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Communication: Heavy-Rydberg states of HD and the electron

affinity of the deuterium atom

Maximilian Beyer and Frédéric Merkt

Laboratorium fiir Physikalische Chemie, ETH Ziirich, 8093 Ziirich, Switzerland
(Received 6 June 2018; accepted 25 June 2018; published online 18 July 2018)

The electron affinity of the deuterium atom has been determined to be 6086.81(27) cm™! from
a measurement of the difference between the D* + H™ and H* + D~ ion-pair dissociation ener-
gies and a thermochemical cycle involving the electron affinity of H and the ionization energies
of H and D. Heavy-Rydberg states and the ion-pair dissociation thresholds of HD were accessed
with good efficiency using a three-photon excitation sequence through the B 'Z} (v = 22, N = 1)
and H IE; (v =9, N = 0) intermediate levels and the threshold positions were determined using
the method of threshold-ion-pair-production spectroscopy. © 2018 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5043186

Measurements of the threshold energies Epr for the for-
mation of ion pairs from neutral molecules can be used to
determine the electron affinity E., of atoms and molecules
using the thermodynamical cycle (illustrated here for the case
of a diatomic molecule AB)

Eca(B) = Do(AB) + E1(A) — Erpr(A™ +B7). ey

In Eq. (1), Do(AB) is the dissociation energy of AB, Ej(A) is
the ionization energy of A, and E,(B) is the electron affinity
of B.

Erpr is the convergence limit of the infinite series of
bound vibrational levels of the ion pair A*B~. At very high
values of the vibrational quantum number v and for a given
value of the rotational angular-momentum quantum number
N, these levels can be regarded as heavy-Rydberg states,!
the Rydberg electron of a conventional Rydberg state being
replaced by the much heavier anion B~. Their term val-
ues T'(v, N) follow the Rydberg formula for heavy-Rydberg
states !

,R’A*B'

T(v,N) = Eppg/(hc) - WAN+1— )2’

@)
where nip = v + N + 1 replaces the principal quantum number
n, the vibrational quantum defect uy replaces the electronic
quantum defect py, and Rpa+pg- = Reofla+p-/Me (Roo is the
Rydberg constant and pa+p- the reduced mass of A* and
B™; Ra+p- is at least three orders of magnitude larger than
R). This analogy is the consequence of the fact that the
energy-level structures of Rydberg and heavy-Rydberg states
are dictated, at high values of n and npp, respectively, by the
Coulomb interaction between the ion core and the Rydberg
electron and between A* and B™. In the following, we distin-
guish between heavy-Rydberg states, which behave according
to Eq. (2) and have very high njp values (>100), and ion-pair
states, which are molecular states having dominant A* — B~
character at large internuclear distances but which are in gen-
eral not particularly accurately described by Eq. (2) because of
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significant contributions of valence or Rydberg states at short
internuclear distances. Typical examples of ion-pair states of
molecular hydrogen are the outer (F and H) wells of the EF
'T} and HH '3} states.

Measurements of Erpr can be carried out by photoion-
ization spectroscopy, either by determining the appearance
threshold of the fragments A* and B~ as the frequency of
a tunable source is scanned® or by monitoring the dissoci-
ation of very high (typically np > 1000) heavy-Rydberg
states induced by weak pulsed electric fields and correct-
ing for the field-induced shift of the ion-pair dissociation
threshold. This method, which is the heavy-Rydberg analog of
pulsed-field-ionization zero-kinetic-energy (PFI-ZEKE) pho-
toelectron spectroscopy,* was introduced by Hepburn and his
co-workers under the acronym of TIPPS (for threshold ion-
pair-production spectroscopy).>® A third method would con-
sist of extrapolating the spectral positions of heavy-Rydberg
states using Eq. (2) in the same way as Rydberg series are
extrapolated to determine ionization energies.” This third
method has not been used yet because of difficulties associated
with the observation of unperturbed heavy-Rydberg series, as
discussed below.

All three methods are severely limited by the vanishing
overlap of the nuclear wavefunctions of the heavy-Rydberg
states and the molecular state out of which photoexcitation is
carried out, which is typically the ground electronic state or
a low-lying (valence or Rydberg) electronically excited state.
This vanishing overlap represents a significant difference to
high Rydberg states, which can always be excited from the
ground neutral state, with a probability scaling as n~> and
reflecting the probability density of the Rydberg electron in
the region of the valence orbitals of the neutral molecule.
The difference originates from the fact that heavy-Rydberg
states only exist when the distance between A™ and B~ greatly
exceeds the size of the orbitals of A* and B~. Such large inter-
nuclear distances are not directly accessible from low-lying
electronic states of AB because of poor overlap of the nuclear

© Author(s) 2018
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wavefunctions. Transitions to heavy-Rydberg states are there-
fore only observed in a photoexcitation spectrum through
interactions with valence or Rydberg states, which inevitably
cause deviations from Eq. (2), as discussed, for instance, in
Refs. 1, 6, and 8.

