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Recent high-resolution photoionization experi-
ments on Hy, HD and Dg [1] have shown that 1)
near the threshold for ionization, the dominant
mechanism for ionization is autoionization; 2) the
lifetimes for autoionization are 0.3 x 10-12 sec
or longer; 3) although the vibrational propensity
rule [7(Av = -1) < 7(Av = -2) < ...]is frequently
obeyed, there are significant violations of this
rule, and 4) predissociation is as fast as or faster
than autoionization in some cases for which both
are allowed. We report here a theoretical treat-
ment which accounts for these phenomena. We
also derive the effect of isotopic substitution on
the autoionization and predissociation rates. In
addition, the method is applied to associative
ionization and dissociative recombination; this
will be described elsewhere, with a fuller treat-
ment of the present topics.

In brief the method is as follows. The rates
are first calculated as a first-order perturbation
arising from vibronic coupling of bound molecu-
lar Rydberg states Hg (2po, w) with the continu-
um, H} (v,K) + e for autoionization or H (3s, 3p,
3d) + H(1s) for predissociation. The coupling
operator is the nuclear kinetic energy operator,
which we further restrict to the vibrational or
radial component in the present discussion. The
electronic and vibrational basis functions are ob-
tained in the Born-Oppenheimer approximation.
For a given internuclear distance R, the effective
static potential for the electrons is a truncated
spherical harmonic series containing monopole
Coulomb and exchange contributions and quadru-
polar Coulomb terms. This potential and the stat-
ic effect of internuclear distance on the electron-
ic wave function y{r, R) were described previous-
ly [2]. The eigenvalues of the static Hamiltonian
for various R values give the effective potentials

for determining vibrational wave functions x(R&).
The functions Y/, R) and x(R) were evaluated by
Numerov integration for the bound and continuum
states of interest.

Let us omit the angular part of the nuclear
wave functions and the nuclear rotational kinetic
energy operator, both for reasons discussed pre-
viously [3] and because of the nature of the domi-
nant vibronic coupling term. This dominant term
in the coupling matrix is the one proportional to

Welr, RIX(R)} (dx; 'dR) (d, "dRY) .

The dominant contributions from the electronic
wave functions themselves are, in almost all
cases, those due to variations with R in the fi-
nite-size monopoic of the effective potential of
the H"i core. Previous formulations of vibronic
autoionization {3-3] had omitted this term entire-
ly, and had suggested that the R-dependeuce of
thc core quadrupole was normally the doininant
term [{3-5]. The quadrupoalar part is seccnd in
importance, but for autoionization and predisso-
ciation, ordinarily contributes only a few percent
to the total rates. The importance of the mono-
pole term is not only its magnitude but also its
ability to couple two s-like elecironic states.
However, we are concerned here primarily with
the optically accessible upo and npw states; these
are also coupled primarily be the monopole.
From the Fermi Golden Rule,
-1 = (2a/M (il g¢lf) 12, thedirect bound-free
rates are obtained. Typical values are shown in
tables 1 and 2. Only values for rotationiess (K =
= 0) nucleli are given; since the rates are almost
independent of K, at least to K = 8. Predissgcia-
tion rates are very sensitive to the principal
quantum number and, except for slow (< 109 .
sec~1) predissociation, relatively insensitive to

503



Volume 2, number 7 CHEMICAL PHYSICS LETTERS Hovember 1968

Table 1
- Autoionization rates (withaut Intermediate siates)
" Vigitial  Yfinal (H3) Hy HD D,
spo 3 ] ’ 3.9 106 gec~1 3.8 x 106 {closed)
4 1 2.4 x 108 (closed) (closed; 4-0: 2.4 x 107y
spo 2 0 1.5 % 109 1.0 x 107 (closed)
3 1 5.1 x 109 3.5 x 107 (closed; 3~0: 7.3 » 105)
4 2 1.5 x 1011 (closed) (closed)
4 1 1.6 x 107 6.4 x 106 {closed: 5-1: 1.1 x 108)
8pa 1 o 2.1 % 1011 1.8 x 1011 (closed)
2 1 4.7 x 1011 (closed: 2-0: 4.7 x 108) (closed: 2-0: 3.2 x 109)
3 2 Zé:p’:.l:;lca. 1011y (ciosed; 3~1: 1.6 x *09) (closed: 3-1: 9.4 x 109)
4 2 5.8 x 10°L) 3.8 x 109 2.3 x 169
Gp7r 2 0 1.3 x 102 9.3 x 107 (closed: 3-0: 6.4 x 105)
6 4 5.4 x 1010 ¢closed) (closed: 6-3: 4.5 x 107)
10p7 2 0 1.0 x 1011 8.4 x 1010 6.6 x 1010
6 5 9.7 x 1011 7.8 x 1011 5.8 x 1011
6 4 1.3 x 101@ 8.0 x 10 4.0 x 10%

