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Abstract: Recent experiments are reviewed which have led to the determination of the ionization and dissociation
energies of molecular hydrogen with a precision of 0.0007 cm~' (8 mJ/mol or 20 MHz) using a procedure based
on high-resolution spectroscopic measurements of high Rydberg states and the extrapolation of the Rydberg
series to the ionization thresholds. Molecular hydrogen, with only two protons and two electrons, is the simplest
molecule with which all aspects of a chemical bond, including electron correlation effects, can be studied. Highly
precise values of its ionization and dissociation energies provide stringent tests of the precision of molecular
quantum mechanics and of quantum-electrodynamics calculations in molecules. The comparison of experimental
and theoretical values for these quantities enable one to quantify the contributions to a chemical bond that
are neglected when making the Born-Oppenheimer approximation, i.e. adiabatic, nonadiabatic, relativistic, and
radiative corrections. lonization energies of a broad range of molecules can now be determined experimentally
with high accuracy (i.e. about 0.01 cm™). Calculations at similar accuracies are extremely challenging for systems
containing more than two electrons. The combination of precision measurements of molecular ionization energies
with highly accurate ab initio calculations has the potential to provide, in future, fully reliable sets of thermochemical
quantities for gas-phase reactions.
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1. Rydberg States and lonization
Energies

Atomic and molecular Rydberg states
are electronic states that can be thought of
as consisting of an excited electron orbit-
ing at large distances around a positively
charged ion core to which it is bound by the
attractive Coulomb interaction between
particles of opposite charges. The quan-
tized energy levels of the electronic motion
can be described, in good approximation,
by Rydberg’s empirical formulal!2!

hcR
hev = E (07) - PRy 8M)2
1

ey
In Eqn. (1), ¥, represents the spectral
position of the Rydberg state with the
principal and orbital angular-momentum
quantum numbers n and [/, respectively. A,
c, El((x*), R, and 81 are Planck’s constant,
the speed of light in vacuum, the ionization
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energy associated with the formation of a
singly-charged atomic or molecular cation
in quantum state o, the mass-dependent
Rydberg constant and the quantum defect
of states with angular momentum quantum

number [, respectively. Rydberg states of
the same value of / and o form infinite se-
ries (see Fig. 1a) converging at n = oo to the
series limit £ (o), which corresponds to
the energetic position of the quantum state
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Fig. 1 (@) Schematic diagram of the energy level structure of molecular Rydberg states. Rydberg
series of different / values converge to the ionization thresholds corresponding to each vibrational
(labeled with the vibrational quantum number v*) and rotational (N*) energy levels of the molecular
ion core. The bound states below the ionization thresholds are marked in black and the ionization
continua above the thresholds in grey. (b) Determination of ionization energies by Rydberg-state
spectroscopy. The transition frequencies from the ground state of the neutral molecule to succes-
sive Rydberg states of a series are measured. Extrapolation of the series using Rydberg’s formula
or multichannel quantum defect theory yields the position of the ionization threshold. (c) Selected
section of the Rydberg spectrum of He, displaying the np (I=1) series converging to the N*=5 level
of the X* 2X¥ (v*=0) ground state of the He,*ion measured following excitation from the N=5 rota-
tional level of the lowest-lying, metastable triplet a 3%} (v=0) state of He,. The principal quantum
numbers of the Rydberg states are given along the assignment bar, and the extrapolated position
of the ionization threshold is indicated by the vertical arrow.
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ot of the ion core and marks the energet-
ic onset of an ionization continuum. The
infinite series of bound states with given
values of / and o* and the adjacent ioniza-
tion continuum represent what is called an
ionization channel.

In molecules, every electronic, vibra-
tional, rotational and even hyperfine level
of the ion core represents an ionization
threshold, to which many Rydberg series
converge,l’l as depicted in Fig. la. The
figure also sketches, in panel (b), how an
ionization threshold can be determined by
measuring the frequencies of transitions
to Rydberg states and extrapolating the
series to their limits. An actual measure-
ment of a Rydberg series in He, recorded
from the metastable triplet a *Y* (v=0)
state is shown in panel (c). From this mea-
surement, one can infer that the ionization
threshold corresponding to the formation
of the v*=0, N*=5 rotational level of the
He,* X 2! ground electronic state is lo-
cated 34287.582(6) cm™ above the N=5
rotational level of the metastable state.

