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We presentab initio calculations of resonant photoionization of H2 in the photon energy range 30–
37 eV where several ionization and dissociation channels are open. Our results show that the va
peaks observed in the spectra are due to the lowestQ2

1Pu doubly excited state which decays following
both a direct and a multistep mechanism. This leads to a reassignment of the resonance structures
in previous experiments. [S0031-9007(99)09069-9]

PACS numbers: 33.80.Eh, 33.80.Gj
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Molecular photoionization is currently used to prob
electronic and vibrational continua of simple diatomi
molecules. In the case of H2, absorption of photons with
energyh̄v . 18.1 eV leads to emission of an electron an
to dissociation of the molecule according to the equatio
H2 1 h̄v ! H 1 H1 1 e2. The latter process is called
dissociative photoionization and plays a fundamental ro
in interstellar clouds, planetary atmospheres, and plas
physics. The first experimental evidence of resonant
fects was provided by Strathdee and Browning [1] who o
served a significant enhancement of the proton product
rates at 26.9 and 30.5 eV. This enhancement was imme
ately related to the existence of doubly excited states lyi
above the2S1

g s1ssgd ionization threshold [1,2], in particu-
lar, the lowestQ1

1S1
u state (see Fig. 1). Subsequent ex

periments in this energy region [3,4] revealed addition
features that the theory has not been able to explain u
very recently [5].

For h̄v . 30 eV, the situation is more complicated
because several ionization channels are open (see Fig
Furthermore, theQ2 doubly excited states, which lie
above the2S1

u s2psud threshold, are also accessible an
may autoionize leading to H12 in the 2S1

g s1ssgd and
2S1

u s2psud states. This energy region has been explor
in two recent experiments [4,6] by measuring the kinet
energy distribution (KED) of ejected protons.

Our knowledge of multichannel ionization and disso
ciation in molecular photophysics is practically limited t
the above experimental works. No theoretical attempt h
been made to model or predict the molecular behav
when dissociation occurs above several ionization thre
olds. In this Letter we report the firstab initio calculations
of KED spectra produced in dissociative photoionizatio
of H2 in the energy range 30–37 eV and discuss the o
gin of the resonance structures observed in the expe
ments. We will conclude that multichannel dissociatio
through a single doubly excited state leads, in general,
multifeatured spectra that can be interpreted in terms
two different mechanisms.

The theoretical method is inspired in the ideas of [7
and [8], and is a simple generalization of the one used
[5] for the special case of a single ionization channel.
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makes use ofB-spline functions [9] to represent both the
electronic and the nuclear wave functions. This allow
one to use algebraic techniques in solving the systems
coupled equations that include the interference between
various ionization and dissociation channels. In the dipo
approximation, the cross section for ionization from th
initial stateCgnsr, Rd is given (in atomic units) by

saya
sEd ­

4p2v

3c

X
plam

É Z
dR

3 kCgn jep ? DjC1
ayala mEl

É2
,

(1)

whereg andn indicate the initial electronic and vibrational
states, respectively,̄hv is the photon energy,ep is the
photon polarization vector,D is r1 1 r2 (length gauge),
and C

1
ayalamEsr, Rd is the final state. In the latter state

the superscript1 indicates the usual outgoing boundary
conditions in electron-molecule scattering,la and m are
the angular momentum quantum numbers of the eject
electron,E ­ Wgn 1 h̄v with Wgn the total energy of
the molecule in the initial state, anda and ya denote,
respectively, the electronic and vibrational states of th
residual molecular ion. In this Letter,a stands for the
2S1

g s1ssgd and 2S1
u s2psud states of H12 . The labelr
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FIG. 1. Potential energy curves of H2 and H1
2 .
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en
is used for electronic coordinates andR is the internu-
clear distance. In Eq. (1) we have factored out the r
tational wave functions and averaged upon all possib
orientations. The initial state is described in the fram
work of the Born-Oppenheimer (BO) approximation, i.e
Cgnsr, Rd ­ cgsr, RdxnsRd, wherecg is theX1S1

g elec-
tronic state of H2 and xn is the lowest vibrational state
3776
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calculated in the potential energy curveEgsRd associated
with cg. The dipole selection rule implies that only1S1

u
and1Pu electronic states are populated.