a) Measured from a copy of the Grawing used in ref. [1]; we are indrhted to Drs. Chupka and Berkowitz for providing

this figure.
1) The channel] Av = -1 is not open in our model from 8pa (v = 4). However the experimental width (rei. {3]) suggests

tl. .t in renlity, 8p@does autoionize by a Ap = -1 trangition.

Table 2
Predissociation rates
Alpitial Uinitial Pfinal sig:if&:t:t?;x) Hg HD Dy
Gpy 7 5pa; Ty 38 6.2 x 1012 closed) (closed)
12 5.0 x 1012 3.3 x 1012 1.5 » 1012
Tins 7 5p0: ay 35 6.2 x 1011 {closed) (closed)
15 4.3 x 101! 1.8 x 101} 3.6 x 1010
sy 12 Spo: oy 3s 9.8 x 1010 2.6 x 1010 1.5 x 109
ipo 12 5po: o, 3s 2.7 x 1030 3.5 x 109 2.8 x 108
i 12 4p7: Ty 30, 25 x 1012 1.0 x 1032 3.0 x 1010
Y. 12 4pm; ay od 2.1 x 1630 5.7 x 109 4.7 x 168
“pl 9 4pm: Wy 3d 4.5 x 108 6.5 x 108 3.3 x 108
3pm; m, 3p 7.8 x 109 1.1 x 1010 1.9 x 16°

dpr 15

with initial vibrational quantum number,

607 autod /6vigit1a1 »
increases with Av. The autoionization rates vary
as (Mypipia))~3; Bardsley [4] has shown that this
dependence is a direct consequencs of (e norma-
lization in the core and must hold for sufficiently

iarge i, This dependence holds essentialiy per-

vibratigaal quantum number, Autoionizatioa rates
increase rapldly with initial vibrational qrantum
nirsor, up to the moxitum ¢ for each n. (Prin-
eipal quantum sumbers n refer to the united atom
ntato designation.) Autotonization rates decrease
mirkodly with Av, the number of vibrational
quanta by which the inMtisl HY and flnal Hj states
dif{ar. The rate of increase of autotonization rate
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fectly for # > 5 and within a few percent for 2 = 4
in our calculations,

Comparison of autoionization and predissocia~
tion rates shows that p. edissociation ig the faster
for only a few values of mynitia). P.udissociation
in the o-system, from 6pc and 7poto H(38) +
+ H(18) (Le. H3, 5po) is always faster than auto-
ionization, for all open channels, meaning for
v > 7 for Hj, 2 9 for HD* and > 11 for D3. For
n=8 6<sys<slliandforn=9, v=1, B(lorﬂz),
the two processes have compa.rable rates For
the 7 system, for Hy, states withn=5, v =8
predissociate rather than zutoionize. For ¥ states
with n = 6, states with v = 7, 8 and 12 predissoci-
ate; both processes contribute for v = 9,10,11, 13
and 14. The apparently erratic behavior of the
rates is a function of which Av channels are open
for autoionization; for n = 6, Av = -3 closes for
vinitial > 11, aliowing predissociation to take
over.

The isotope effect is shown in tables 1 and 2.
Predissociation rates are increasingly sensitive
as 7 increases. The pattern of competition be~
tweca avtoionization and predissociation is not
changed significantly by isctoplc substitution,
even though the rates themselves are strongly
affected Occasionally cancellations in the inte-
gration over R may produce isolated anomalies,
as in the last two predissociations cited in ta-
ble 2.