At sufficiently large distance from
the ion core, the potential experienced
by the Rydberg electron becomes exactly
Coulombic. Consequently, even large mol-
ecules have Rydberg states and these can
be studied with the method illustrated in
Fig. 1. Rydberg state extrapolation is there-
fore a general method to derive ionization
energies.

Not only the adiabatic ionization en-
ergies (E”) result from the analysis of
Rydberg series in molecules, but also the
relative positions of the vibrational, ro-
tational and hyperfine quantum states of
the ion with respect to those of the neu-
tral molecule. E,*, which is defined as the
minimal energy required to produce the
lowest quantum state of the ion from the
lowest quantum state of the parent neu-
tral molecule,[*! represents a characteristic
property of an atom or molecule, which
can be used in the determination of ther-
mochemical quantities such as standard 0
K reaction energies and enthalpies (A U®
(0 K) = A H®(0 K)). For example, for the
charge-transfer reaction R, + R,* = R/* +
R,, one finds

AUS(0K)=EOR)-EOR)  (2)

2. Precision Measurements
of lonization and Dissociation
Energies

2.1 Ionization Energies

Ionization energies can be determined
spectroscopically i) from photoabsorption
or photoionization spectra by determining
the onset of ionization continua,/! ii) from

photoelectron spectral®! by measuring the
kinetic energy of photoelectrons emitted in
the ionization continuum following photo-
ionization with a narrow-band radiation
source, or iii) by Rydberg series extrapo-
lation, as just explained. In the first case,
the precision and accuracy of the measure-
ments are limited by the fact that the onset
of the ionization continua are never infi-
nitely sharp, either because of stray elec-
tric fields or because the thresholds corre-
sponding to the production of the cation in
different rotational levels are not resolved,
leaving ambiguities concerning the exact
position of the ionization threshold. In the
second case, the precision is limited by in-
trinsic difficulties associated with the mea-
surements of photoelectron kinetic ener-
gies. Even when the detection is restricted
to photoelectrons of near-zero kinetic en-
ergies, as in pulsed-field-ionization zero-
kinetic-energy (PFI-ZEKE) photoelectron
spectroscopy,!”! stray electric fields limit
the accuracy to about 1 cm™.

The advantage of Rydberg series ex-
trapolation for the determination of ion-
ization energies is that the precision is
in principle only limited by the widths
of the transitions observed in Rydberg
spectra. Because the lifetimes of Rydberg
states scale with 73, the natural linewidths
of high Rydberg states are small and the
observed spectral linewidths are usually
limited by the bandwidth of the radia-
tion source used to record the spectra or
by the Doppler effect. The determination
of ionization energies by Rydberg series
extrapolation has a long tradition in mo-
lecular physics. Classical examples are
studies of the Rydberg spectrum of NO by
Miescher and his coworkers/8! (E©(NO) =
74721.5(5) cm™), of H, by Herzberg and
Jungen® (E”(H,) = 124417.2(4) cm™),
and of N, by Huber and Jungen!1%! (E,“(N)
=125667.032(65) cm™).

Rydberg extrapolation techniques have
been combined with pulsed-field ioniza-
tion techniques related to PFI-ZEKE pho-
toelectron spectroscopy to obtain an even
higher precision: Narrow-band pulsed
lasers are used to resolve Rydberg series
at high n values (n>100). Because such
states are located less than 10 cm™ below
the ionization energies, the extrapolation
with Rydberg’s formula yields ionization
energies (E (o) in Eqn. (1)) accurate to
better than 0.1 cm™ and also information
on the quantum defects (8) and the rovi-
bronic energy-level structure of the cat-
ions. Examples include the determination
of the ionization energies of benzenel!!l
and benzene-rare gas van der Waals com-
plexes,[121 N_,[131 CO,l14 and NH,.['51 The
advantage of this method is the straight-
forward analysis. Indeed, perturbations of
the Rydberg series such as those discussed
below in the context of Fig. 2 are small at

high n values and have no significant effect
on the extrapolated values. However, sys-
tematic shifts of the high Rydberg states by
stray electric fields, such as those caused
by ions produced in the photoabsorption
volume, rapidly increase with n (as n’) and
are difficult to assess. Such shifts limit the
absolute accuracy of the measurement of
ionization energies to about 0.02 cm™.[16]

