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Determination of the Singlet-Triplet Separation of H2 by a "Level-Anticrossing" Technique*

R. Jost and M. Lombardi
Labo~atoire de Speet~ometxie Physique, g University Scientifique et Mddicale de Gxenoble,

38041 Gxenoble Cedex, %~ance
(Heeeived 13 May 1974)

We show that the singlet-triplet separation of H2 must be lowered by 157.7 +0.2 cm
compared to the hitherto accepted value of Dieke. We have used a new kind of "level
anticrossing" method in which the anticrossing is due to the coupling of a singlet and
a triplet state by spin-orbit or hyperfine Fermi contact interaction.

Hydrogen, H„ is the simplest of the neutral
molecules, and is therefore a good test for funda-
mental molecular calculations. Very refined cal-
culations have been made by Kolos and Wolnie-
wicz': They achieved an accuracy of a few in-
verse centimeters in the calculation of the loca-
tion and properties of singlet energy levels. When
applied to triplet levels, these calculations, con-
firming older and less precise ones of Rothen-
berg and Davidson, ' have raised a problem: The
accepted experimental value of the separation of
singlet and triplet levels is apparently some 150
cm ' too great. However, the experimental situ-
ation is not clear: Separation within singlet and
triplet levels is determined with the usual accu-
racy by optical spectroscopy but, since H, has a
very good Russell-Saunders spin coupling scheme,
no transition between singlet and triplet levels
has been identified and so the relative position of
these two groups of levels is uncertain. The ex-
perimental separation of singlet and triplet lev-
els in H, is based on an uncertain determination
of ionization potentials by extrapolation of the
Rydberg series. There have been variations in
this assignment: The now generally accepted re-
sults of Dieke, ' which we shall use as a basis in
this Letter, are 141 cm ' higher than the older
ones of Beutler and Junger. ' Recently, Herzberg

and Jungen' have obtained by absorption in the
uv the ionization potential of singlet states of H,
with better precision.

To see if the anticrossing experiment was pos-
sible we had to find pairs of singlet-triplet levels
whose separation did not exceed 10 cm ' (because
of magnetic-field limitation). Assuming, as is
the feeling of most of the specialists we know,
that the theoretical results are more reliable
than Dieke's experimental ones we have looked
for another experimental determination of this
separation. The method is based upon compari-
son of 3d and 4d levels in H, and in He (there is
a singlet-triplet line in He) since He is the united-
atom limit of H2, and since in both cases there
is a large hydrogenoid outer 3d and 4d orbit
around a small core.

The separation of 3d'& and M'D levels of He
is 3.32 cm ' and the separation of 4d'D and 4d
& is 1.88 cm '. In H, we have selected 3d II,

4dII , 3d 6 levels; 3d and 4d Z, II', and b, '
levels are perturbed differently and the singlet-
triplet separation of a pair of levels with the
same N and v is somewhat erratic. Within II or

levels, on the contrary, there is great regu-
larity and a weak and smooth dependence on v.
The singlet-triplet separation in Dieke's basis,
extrapolated to rotational zero and v = —z, is re-
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TABLE I. Zero-field separations of levels.

Levels

Triplet minus singlet
separation measured

(cm. )
Triplet levels must

be lowered by (cm )

3d 3Z

v=0, N=2
3d i-Sy
v=0 Ã=3
3d
v 1, %=3

—1.24 +0.1

+ 3.5 +0.2

+ 1.16 +0.1

157.69

157.75

157.64

the coupling is due either to spin-orbit interac-
tion (which, as is well known, couples singlet
and triplet levels, causing transition from I.S to
jj coupling) or to hyperfine Fermi contact inter-
action (the coupling of the analogous 3d-4d sing-
let and triplet levels of He by this Hamiltonian
has been calculated for other purposes by Bessis,
Lefebvre-Brion, and Noser' ).

We used a 150-kG Bitter coil. 8, was excited
at a pressure of 10"' Torr within a small Pyrex
cell by a capacitive discharge (with electric field
parallel to the magnetic field) induced by a 30-W,
150-MHz AMECO high-frequency generator. The
intensity of the light emitted parallel to the mag-
netic field was detected by a EMI 9558 photomulti-
plier and stored on a DIDAC 800 multichannel
analyzer. Between four and fifty scans of 100
sec were used. Lines were separated by a Jobin-
Yvon H. R.S. monochromator whose slit width was
always great enough not to separate the Zeeman
components. Figures 1 and 2 show the most char-
acteristic results.

