stronger than the lines associated
with the corresponding B vibrational levels. However, the
observed intensity ratios are less pronounced than would
be expected on the basis of the g characters, presumably
because of differences in the radiative decay of the H and
B states [46].

The intensities of the transitions to the v =11-13
states of the H and B states observed in the HDT channel
(top panel of Figure 4) increase rapidly with increasing
v value. This increase can be readily understood by con-
sidering the potential-energy curves depicted in Figure 2.
In the spectral region under investigation, autoionisation
must take place to the ionisation continua associated with
the X (v* = 0, 1) vibronic states of HD* for energetic
reasons. The autoionisation rate is given by the overlap of
the vibrational wavefunctions of the H and B states with
the XT (vt =0, 1) vibrational wavefunction and, con-
sequently, by the probability of tunnelling through the
barriers separating the two potential wells of the HH and
B”B states. This probability increases with increasing v
value.
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The relative intensities of the transitions to the H
and B states in the spectra depicted in the middle
and lower panels of Figure 4 indicate a slight prefer-
ence for the B levels to predissociate to the H(ls) +
D(n = 2) continua and for the H levels to predissoci-
ate to the D(1s) + H(n = 2) continua. This behaviour
reflects the facts that the B state correlates with the
H*D~ ion-pair configuration and that the higher-lying
H state is correlated with the H"D™ ion-pair configura-
tion, as mentioned above. Predissociation is a vibronic
effect and it is unlikely that both electrons are affected.
The dominant predissociation processes are therefore
expected to be the one-electron charge-transfer (CT)
processes

CT predissociation
- 0

HTD™(1s?) H(2I) 4+ D(1s) (5)

CT predissociation
Dt ————

H™ (1s%) H(ls) + D2l),  (6)

in accord with the trends in relative intensities observed
in the lower two panels of Figure 4.

3.2. Bound levels of HD* just below the
dissociative-ionisation thresholds of HD

The PFI-ZEKE PE spectrum of HD recorded via the
H! Z; (11, 4) intermediate level is depicted in Figure 5.
The spectrum consists of transitions to bound levels of
HD™ that can be grouped in rotational progressions asso-
ciated with vibrational levels with v* between 16 and 21
and NT between 0 and 10. In H; or D, the conservation
of total parity and nuclear-spin symmetry implies that
photoionisation to the X* 2+ state of Hy of D} from
a gerade intermediate state with even (odd) rotational-
angular-momentum quantum numbers N exclusively
yields ions in rotational levels of even (odd) N* val-
ues [48,49]. This rotational photoionisation selection rule
can be expressed as AN = Nt — N =0,42,+4,.... If
the photoionisation is from an ungerade intermediate
state, the selection rule is AN = 41,43,.... In HD,
there are no restrictions imposed by the conservation
of nuclear-spin symmetry and one has to consider the
effects of g/u mixing both in the intermediate and the
ionic states. Figure 5 shows that both even- and odd-N™
levels of HDT are accessed from the H(11,4) interme-
diate level but that the transitions to the even-NT levels



are much more intense than the transitions to the odd-
N levels. In the rotational progressions associated with
vT = 16 and 17, the intensity ratio of the transitions to
even and odd NV values roughly reflects the 0.86:0.14
ratio of g and u character of the H(11) intermediate state.
This observation suggests that the v = 16 and 17 vibra-
tional levels of the X+ 22; state of HD' have almost
pure g character. With increasing value of vT, however,
the intensities of transitions to states of even and odd val-
ues of NT become more and more similar, indicating that
g/u mixing in the HD™ ion becomes significant beyond
vt =18.

The PFI-ZEKE PE spectra of HD recorded from the
B(11, 2) and H(11, 4) intermediate states are compared
in Figure 6. Both intermediate states have even rotational
quantum numbers, but opposite nominal g/u symme-
try and thus display the opposite N -propensity rule.
To rule out that the Franck-Condon factors are the ori-
gin of the strong N™-dependent intensity alternations in
the spectra presented in Figures 5 and 6, we calculated
them in the adiabatic approximation and present them
in Figure 7 (see discussion below concerning the adi-
abatic approximation). Within a rotational progression
of a given vibrational state of HD™, the Franck-Condon
factors are found to either smoothly increase (e.g. for
vt = 17) or smoothly decrease (e.g. for v = 19), but no
dependence on the even/odd nature of N is observed.