We present here a strategy to directly access heavy-
Rydberg states and illustrate it with a determination of
E¢,(D). The strategy involves resonant multiphoton excitations
through ion-pair states from which heavy-Rydberg states can
be accessed as efficiently as Rydberg states can be excited
from low-lying electronic states, i.e., with an absorption cross
section that scales as nI‘P3 . Just below the ion-pair-dissociation
thresholds, where the vibrational levels cannot be resolved
anymore, the rapid decrease with increasing np of the absorp-
tion cross section to individual vibrational levels is exactly
compensated by the increase of the vibrational-state density,
which scales as ”13P- Specifically, we determined the energy
interval AEpp between the HY + D™ and D* + H™ dissoci-
ation thresholds of HD, which is related to the difference in
the ionization energies and electron affinities of hydrogen and
deuterium by

AEpr = Ei(D) — Ei(H) + E¢a(D) — Eca(H). 3

The determination relies on the fact that Ey(H),? Ey(D),'° and
Ec,(H)!'! are all accurately known. Ec,(H), corresponding to
the energy interval between 'Sy ground state of H™ and the
F = 0 lower hyperfine component of the 281 ground state
of H, has been determined to be 6082.99(15) cm™! in the
classical investigation of Lykke, Murray, and Lineberger.!'!
In the same study, Lykke er al also reported E,(D)
[6086.2(6) cm™!], however, less accurately.

The heavy-Rydberg states of molecular hydrogen have
been observed previously. Ubachs and co-workers'?!3 used a
two-photon excitation scheme via selected rovibrational levels
of the B 'X} and C 'TI, states to record spectra of the gerade
heavy-Rydberg states of Hy with nyp in the range 140-230. The
quantum defects derived from the experimental line positions
were found to be strongly energy-dependent in agreement with
calculations,'*! making the extrapolation to the ion-pair dis-
sociation threshold difficult (see also Ref. 16). McCormack
and co-workers observed ungerade heavy-Rydberg states of
H; in the same np range from selected rovibrational lev-
els of the EF intermediate state.!” Shiell ef al. have reported
the TIPP spectra of H, and D, and determined the field-free
ion-pair formation thresholds of H, and D, to be 139 714.8
+ 1.0 cm™" and 140 370.2 + 1.0 cm™ !, respectively.

To access the heavy-Rydberg states of HD with
np > 200 and the region of the H* + D™ and D* + H~
dissociation thresholds, we used the resonant excitation
sequence

X0 =0,N=0)~ Bu=22,N=1)

L Hw=9,N =0)

2 Dt +H and H' +D~ (4
depicted in Fig. 1. This figure also depicts the potential-
energy function of the X (lowest blue line) and X* (red line)
ground states of HD and HD* and of several ion-pair states of
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FIG. 1. Potential-energy curves and excitation scheme used for the obser-
vation of heavy-Rydberg states of HD beyond njp = 200 (see the text for
details).

gerade (blue) and ungerade (black) symmetry (from Refs. 18
and 19) and the —1/R Coulomb potential (dashed green line)
characteristic of ion-pair states. The HH and B”B states are
the lowest electronic states of molecular hydrogen having
long-range attractive walls that almost exactly match the
Coulomb potential. The B and HH ion-pair states chosen as
intermediate levels in Eq. (4) are correlated adiabatically to
the H/D(1s) + D/H(nf) dissociation thresholds with n = 2 and
3, respectively. The excitation sequence selects the N = 0
rotational level of the H(v = 9) state so that the heavy-
Rydberg states observed here have a total angular momentum
(excluding spins) of N = 1.

The experiments were carried out using the spectrometer
described in Ref. 20. The pulsed tunable vacuum-ultraviolet
(VUYV) and visible (VIS-1 and VIS-2) lasers employed in this
sequence have been described in detail in Refs. 21 and 22,
where a similar excitation sequence was used to access the
shape resonances of Hj from the ground state of Hy. The
lasers crossed a skimmed supersonic beam of HD at right
angles on the axis of a cylindrically symmetric electrode stack
consisting of six resistively coupled metallic plates. The ions
generated by photoionization or electric field ionization were
extracted by applying a pulsed electric potential across the
stack and accelerated toward a microchannel-plate detector
located at the end of a time-of-flight mass spectrometer. All
spectra were recorded by monitoring the ion signals as a func-
tion of the wavenumber of the VIS-2 laser. The spectra of
the heavy-Rydberg states of HD were obtained by simultane-
ously collecting the HD* ion signal produced by autoionization
and the H" and D* ion signals resulting from predissociation
into H(n = 3, 4) and D(n = 3, 4) fragments followed by pho-
toionization of these excited fragments with the VIS-2 laser.
H/D(n = 2) fragments could not be detected because the
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frequency of the VIS-2 laser was not high enough to ion-
ize them. The thresholds for dissociation into H(n > 5) and
D(n > 5) fragments are located energetically above Erpr. The
VIS-2 laser wavenumber was calibrated at an accuracy of
0.03 cm™! using a commercial wavemeter.