The highest accuracy (0.0007 cm™ and
better) in the measurements of ionization
energies is reached in measurements of
Rydberg states with principal quantum
numbers around n = 50.117.18] These states
have principal quantum numbers low
enough that they are not significantly af-
fected by typical stray fields in the range
of 1-10 mV/cm present in most spec-
trometers. Simultaneously, these quantum
numbers are high enough for the Rydberg
states to have long lifetimes and for uncer-
tainties in the quantum-defect parameters
not to have significant effects on the ex-
trapolated values. In this range of n values,
perturbations of the Rydberg series can be
significant and need to be rigorously taken
into account. The arrows in Fig. la indi-
cate that the series converging to different
ionic states can perturb each other, which
leads to deviations of the spectral positions
from those predicted by Rydberg’s formula
(Eqn. (1)).

A generalization of Rydberg’s formula
which is able to treat these perturbations
can be reached in the realm of multichan-
nel quantum defect theory (MQDT), as
described in detail in ref. [19]. This gener-
alization necessitates the inclusion of ad-
ditional parameters accounting for the per-
turbations. The effect of such parameters,
which can be thought of as off-diagonal
quantum defects, is illustrated in Fig. 2 for
the simple case of two interacting series, as
is encountered in the p series converging
on the N*=0 and N*=2 rotational levels of
the X* X} (v*=0) ground state of H,*.[%20]
In the panels (a) and (b) of Fig. 2, the de-
viations between the spectral positions cal-
culated with Rydberg’s formula and those
obtained for a weak (panel a, n = 0.04, in
quantum-defect units) and a strong (panel
b, n =0.2) interaction parameter M are plot-
ted against the principal quantum number
of the N*=0 series in the range n = 50-100.
The deviations, and thus the effect of the
series interaction, are strongest in the im-
mediate vicinity of the positions of the
Rydberg levels belonging to the N*=2 se-
ries which have lower principal quantum
numbers (n = 23 and 24) in this energetic
range (see Fig. 2c). Because the series in-
teractions are treated globally in the frame-
work of MQDT, a single parameter (nl.j)
per pair of interacting series (i,j) is often
sufficient to describe the deviations of all
Rydberg levels. The parameters used for
the calculation of a Rydberg spectrum are
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Fig. 2. a) and b): Model MQDT calculations illustrating the effects of an interaction between two
Rydberg series converging on different rotational levels of a molecular cation assuming an inter-
action parameter 1 = 0.04 (a) and M} = 0.2 (b). The relative positions of the series limits and the
quantum defects correspond to the situation encountered for the singlet p series converging on
the N*=0 and N*=2 rotational levels of the X* 22; (v*=0) ground state of H,*. The results of the cal-
culations are presented as deviations of the Rydberg levels of the N*=0 series from the positions
resulting from Rydberg’s formula as a function of their principal quantum number. These devia-
tions are strongest near the positions of the n=23 and n=24 members of the N*=2 series.

c) Schematic energy level diagram of the relevant series.

the ionization energies E (0.*), the quantum
defects 8,, and the interaction parameters
M, coupling the different series. These pa-
rameters can be determined either ab initio
(see ref. [19]) or in a fit to experimental
data. The results presented in the next sec-
tion demonstrate that ionization energies
can be determined with a precision of 1
MHz (0.00003 cm™) when series interac-
tions are considered, which is more than
two orders of magnitude more precise than
by extrapolation with Rydberg’s formula.

2.2 Determination of Dissociation
Energies

Measurements of dissociation energies
D (R-A), defined as the minimal energy re-
quired to dissociate the molecules in their
ground state to form the fragments R and A
in their ground states, are more difficult be-
cause transitions to the dissociation conti-
nua are usually very weak and the continua
have diffuse onsets. Moreover, potential
energy barriers along the dissociation co-
ordinate can prevent the observation of the
dissociation products at threshold. The de-
termination of the dissociation thresholds
by extrapolation of the measured positions
of bound levels is not as easy as for ion-
ization thresholds because the long-range
part of the potentials is not Coulombic and
does not, in general, support infinite series
of bound levels.