The lines marked with asterisks in Figure 6 could not
be assigned. They show the same field-ionisation shifts
as the lines that could unambiguoulsy be assigned to
transitions to rovibrational levels of the X1 state, but
do not correspond to the positions expected for tran-
sitions to these levels from the intermediate H or B
states nor from the B state. Unlike the assigned lines,
these lines can be eliminated by applying a prepulse in
the pulsed-field ionisation sequence, and thus be dis-
tinguished from the transitions to the high-v* levels
discussed here. Moreover, the additional lines appear
at different absolute energies when other rovibrational
levels of the intermediate state are used in the multi-
photon excitation sequence [Equation (4)]. They may
correspond to transitions from unknown levels which are
populated through the radiative decay of the intermediate
states.

The level positions, relative to the position of the
X*(20,4) level, of the highest bound states of HD " deter-
mined experimentally are listed in the fourth column
of Table 1. Comparison with the theoretical dissociation
energies including relativistic and radiative corrections
reported by Moss [28] (fifth column) shows excellent
agreement with our results, i.e. within the experimental
uncertainties. The term values of all levels with respect
to the X(0, 0) ground state of HD are listed in the last
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Table 1. Measured level positions (obs) of HD with respect to
the X (20, 4) level.

vt NT obs calc [28] obs-calc
Xt 16 4 —1323.54(4) —1323.4819 —0.058
X+ 16 5 —1253.70(9) —1253.6991 —0.001
X+ 16 6 —1171.819(13) —1171.8127 —0.006
X+ 16 8 —975.802(14) —975.7955 —0.007
Xt 16 10 —744.990(22) —744.9787 —0.011
X+ 17 0 —960.05(3) —960.0882 0.038
X+ 17 2 —922.644(14) —922.6533 0.009
X+ 17 4 —837.360(13) —837.3674 0.007
Xt 17 5 —778.18(6) —778.2028 0.023
X+ 17 6 —709.125(11) —709.1187 —0.006
X+ 17 7 —631.147(25) —631.1418 —0.005
X+ 17 8 —545.455(12) —545.4622 0.007
Xt 17 9 —453.39(8) —453.4392 0.049
X+ 18 0 —551.11(5) —551.1163 0.006
X+ 18 1 —540.87(4) —540.8346 —0.035
X+ 18 2 —520.464(12) —520.4569 —0.007
X+ 18 3 —490.380(17) —490.3545 —0.025
X+ 18 4 —451.082(12) —451.0830 0.001
X+ 18 5 —403.392(12) —403.3827 —0.009
Xt 18 6 —348.178(11) —348.1802 0.002
X+ 18 7 —286.612(15) —286.5951 —0.017
X+ 18 8 —219.978(12) —219.9544 —0.024
X+ 18 10 —77.97(8) —78.0598 0.090
Xt 19 0 —245.100(17) —245.0871 —0.013
X+ 19 1 —237.256(23) —237.2628 0.007
X+ 19 2 —221.819(12) —221.8163 —0.003
X+ 19 3 —199.176(14) —199.1536 —0.022
Xt 19 4 —169.903(12) —169.8886 —0.014
X+ 19 5 —134.859(14) —134.8521 —0.007
X+ 19 6 —95.113(12) —95.1101 —0.003
Xt 19 7 —52.024(15) —52.0012 —0.023
X+ 19 8 —7.21(3) —7.2188 0.009
X+ 20 0 —47.067(16) —47.0614 —0.006
X+ 20 1 —42.004(21) —41.9851 —0.019
X+ 20 2 —32.065(12) —32.0733 0.008
X+ 20 3 —17.846(20) —17.8193 —0.027
X+ 20 4 0? 0? 0?
X+ 20 5 20.233(17) 20.2435 —0.011
Xt 20 6 41.186(11) 41.1419 0.044
X+ 20 7 58.17(9) e .
X+ 21 0 36.798(16) 36.7796 0.018
X+ 21 1 38.468(16) 38.4424 0.026
Xt 21 2 41.374(22) 41.4426 —0.069
X+ 21 3 45.17(3) 45.1564 0.014
X+ 21 4 48.647(22)

Note: The columns labelled ‘calc’ and ‘obs—calc’ list the dissociation energies
given by Moss [28] and their difference to our observed values. All values are
incm~". See text for details.

3Reference level located 146,037.73(18) cm™" above the ground rovibronic
state of HD.

column. Their absolute uncertainties are larger (about
0.11cm™') because of the uncertainties in the field-
induced shift of the ionisation threshold and in the term
values of the intermediate levels (see Section 2).

