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Summary. — Wavelengths, oscillator strengths and transition probabilities are calculated for the Lyman and Werner band
systems of the H, molecule. Those calculations are performed for the first 15 rotational excited levels by including rotational
coupling effects between the B and C electronic states. The expected accuracy should be better than 1 reciprocal centimeter

for the wavenumbers.
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1. Introduction.

Lyman and Werner band systems of molecular hydrogen
involve the ground X! ¥} state and the two excited elec-
tronic states B} and C I, respectively. The correspond-
ing potential energy curves have been accurately calculated
with the inclusion of relativistic and non adiabatic correc-
tions (Bishop and Shih, 1976 ; Kolos and Wolniewiecz, 1975;
Kolos, 1975 ; Kolos and Rychlewski, 1976 ; Ford ez al., 1977 ;
Dressler and Wolniewicz, 1986). Moreover the electronic
dipole moments of the B-X and C-X electronic transitions
have been recently recalculated by Dressler and Wolniewicz
(1985).

The two excited states are furthermore coupled through a
rotational non-adiabatic coupling (which is responsible of
A doubling effect in the C 11, state) recently calculated by
Ford (1975) and Wolniewicz and Dressler (1988). These
theoretical new results are used here to predict accurate
energies, oscillator strengths and transition probabilities of
the H, Lyman and Werner band systems. Such data are
indeed needed in various astrophysical contexts (interstellar

matter, planetary and stellar atmospheres) and extend
the widely used results of Allison and Dalgarno (1970)
which were obtained without rotational angular momentum
effects (J"” = J' = 0).

2. Theory.

The importance of rotational coupling has been clearly
demonstrated by Abgrall ez al. (1987) subsequently referred
to as paper I when these authors compare theoretical and
experimental ratios of selected line intensities belonging
to the Lyman and Werner band systems obtained through
high resolution photoelectric recording of the vuv emission
spectrum at the National 10 m VUV spectrograph of
the Meudon Observatory. The theoretical frame for
obtaining the total rovibronic (i.e. electronic x vibrational
x rotational) wave functions is described in paper I and is
only recalled rapidly.

The total wave function ®” related to the ground electronic
Xl}lg+ state is written in a straightforward way in a Hund’s
case (a) molecular basis

2Jll+1 1/2 1 * g1
@Ie/ = ( ) fxv“-’“ (R) DMIO (9’) 9, 0) ‘IJX (TY R) (1)
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W, is the Born-Oppenheimer (BO) electronic wave function
dependent on the electronic » and nuclear R coordinates
where R is the internuclear distance ; fy,»jy» is the
corresponding vibrational wave function.

v" and J” are respectively the vibrational and rotational
quantum numbers and D7 is a rotation matrix (Rose, 1957).
& is an e type state according to the definition of Brown et
al. (1975) from total parity properties.
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The rovibronic functions related to the excited electronic
B!} states are of e parity type whereas the C'1I,, electronic
state contains both e and f parity type levels which are
degenerate when the rotational coupling is neglected.

Excited states of e parity type are then obtained from the
mixing of the two B and C electronic states through the %
rotational coupling operator.

1

27 +1\/? 1 .y
T = ( ) 7 /B (B) Dito (, 6, 0) Un(r, R) + —= foryryr (R)

4

V2 (2)

[0 (0,6, 0) e, 1(r, B+ D3y (0, 6, 0) e, 1 (r, R)] }

The rovibronic functions related to f parity type are given
by the following expression :

2'+1\Y? 1 1
®: = — — fe-vtyr (R) X
f ( 47[' ) R ﬁfC v!'J ( )
x [Dif1 (0, 6, 0) ¥c,1(r, B) = D3l (0, 6, 0) e, _1(r, B)] 3

The normalization of &, is such thatifng = [;° f2gv s
(R) dR and
nc=Jy f2cvs (R) dR
m+nc=1
This has the immediate consequence that excited “e” states
are not pure. Most often ng and 7nc are very close to 1
so that one state is unambiguously related to a specific
electronic symmetry. However exceptions do occur where
the assignment of the state (and the corresponding level) to
B or C electronic state is ambiguous.
Whereas @7 and ®; are obtained from the resolution of the
one dimensional Schrodinger nuclear equation, ¢, (i.e. fg
and fc) is obtained from a coupled system of second order
differential equations detailed in paper L.
One obtains at the same time the corresponding eigenvalues
which give the energy levels values.