The position of the anticrossing gives first the
zero-field separations described in Table I.
These results are in good agreement and we con-
clude that triplet levels must by lowered by 157.7
+ 0.2 cm ' as compared to Dieke's data. Second-
ly, the splitting of the various M& anticrossings
gives the difference between orbital singlet and

triplet Lande g factors. Using the singlet Lande

g factors measured by Dieke, Cunningham, and
Byrne, "we found the following preliminary re-
sults:

g~(3d'Z, v =0, %=2) =0.70+0.02,

g„(3d Z, v = 0, N= 3) = 0.55+ 0.02.

Finally, the width of the curve can give a mea-
sure of the fine- and hyperfine-structure con-
stants. The complete analysis of these results
needs a more detailed calculation and further ex-

periments are in progress which will be reported
in the future. We notice that the ultimate accu-
racy of our method is limited by the width of the
curves which is given by the fine- or hyperfine-
structure constants. This is better than the Dop-
pler-limited accuracy with which the separations
within the singlet and the triplet group of levels
are known. Natural-lifetime accuracy could be
achieved with an existing Momrie' apparatus, at
least for the Bd' '6, v =1, %=3 levels for which
the anticrossings are at about 12 kG: One cannot
induce resonance between pure singlet and trip-
let levels except in the vicinity of an anticross-
ing point where the two levels are mixed.

We thank the Service National des Champs In-
tenses of the Centre National de la Recherche
Scientifique at Grenoble which made available to
us the 150-kG Bitter coils. We thank also the
Max Planck Institute of Grenoble for the loan of
optical apparatus.

*Work performed at the Service National des Champs
Intenses at Grenoble (Centre National de la Recherche
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%e propose a two-center model for the description of ion-atom collisions proceeding
via a quasimolecular (adiabatic) mechanism. The electronic potential of the model is
given by a superposition of modified atomic Thomas-Fermi potentials, each centered
about one of the colliding nuclei. Molecular correlation diagrams calculated for the Ne-
Ne system show good agreement with results from molecular-orbital Hartree-Fock cal-
culations.

In the past few years the electron-promotion guide to connect the limiting cases."
model' has proven to be quite successful' in de- It is quite clear that for a more quantitative
scribing the excitation of inner-shell electrons discussion of experiments and a detailed dynam-
in adiabatic ion-atom collisions. Based on the ical theory a method is needed which yields ac-
Born-Oppenheimer approximation, the model curate adiabatic correlation diagrams like the
assumes the formation of a transient quasimole- Hartree-rock method and yet is flexible and sim-
cule whose electronic energy spectrum as a func- pie enough to be easily applicable to any given
tion of the internuclear distance ("correlation combination of collision partners.
diagram") is the starting point for any dynamical In the present note we propose a model which
treatment of the process. While for a few cases we believe to meet these requirements. We
quantitative adiabatic correlation diagrams have start from the observation that atony jg energy
been calculated by the Hartree-Pock method, " levels may, to a good accuracy, be derived from
the evaluation of most of the experimental results a statistical Thomas-Fermi (TF) model with a
has. been based on rather qualitative "diabatic" universal spherical single-electron potential
diagrams. They are obtained from the known V (r) (including corrections for self -interaction
electronic spectra in both the united-atom and the and exchange effects). Latter' has calculated en-
separated-atom limits using the correlation dia- ergy levels for a large number of atomic states
grams for unscreened Coulomb centers as a using potentials of the form (atomic units are

used throughout)

z——e(x)+ — —C (x)
~F( )

r 4s Z

—r ', otherwise.

x= r~Pwith p =. 0.8853Z ' ', and the screening function 4(x) is given by the analytic expression

d'(x) = (I+ o 0274» '+ 1 24» —o.&486x'~'+0. 2302 '+ 0.007 298x~'+ 0.006 944x') '. (2

The corrections for electronic self-interaction
and exchange included in the potential (1) have
been discussed in detail by Coulson a'nd Sharma. '
Although the TF approximation. cannot compete
in accuracy with elaborate atomic Hartree-Fock
calculations available today, ' it should be suf-

ficiently reliable for the treatment of inner-shell
electrons relevant to atomic collision processes.

We here assume that the TF method not only
gives a resonable description of the potential felt
by a single electron in the united-atom and sep-
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