To assess the quality of the calculated Franck-Condon
factors and to explore the effects of the g/u mixing
on the level positions of the bound states of HD™,
we calculated them based on Equation (1) in the adi-
abatic approximation using the methods described in
Refs. [26,43]. The comparison with the nonadiabatic dis-
sociation energies reported by Moss [28] is presented
in Figure 8, which displays the differences between our
values and those calculated by Moss. These differences
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correspond to the nonadiabatic corrections. Up to v =
18 the nonadiabatic corrections are comparable to the
corrections obtained in H;r and D2+ (see Table 2 of
Ref. [42] and Tables 1 and 2 of Ref. [43]). In this case,
the adiabatic potential-energy function of the X% state
can be used to obtain reliable Franck-Condon factors.
Whereas the nonadiabatic corrections almost vanish for
the highest vibrational states of H;” and D, they increase
very rapidly beyond v = 18 in the case of HDT. This
behaviour is attributed to the fact that the single adiabatic
potential function of the X state fails to describe the dis-
tinct HT + D(1s) and H(1s) + DT dissociation thresholds
and has the same origin (g/u mixing) as the gradual evo-
lution toward equal intensities of transitions to even- and
odd-N" levels with increasing vt values discussed in the
context of Figures 5 and 6.

3.3. Resonances

The PFI-ZEKE PE spectra recorded from the H(11, 4)
and B(11, 2) intermediate states and depicted in Figure 6
also have structure in the dissociation continuum. In
both cases, an increase of the signal is observed just above
the first dissociation threshold (H* + D(1s)). Both spec-
tra also show a sharp feature just above each of the two
(HT + D(1s) and D' + H(ls)) thresholds, which we
assign to the X*(21,4) and A1(0,4) quasibound states,
respectively. The sharp feature marked with an aster-
isk in the upper panel of Figure 6 was found not to be
a feature of the continuum but can be unambiguously
identified as one of the spurious transitions discussed in
Subsection 3.2.

The spectrum displayed in the upper panel of Figure 6
reveals a weak, broad feature that we attribute to the

X*(20,7) quasibound state. This feature is not visible in
the lower panel because of the gerade symmetry of the
HH state and the lower intensity of transitions to rota-
tional states odd N values of when starting from even-N
rotational levels of the H state.

The spectrum in the lower panel of Figure 6 reveals
a second broad resonance just below the second disso-
ciation threshold (Dt + H(1s)) with a sharp decrease
in signal intensity at the dissociation threshold. To elu-
cidate the origin of this resonance, we recorded MATI
spectra by monitoring the HD', D™ and H™" signals
resulting from the delayed pulsed-field ionisation in sep-
arate time-of-flight windows. These spectra are com-
pared with the corresponding PFI-ZEKE PE spectrum
in Figure 9. Below the first dissociation threshold (H™
+ D(1s)), the lines observed in the PFI-ZEKE spec-
trum all appear in the HDT MATI spectrum and stem
from the pulsed-field ionisation of high-# molecular Ryd-
berg states of HD. Above the first threshold, the sig-
nal in the H' channel increases and corresponds to
the field ionisation of H(nl) Rydberg states produced
by dissociation. Above the HT + D(1s) dissociation
threshold, the HDT ion core thus dissociates and the
Rydberg electron follows the charged fragment (here
H*). The Rydberg electron thus acts as a spectator
to the HD™-core dissociation. The broad feature that
is observed in the PFI-ZEKE PE spectrum just below
the second threshold also appears solely in the HT
channel. Based on the calculations of Wolniewicz and
Orlikowski [3], we attribute this broad line to the over-
lapping AT (0, 0—3) Feshbach resonances marked by red
bars below the Ht MATTI spectrum. A nonzero signal
is only observed in the Dt channel above the second
dissociation threshold (H(1s) + D) corresponding to
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The lines connecting the data points are used to guide the eye.
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excitation of molecular Rydberg states that dissociate into
H(1s) and D(nl).

The resonance widths and positions observed experi-
mentally are given in Table 2. They agree less well with
the calculations than was the case in H2+ [26,42] and
D;“ [43]. The agreement is nevertheless sufficient for
these assignments to be made with some confidence. The
assignments of (i) the A" (0, 4) resonance as shape reso-
nance with H(1s) + D character and (ii) the A1 (0,0—3)
resonances as Feshbach resonances of H(1s) + DT char-
acter, and (iii) the X (21, 4) and X1 (20, 7) resonances as

shape resonances of HT + D(1s) character lend support to
the classification of these resonances proposed by Davis
and Thorson [25].

4. Conclusions

In this article, we have presented a study of the structure
and nonadiabatic dynamics in HD and HD* resulting
from the breakdown of the g/u symmetry at long range.
The observations concerned the level structure and dis-
sociation dynamics of HD in the H and B outer-well states
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Table 2. Observed positions and widths of the quasibound states
of HDT above the HT + D(1s) dissociation threshold.