Finally, we have examined the effect of inter-
mediate coupling between bound Rydberg states
as a possible mechanism to explain violations of
the vibrational propensity rule for autoionization
[1,3] The procedure for determiring coupling ma-
trix elements is the same as for autolonization
and predissociation but now all the wave functions
refer to bound States, electronic or nuclear. Such
coupling allows a slowly-autoionizing or predisso-
ciating "zero-order™ stzte to steal autoionizing
capability very much as one state can steal oscil-
lator strength frocm another. The quantitative de-
tails of the coupling are guite sensitive to the ac-~
curacy of the model because of the dependence of
coupling on the energy separations of zero-order
states. The off-diagonal matrix e]lements are at
most 5 x 10~4 a.u. (100 cm~1) and more common-
1y 10- 30 cm-1. This means that states couple
strongly when their energy separations are of
about this size. We could give reliable quantita-
tive estimates for the effect of such coupling on
rates only if we knew the zero-order vibrational-
electronic state energies to this accuraey; our
model is clearly not this accurate. However, we
can pick out some general features and give some
examples of large effects of intermediate coup-
Jinos as thev aoppear in onr model.
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The Hstatesnrsomewhatmoteaﬁecwdvthan

n (4,5) couple effectively with. states with n
9,10. Furthermore we find that strong coupling
occurs only between two, three or at most four
states, so that one can readily esthnafe +he con-
tributiono("ratestnlmg for most cases of in-
terest. Here are the most prominent examples
of rate stealing in our calculations for Ha: (these
arefor K = 0, but the rates are nearly independ-
ent of rotational state) (6po, v = 8) with (Bpo, 5)
which almost quadruples the (epa, 6) autoioniza-
tion rate from 3 % 108 to 1.1 x 109 sec-1; the
(8p7, 2) with the (10pr, 1), flvlnz a total (6pr, 2)
compared with

1.3 % 109 sec-1 which one obtains without rate
stealing, and, most dramatic of all, the (5pn, 10)
coupling with (7pn, 8) staie, which lncreases the
autoionization rate of (Spr, 10) from 9 x 107 gec-1
to 1.9 % 1010 gec-1. We have not calculated coup-
lings for the 3p7 state because, for such low n,
the Rydberg model ior the electronic wave func-
tions would be *»0 unrcliable. owever we can
say with sr.ue assurance that the observed high
autolonization rate of the R{I; line of the IX3pr,
v = 6) state need not surprise us, and that seem-
ingly capricious violations of the vibrational pro-
pensity rale can probably be used to iocate states
with high autolonization rates but low intensity in
ahsorption spectra.

In conclusion, we may mention the kinds of
data with which one may expect to draw useful
comparison between experimental and theoretieal
results on vibronic autolionization and predissoci-
ation. One can soon expect to compare absorption
and autoionization line widths, and hopefully, re-
lative intensities of broadensd absorption and auto-
ionization lines, in order to compare the relative
rates of predissociation and antoionizatior. One
can also look forward to using frequenecy pertur-
bations in Rydberg spectral series to locate states
and give experimental values for the strengths of
some of the coupling terms.

ACKNOWLEDGE VIENTS

This work was supported in part by the Nation-
al Science Foundation, Grant GP-5535, Large
parts of the computation were done at the North-
ern European Computation Center, Lyngby, Den-
mark; a portion of the work was carried out at
the Aspen Center for Physics. We are indebted
to batb for their facilities and services.



“Volume 2, number 7 CHEMICAL PHYSICS LETTERS November 1968

- REFERENCES ~

[1}'W.A.Chupka and J. Berkowitz, Photoionization of
the Hg Molecule near Threshold, J.Chem. Phys.,
to be published.

506

[2] R.S.Berry and Sv. E.Nielsen, J.Chem. Phys. 49
(1968) 116. :

{3] R.S.Berry, J.Chem.Phys. 45 (1966) 1228.

[4] J.N.Bardsley, Chem. Phys. Letters 1 (1967) 229.

I5] A.Russek, M.R. Patterson and R. L. Becker, Phys.
Rev. 167 (1968) 17.

Wit duts