In diatomic molecules, direct poten-
tial fits to experimental vibrational and
rotational level positions can, in favor-
able cases, provide energies accurate to
about 1 cm™ or, in some cases, even bet-
ter.2l In polyatomic molecules, such fits
are not straightforward and rarely lead to
uncertainties in the dissociation energies
smaller than a few cm™. In some cases,
very precise dissociation energies can be
derived from the observation of the onset
of predissociation, as was demonstrated
for H,0, for which the O-H bond dissocia-
tion energy D (HO-H) was determined to

be 41145.94(15) cm™.1221 Dissociation en-
ergies can also be used to derive standard 0
K reaction energies and enthalpies. For in-
stance, the reaction energy of the reaction
R-A +R, =R, +R-A can be determined
using the relation

AUS(0K) = D,(R -A) - D,(R-A). (3)

0 K reaction enthalpies for a wide range
of gas-phase reactions can be derived from
ionization and dissociation energies by
combining equations such as Eqns. (2) and
(3) in larger thermodynamical cycles.

Dissociation and ionization energies
are related by the positive-ion thermody-
namical cycle:[23]

EO(R-A) = E®(A) + D,(R-A) -

D,(R-A"), @

where E©(R-A) and E©(A) designate the
adiabatic ionization energies of R-A and A,
and D (R-A) and D (R-A*) the dissociation

energies of R-A and R-A", respectively. In
general, Eqn. (4) cannot be used to derive
precise values of dissociation energies,
even if the ionization energies of R-A and A
are precisely known. Molecular hydrogen
is an exception. H,* being a one-electron
system, its dissociation energy can be cal-
culated ab initio with almost arbitrary pre-
cision (D (H,") =21379.35024(6) cm™"(24]).
A measurement of the ionization energy of
H, thus also yields a value of D (H,) by
using Eqn. (4).

3. The lonization and Dissociation
Energies of Molecular Hydrogen

To derive the ionization and dissocia-
tion energies of H,, HD, and D, with high
accuracy, we determined their ionization
energies by Rydberg-series extrapolation
and their dissociation energies using Eqn.
(4). The ionization energy of the hydro-
gen atom (E(H) = 109678.77174 cm™
and E(D) = 109708.61455 cm™'?3]), and
the dissociation energies of H2+, HD*, and
D, 24 are precisely known. The ionization
energy of molecular hydrogen was ob-
tained as a sum of three energy intervals
measured in separate experiments, the first
from the X 'X} (v=0, N=0 or 1) levels to
the EF '2} (v=0, N=0 or 1) levels by two-
photon Doppler-free spectroscopy,!26] the
second between the EF 'Y} (v=0, N=0 or 1)
levels and np Rydberg states with n values
around 50 belonging to series converging
on the X* 23+ (v*=0, N*=0 or 1) of the ion
by UV laser spectroscopy,!!827:28] and the
third between high the np Rydberg states
and their series limits by millimeter-wave
spectroscopy and MQDT.[17:28:29]

As illustration of these measurements,
Fig. 3 shows a spectrum of the p Rydberg
states of HD located below the X* (v*=0,
N*=0) ground state of HD* recorded from
the EF (v=0, N=0) state. The observed
Rydberg series interacts strongly with the
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Fig. 3. Spectrum of the n=56-65 p Rydberg series of HD converging to the N*=0, v+=0 level of the
electronic ground state of HD* recorded from the EF (v=0, N=0) state. The perturbation caused by
the interaction with the n=26 p Rydberg state with a N*=2 ion core can be recognized from strong
deviations from the positions predicted with Rydberg’s formula (upper assignment bar). The posi-
tions calculated using MQDT are given along the lower assignment bar.
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p Rydberg series converging to the N*=2
state in the way illustrated by Fig. 2. While
Rydberg’s formula fails to reproduce the
observed rotational interactions (see upper
assignment bar), the MQDT calculations
are in agreement with the observed posi-
tions within the experimental uncertainty
(see lower assignment bar in Fig. 3). After
taking into account all known sources of
systematic errors, such dc and ac Stark
shifts, pressure shifts, Doppler shifts, and
frequency chirps of the pulsed laser, the
adiabatic ionization energy of HD could
be determined with an uncertainty of 11
MHz (E*(HD) = 124568.48581(36) cm™,
which led to a dissociation energy D (HD)
of 36405.78366(36) cm™"1281).