Observed Calculated
Level Position Width Position Width
X+(20,7) 11.18(9) 2.1(3) 12[25] -
Xt(21,4) 1.656(19) 0.28(7) 1.55[25] -
AT(0,0-3) 23(1)-29(1) - 23.975-28.365 [3] -
AT(0,4) 31.19(3) 0.8(2) 31.076 [34] 0.567 [34]

Note: The relative experimental values were converted to absolute energies
using the dissociation energy of the X* (20, 4) level reported by Moss [28]
(46.9909 cm™") (all values in cm™").

into H(n = 2) + D(1s) and H(1s) + D(n = 2) fragments
and of HD™ near the dissociative-ionisation threhsolds
HT + D(1s) and H(1s) + D™

The preferential formation of H(n = 2) and D(n =
2) fragments in the dissociation of the B and H states,
respectively, was interpreted as originating from the
dominant role of one-electron-transfer processes over
two electron processes [see Equations (5) and (6)]

The determination of precise X™ rovibrational level
energies for the weakly bound states of HD™ just below
the H* + D(1s) and the comparison with adiabatic and
nonadiabatic level energies enabled the observation of a
sharp onset of nonadiabatic corrections beyond v = 18
caused by g/u-symmetry breaking. The separate identi-
fication of the HT + D(1s) and H(1s) + D™ dissociation
thresholds in the middle panels of Figure 9 enabled the
determination of the relative positions of these thresh-
olds (see also Ref. [50]). The mass selectivity of the MATT
spectra also permitted the unambiguous attribution of
the spectral features observed in the continuum to either
of the two dissociative ionisation channels.

The comparison of the dissociative photoionisation
cross sections observed in the spectra recorded from the
HH and B”B state in Figure 6 leads to the following
conclusions:

e The spectrum recorded from the B(11, 2) state reveals
alarge step at the H' + D(1s) threshold but hardly any
further increase of signal at the D™ + H(1s) dissocia-
tion threshold. The DT + H(1s) channel is thus dark
in this excitation sequence.

e In contrast, the spectra recorded from the H(11, 4)
state show a very weak step at the H" + D(1s) thresh-
old and a large increase at the Dt + H(1s) threshold.
It is now the HT + D(1s) channel that is dark in this
excitation sequence.

e The AT Feshbach resonances are not observed in
spectra recorded from the B(11, 2) level, because they
are associated with the DT + H(1s) channel, which is
dark. The Feshbach resonances are detected in the HT

H' + D(1s) H(1s) + D*
................... Nt =4
} HD"* Feshbach
resonances
vi=0
N 7 Eemeeees
rrrrrrrr N'=4
hv
v =20
Thv
B L
H'D(1s) H (1s>)D
H(2)) + D(1s) H(1s) + DQ2)

Figure 10. Schematic illustration of the dissociation dynamics in
the H and B states of HD and in the X* and A* states of HD™.
The upper blue and magenta level schemes correspond to the
weakly bound rovibrational levels of HD™ and the dissociative-
ionisation continua associated with the Ht + D(1s) and H(1s) +
DT dissociation thresholds, respectively, which correlate adiabat-
ically to the X™ and A™ electronic states of HD™". Resonances that
can be classified as shape and Feshbach resonances are drawn
as dashed and full horizontal lines, respectively. The lower pale
blue and magenta dissociation continua are associated with the
H(2/) + D(1s) and H(1s) and D(2/) dissociation continua of HD.
The green and orange arrows indicate the bright one-electron
charge-transfer excitation and the one-electron charge-transfer
predissociation, respectively. See text for details.

signal because of electronic predissociation into the
H™ + D(1s) continuum.

This behaviour is particularly interesting: Both the
intermediate H and B states and the final ionic X™ and
A states are of mixed g/u character, resulting in a partial
(in the case of the intermediate states) or complete (in
the case of the final states in the dissociation continua)
localisation of the electron(s) on either the proton or the
deuteron.

The dark dissociative-ionisation channels are the
channels for which the two electrons would need to
be excited, and the bright dissociative-ionisation chan-
nels those for which charge-transfer excitation takes
place, which is a one-electron process [see Equations (5)
and (6)]. These considerations are thus analogous to
those used to explain the dissociation dynamics of the H
and B.

The conclusions drawn in the present study concern-
ing the dissociation dynamics of the H and B states in
HD, of the Xt and AT levels in HDT, and the intensities
in the photoionisation and photoelectron spectra are all
related to nonadiabatic g/u-symmetry breaking and are
summarised schematically in Figure 10.



The results presented in this article illustrate the
fact that g/u-symmetry breaking makes the dissociative-
ionisation dynamics in HD richer than in H; and D,.
Accurate calculations of the resonances in the dissocia-
tion continua of HD' observed for the first time in the
present work would be desirable to confirm our assign-
ments.
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