3. Calculations.

We have calculated the eigenfunctions and eigenvalues
for all possible vibrational states and the first 15 rotational
angular momenta involved in the Lyman and Werner

band systems of molecular hydrogen by using the method
described in paper I. Level energies which are not perturbed
(i.e. f levels belonging to C~ and J” = 0 e levels)
are calculated with slightly adjusted potentials in order to
agree with high resolution measurements within 1 cm™!
(Roncin et al., 1984 ; Dabrowski, 1984 ; Launay and Roncin,
1988). The wavenumbers o of the various transitions are
obtained from the differences between lower and upper
excited energy levels. The corresponding wavelengths in the
vacuum are then calculated : A = L.

Molecular transitions are distributed into three branches
depending on the value of J' — J” = AJ where’ and " refer
respectively to the excited and ground electronic states. P
and R transitions (AJ = —1 and AJ = +1 respectively)
connect only e type states whereas Q transitions (AJ = 0)
connect the e type lower level to f type excited level
According to paper I different expressions arise for the
electronic dipole matrix element M involved for each,
branch which we define as M?, MQ MR for P, Q, R
branches.

1/2 .
MP = (I + 1) < fmor 0 |Max| feon 5n > +TV2 < for o |Mcx| o 50>

MQ =< fc- v IMCXI Fxom gn >

MR = JV2 < gy g |Mex| frongn > —(J'+1)

1/2

(4)

< for o g |Mcx| Fx v gm >
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where Mpx and Mcx are the electronic transition moments

given by Dressler and Wolniewicz (1985).

Using M* where « = P, Q, R, we can give general

B 2
T 32" +1)
B 4
T3t 320+ 1)
2.14 x 100
= W (Evl J!

fvll JII’ vl Jl

1 1 1" 1"
Ay g uhJ

4. Results.

Tables I, II, III give the level energy terms T, ;, in
reciprocal centimeters for the first 15 rotational angular
momenta J’ and all possible vibrational levels of the three
excited electronic levels, B, C*+ and C~. The origin is taken
to be the ground rovibrational term of the ground state
X!ot g v” = 0, J = 0. The percentage of B character
of the level which is defined as % B = 1007p is also given
in tables I and II relative to B and C* electronic states. As
mentioned in paperI, the assignment to a specific electronic
state is most often unambiguous. However, some cases arise
where % B is close to 50 and it is then meaningless to specify
the electronic state.

Oscillator strengths from v” = 0 and emission probabilities
in s~1 toward v = O are displayed in tables IV and
V for B and C according to the labelling given in the
tables I and II with the corresponding wavenumbers (in

References

WAVELENGTHS, OSCILLATOR STRENGTHS

(Byr g1 — Eyn gu) |M*?

— By g |M*P

315
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cm~!) and wavelengths (in A). The expected accuracy
is better than 1 cm~! for the wavenumbers. This has
been verified by comparison with experimental spectra
(Dabrowski, 1984 ;Roncin ef al. 1984, Launay and Roncin,
1988).

These data extend in a more accurate way those compiled
by Morton and Dinerstein (1976) for interstellar studies.
The differences with earlier results of Allison and Dalgarno
(1970) is of the order of a few percents. In unambiguous
cases, results concerning transitions with excited vibrational
levels belonging to the Xlzg electronic ground state can be
obtained under request to the authors.
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for the B state and percentage of B character.
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TABLE IV (continued).
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TABLE V. — Transition wavenumbers (o in cm™1), wavelengths (X in A), oscillator strengths f and emission probabilities (A in s~ of Hy

Werner band system with the ground vibrational level (v" = 0) ; P
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TABLE V (continued).
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