Photoionization spectra were recorded by carrying out
the photoexcitation under field-free conditions and extract-
ing the H*, D*, and HD* ions with a single delayed pulsed
extraction field of 3 V/cm. TIPP spectra were recorded
using a pulse sequence consisting of a 3-us-long —2 V/cm
discrimination pulse immediately followed by a 1.5 V/cm
field-dissociation pulse. The discrimination pulse served the
purpose of field dissociating the highest-lying heavy-Rydberg
states and of removing the resulting ions as well as prompt
ions from the ion-extraction region. The long-lived heavy-
Rydberg molecules were then field dissociated and extracted
by the field-dissociation pulse and the H* and D* frag-
ments collected in separate time-of-flight windows. This pulse
sequence enabled us to record TIPP spectra at a resolution
of 1 cm™! by monitoring the field dissociation of long-lived
heavy-Rydberg states, yielding H* and D* ions just below
the H* + D™ and D" + H™ thresholds, respectively (see
Fig. 3).

Figure 2 depicts photoionization spectra of HD in the
region of heavy-Rydberg states with njp ~ 400 obtained by
monitoring the HD* (top trace), D* (middle trace), and H*
(bottom trace) signals. Heavy-Rydberg states are clearly visi-
ble in all three spectra and are resolved over the entire spectral
range. They can be grouped into two series, one converg-
ing on the lower (H* + D~) and the other on the upper
(D* + H™) ion-pair dissociation thresholds, as indicated by the
lower and upper assignment bars, respectively. The energy-
level structure is well described by Eq. (2), indicating that the
quantum defects are to a good approximation energy indepen-
dent and that the Coulomb-dominated regime is reached. The
observation of signals of comparable signal-to-noise ratio in
all three spectra indicate that the two N = 1 heavy-Rydberg
channels of HD are strongly coupled to the n = 3, 4 dis-
sociation continua and to the electronic Rydberg channels
of HD.

The line shapes of the individual resonances rapidly
evolve along the series. In certain regions, the resonances have
Lorentzian profiles, in others they appear as windows, and

J. Chem. Phys. 149, 031102 (2018)
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FIG. 3. TIPP spectrum of HD in the vicinity of the D* + H™ and H* + D~
dissociation thresholds obtained by monitoring the D* (upper spectrum) and
H* (lower spectrum) ions produced by delayed pulsed field dissociation.

in others still they have asymmetric Fano-type profiles. Most
resonances overlap and are subject to interference effects such
as those described by Mies?? so that it is often not possible to
determine their exact positions, which prevented the extrapola-
tion of the series limits using Eq. (2). The spectra presented in
Fig. 2 represent the first observation of heavy-Rydberg states
in HD and also the first observation of heavy-Rydberg states of
molecular hydrogen with np > 200, a region where nonadi-
abatic interactions with Rydberg states at short range become
less important (see Fig. 1).

The TIPP spectra of HD in the vicinity of the ion-pair
dissociation thresholds are depicted in Fig. 3. The lines corre-
sponding to the lower and upper ion-pair dissociation thresh-
olds are detected in the H* (lower trace) and D* (upper trace)
signal channels. The heavy-Rydberg states contributing to
the field-dissociation signals have np values between about
8500 and 12 000. The line observed at the lower threshold
is slightly broader [full width at half maximum (FWHM) of
0.95 cm™'] than that observed at the upper threshold (FWHM
= 0.8 cm™!). These different widths indicate that the heavy-
Rydberg states with njp < 9000 located just below the upper
threshold have shorter lifetimes than the corresponding states
located below the lower threshold and are thus not detected.
This observation suggests that the H"D* heavy-Rydberg states
may predissociate into the H* + D~ ion-pair continuum.
This process, however, would involve the transfer of both
electrons.
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00
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and H"D* heavy-Rydberg states cal-
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After correcting for the field-induced shifts of the ion-
pair dissociation thresholds, we derive from the TIPP spectra
values of 139 997.4(5) cm™! and 140 030.8(5) cm™! for the
H* + D™ and D* + H™ dissociation thresholds, respectively.
Using Eq. (1), values of 6087.2(5) cm™! and 6083.6(5) cm™!
are derived for the electron affinities of D and H, respectively,
with an uncertainty of 0.5 cm™! resulting from the determina-
tion of the field-induced shift of the thresholds. Both values
agree within the experimental uncertainties with the electron
affinities reported by Lykke et al.,!' with E.,(H) being four
times less, and E.,(D) being slightly more, precise than their
values (see Table I).