The main factor limiting the precision
and accuracy of these measurements are
Stark shifts caused by ions generated in the
measurement volume. When the measure-
ments are carried out through the EF inter-
mediate state, these ions are unavoidable,
because the efficient driving of the EF — X
two-photon transition requires high laser
intensities at a frequency sufficiently high
to directly ionize the EF state in a single-
photon process.

In a new series of measurements, the
GK state instead of the EF state was used as
intermediate state for the excitation of high
Rydberg states,[30 with the goal of avoid-
ing the generation of ions in the experi-
mental volume. Compared to the EF state,
the GK state lies higher in energy and can
be excited efficiently (and thus with lower
laser intensities) from the ground state in
a resonant two-photon transition. Sections
of the observed spectrum in ortho-H, are
depicted in Fig. 4. The reduced transition
frequency and the improved collimation of
the molecular beam enabled the reduction
of the Doppler width of the observed lines
to about 20 MHz (for comparison, the line
widths in Fig. 3 are about 120 MHz be-
cause of the Doppler effect and inhomoge-
neous broadening by the stray fields). No
rotational series perturbations of the kind
illustrated in Fig. 2 occur in the spectral
range shown in Fig. 4. Nevertheless, the
observed Rydberg series cannot be accu-
rately described by Rydberg’s formula.
The reason for the deviations are perturba-
tions caused by the hyperfine interaction
in Rydberg series converging to different
hyperfine components of the v*=0, N*=1
ground state of ortho-H,*. An extension of
MQDT that includes hyperfine effects!!7-31]
had to be employed to reproduce the ob-
served perturbations within the experimen-
tal uncertainties.

In this way, the ionization energy of
H, from the GK (v=1, N=1) level could be
determined with an absolute accuracy of
1.2 MHz, which sets new standards in laser
spectroscopic investigations of molecular
Rydberg states.

12— Rydberg’s formula
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Fig. 4. Intensity-normalized sections of the spectrum of the p (N=1) Rydberg series of ortho-H,
converging to the N*=1, v*=0 state of the electronic ground state of ortho-H,* recorded from the
GK (v=1, N=1) state. Next to each line the principal quantum number n of the corresponding
Rydberg state is given. The predictions using Rydberg’s formula and MQDT are given above and

below the spectra, respectively.

4. Discussion and Conclusions

4.1 The Dissociation Energy of
Molecular Hydrogen

Simultaneously to, and independently
of, our measurements, the ionization and
dissociationenergiesof H,,HD,and D, were
also determined in ab initio calculations
incorporating the adiabatic and nonadia-
batic corrections to the Born-Oppenheimer
energies and also the relativistic, radiative,
and finite-nuclear-size corrections.3233
The magnitude of these correction terms
for the case of the dissociation energy are
listed in Table I for all three isotopomers.
The adiabatic and nonadiabatic corrections
take the coupling between the nuclear and
electronic motions into account. Both cor-
rection terms scale with the ratio between
the electron mass and the nuclear reduced
mass and are therefore largest for H,. The
relativistic correction originates from the
velocity-dependent mass of the electrons
and its magnitude is very similar for all iso-
topomers. The same is true for the radia-
tive corrections, which have their origin in

the interaction of the electron with its own
electromagnetic field. The finite-nuclear-
size correction scales with the size of the
nuclei and is the smallest of all determined
corrections.

At present, experimental and theoreti-
cal values agree within their combined un-
certainties of 0.001 cm™ (30 MHz). This
agreement validates the theoretical values
of the correction terms listed in Table I.
The comparison also shows, among others,
that it is necessary to include the electron-
positron continuum (as part of the radiative
correction) to account for our experimen-
tal results. Measurements of energy inter-
vals in molecules at high precision indeed
contain information on interactions of rel-
evance in high-energy physics.!34!

4.2 Accurate Thermochemistry
Thermochemical networks are essen-
tial tools to describe and assess chemical
equilibria in systems of coupled gas-phase
reactions, for instance in combustion,
atmospheric chemistry and for certain
classes of astrophysical problems. With
such networks, available thermochemical
data on simple systems, properly weighted

Table I. Results of ab initio calculations®%! of the dissociation energies of H,, HD, and D, and
comparison with experimental values.['82728 The ab initio values are determined as sums of
corrections of different origin to the values obtained within the Born-Oppenheimer approximation.