The highest heavy-Rydberg states observed at both thresh-
olds survive the 3 us delay time between photoexcitation and
the application of the field-dissociation pulse. The interval
between the sharp high-energy edges of the two TIPP lines in
Fig. 3 thus corresponds to the energy separation AE1pr between
the two thresholds and can be used to determine the electron
affinity of D using Eq. (3). Because the effect of the pulsed dis-
sociation field is the same for both lines of the TIPP spectra,
this procedure to determine E.,(D) has the advantage that its
accuracy is not limited by the uncertainty in the determination
of the field-induced shift. By determining the half-maximum
position of the high-energy edge of the two lines observed in 12
different recordings of the TIPP spectra of HD, we determined
the interval between the two ion-pair dissociation thresholds
of HD to be

AEpgp/(he) = 33.62(23) cm ™!, (5)

which, using Eq. (3) and the ionization energies of the
atoms’ and the (hyperfine-free, see below) electron affinity
of the hydrogen atom [E.,(H) = 6083.03(15) cm™!'], results
in

Eea(D)/(hc) = 6086.81(27) cm™ . 6)

This value, which is compared with earlier experimental
and theoretical results in Table I, is in agreement with, but
more accurate than, the value of 6086.2(6) cm™! obtained
by Lykke et al.'' For the comparison with the theoret-
ical calculations, which ignored the hyperfine structure,
we added 3/4 of the splitting between the F = 0 and
1 hyperfine levels of H (i.e., 3 x 1422.80758 MHz/4
= 0.0356 cm™') to the value E.o(H) = 6082.99(15) cm™!

TABLE 1. Electron affinities Ee, of H and D. All values are in cm™~! and are
for the center of gravity of the two hyperfine components of H(1s) and D(1s).
The values in parentheses correspond to one standard deviation in units of the
last figure.

Eca(H) Eca(D) References

Experiment 6083.03(15)*  6086.2(6) Lykke ef al.'!

6086.81(27) This work, TIPPS, and Eq. (3)

6083.6(5) 6087.2(5)  This work, TIPPS, and Eq. (1)
Theory 6083.096" Pekeris?

6083.099 414¢ Drake20

6083.099 4¢ 6086.7137  Kinghorn and Adamowicz?*

2This value corresponds to the center of gravity of the hyperfine structure (see the text).
YIncluding mass-polarization and relativistic corrections, but not the Lamb shift.
“Including mass-polarization, relativistic corrections, and the Lamb shift.

J. Chem. Phys. 149, 031102 (2018)

determined for the ' = 0 component by Lykke et al.. The
hyperfine structure of D is negligible compared to the uncer-
tainty of 0.6 cm™! of the value E,(D) = 6086.2(6) cm™!
determined by Lykke et al.'' Our new value of the electron
affinity of D [6086.81(27) cm™']is in excellent agreement with
the value calculated by Kinghorn and Adamowicz®* in cal-
culations including relativistic and quantum-electrodynamic
corrections.

In this article, we have described a strategy, based on reso-
nant multiphoton excitations through ion-pair states, to directly
access heavy-Rydberg states and have illustrated it with the
first observation of heavy Rydberg states of HD. Two heavy-
Rydberg series converging on the D* + H™ and the H* + D~
ion-pair dissociation thresholds were studied from principal
quantum numbers around 350 all the way to the series limit fol-
lowing excitation from the H(v = 9, N = 0) intermediate level.
The heavy-Rydberg states of HD exhibit complex dynamics
and decay through predissociation into the H/D(1s) + D/H(n¢)
continua with n <4 and through autoionization. The spectra are
characterized by complex line shapes, which rapidly change
with increasing np values, indicating interactions between
electronic and heavy Rydberg states, the HD" + e~ ionization,
and the H/D(1s) +D/H(n < 4, ¢) dissociation continua. High-
resolution pulsed-field dissociation spectra of HD at the H* +
D~ and H™ + D* dissociation thresholds were also recorded
and revealed long-lived heavy-Rydberg states in the range of
principal quantum numbers beyond 8500. The analysis of these
spectra led to the determination of an improved value of the
electron affinity of the deuterium atom [6086.81(27) cm™!].
A higher accuracy should be possible based on the extrapola-
tion of the heavy-Rydberg-series. To reach this goal, a better
understanding of their decay dynamics and of the line shapes is
necessary.

This work was supported financially by the Swiss National
Science Foundation (Project No. 200020-172620) and the
European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation programme
(Advanced Grant No. 743121).
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