All values are given in units of cm™.

D (H,) D (HD) DD,)
Born-Oppenheimer 36112.5927(1) 36401.9332(1) 36746.1623(1)
Adiabatic correction 5.7711(1) 4.2509(1) 2.7725(1)
Nonadiabatic correction 0.4339(2) 0.3267(2) 0.1563(2)
Relativistic correction -0.5319(3) -0.5299(4) -0.5276(3)
Radiative correction —0.1964(8) -0.1980(8) —0.1999(8)
Finite-nuclear-size correction 0.0000(1) —0.0001(1) —-0.0002(1)
Total theory 36118.0695(10) 36405.7828(10)  36748.3633(9)
Experiment 36118.0696(4) 36405.7837(4) 36748.3629(7)
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by their uncertainties, are used to derive
thermodynamical properties of progres-
sively more complex molecular systems in
a systematic and optimal manner, on the
basis of systems of equations of the type
of Egns. (2)—(4).[231 Redundancy of the
data can be exploited to detect problems
with the input values, and ab initio quan-
tum chemistry can be used to check sus-
pect data or to improve missing links in the
overall thermochemical network.

Though remarkably successful, this
procedure occasionally suffers from the
facts that 1) experimental uncertainties are
difficult to assess, ii) available input data
from experiment or calculations occasion-
ally have too large uncertainties to be of
use for a given reaction, which tends to be
the case when they exceed the thermal en-
ergy (kT) at the temperature of interest, and
iii) error propagation in large thermochem-
ical networks can lead, for desired thermo-
chemical properties, to uncertainties larger
than kT at the temperature where these
properties are needed, even if all input data
have uncertainties below k7. The possibil-
ity that the thermochemical network fails
for a specific reaction system can therefore
not always be ruled out.

The determination of ionization and
dissociation energies with such low un-
certainties that they are entirely negligible,
even at low temperature, say 10 K where
kT = 1.38-102J (or RT = 80 J/mol or kT/
he =7 cm™), represents a possible way to
improve thermochemical data. Taking into
account the possibility of error propaga-
tion in large thermochemical networks,
one may desire ionization and dissociation
energies to be known with an accuracy
100 times higher, i.e. 0.07 cm™. This accu-
racy is currently out of reach of measure-
ments of bond-dissociation energies and
much higher than can be achieved by ab
initio quantum chemistry in the realm of
the Born-Oppenheimer approximation, at
least for molecules containing light atoms.
The determination of ionization energies
by Rydberg series extrapolation can be
achieved with the requested accuracy for
an increasing range of molecular systems
(see Section 2). However, they are de-
manding.

An approach to accurate thermochem-
istry based on precision measurements, if
at all practicable, would necessitate a com-
bination of experiment and theory, with the
goal of mutual validation of experimental
and theoretical methods in progressively
more complex molecular systems. Because
one may expect a calculation that success-
fully predicts an ionization energy with

high accuracy to also be able to predict a
dissociation energy with the same accura-
cy, the validation by experiment only needs
to be made for ionization energies. On the
experimental side, this approach would
need systematic studies of Rydberg states
in larger molecules and the exploitation
of multiphoton excitation sequences de-
signed to access nonpenetrating Rydberg
states which are long lived and not affect-
ed by perturbations. On the theory side,
this approach would need conceptual ad-
vances, in particular in the development of
standard procedures to evaluate adiabatic,
nonadiabatic, relativistic and radiative cor-
rections to energies calculated using the
Born-Oppenheimer approximation.

The current progress in high-resolution
spectroscopy, the rapid increase of com-
puting resources and recent developments
1) in the calculation of adiabatic, nonadia-
batic and relativistic corrections to molec-
ular energies,35-36 ii) in the determination
of zero-point vibrational energies,371 and
iii) in relativistic quantum chemistry!38-3]
justifies some (prudent) optimism. In this
context, the results presented here for H2
show that both theoretical and experimen-
tal determination of ionization and dissoci-
ation energies in two-electron systems can
reach an accuracy better than 0.001 cm™,
which amply satisfies the accuracy crite-
rion mentioned above. The experimental
data on He, and He,* shown in Fig. 1c
provide reference energies against which
calculations for three and four electron
systems may be compared in future.
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