We call ea the kinetic energy of the outgoing electron
in channela, frsr, Rd the resonant electronic states of en
ergy Er sRd, andc

01
alamea

sr, Rd the nonresonant electronic
continuum states in which the former are embedded. Th
the final state wave function is written [5]
C1
ayalaEsr, Rd ­

X
r 0

fr 0sr, Rdjr 0

ayalaEsRd 1 c
01
alaea

sr, Rdxya
sRd

1 lim
h!0

X
r 0
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a0l0
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E 2 E0 1 ih
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0

a0 l
0
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0

a0
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where

V r
ayalaEsRd ­ kfrjHeljc

01
alaea

lxya
sRd (3)

andHel is the electronic Hamiltonian. Note that we have dropped the indexm because1S1
u and1Pu continuum states,

which have differentm, are not coupled. In Eqs. (2) and (3),xya
is the nuclear wave function solution of

fT sRd 1 EasRd 2 Wya
gxya

sRd ­ 0 , (4)

whereT is the relative kinetic energy of the nuclei,EasRd is the potential energy curve of thea state of H1
2 , Wya

is the
energy of the residual H12 ion, E ­ ea 1 Wya

, andj
r
ayalaE is the solution of [5,7,8]

fE 2 Er sRd 2 T sRdgjr
ayala EsRd ­ V r

aya laEsRd
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The latter equation represents the nuclear motion when
electrons are in the quasistationary statefr. Equations (2)
and (5) are exact within the BO approximation [5,8]. Th
matrix element in Eq. (3) represents the coupling betwe
the resonancefr and the nonresonant wave functio
c

01
alaea

and vibrational statexya
. Hence, the two terms

in the right-hand side of Eq. (5) are the result of th
autoionizing character of thefr state. In particular, the
last term represents the decay of the resonant state
the adjacent electronic continuum. This term, as well
the last one in Eq. (2), is nonlocal due to the presence of
j

r
aya laE functions, and it can be split into a delta functio

term and a principal value term. In applying Eqs. (2) an
(5), we have excluded the bound electronic states beca
contributions from the latter to the ionization process a
expected to be negligible.

The resonant wave functionsfr were obtained by
diagonalizing the H2 Hamiltonian in a basis of.200
configurations built fromB-spline functions of order eight
defined in a box of 60 a.u. and with angular momenta
to lmax ­ 11 (see [10] for details). Here we conside
only the lowestQ2

1Pu doubly excited state because i
has the largest autoionization width of the series. Th
state lies above the2S1

u s2psud ionization threshold at
R $ 1.35 a.u. At shorterR, the energy curve crosses
the threshold and, therefore, the state can decay only
the
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the lowest state of H12 (see Fig. 1). The nonresonan
wave functionsc01

alaea
describe a bound electron in eithe

the 1ssg or 2psu orbitals of H1
2 and a continuum

electron with angular momentum up tol ­ 7. They
were evaluated using the “L2 close-coupling” method,
which allows for interchannel coupling between differe
partial waves and yields the correct asymptotic behav
[10]. The ground state of H2 has been taken from
[5]. The initial and final vibrational states have bee
obtained by diagonalizing the corresponding vibration
Schrödinger equations in a basis ofB-spline functions of
order eight defined in a box of 12 a.u. Finally, thej

r
alayaE

wave functions have been obtained by solving Eq. (5)
described in [5].

We show in Fig. 2 the calculated KED spectra for t
1Pu continuum. These are compared with the spec
measured by Ito, Hall, and Ukai [4] for protons observ
at 90± with respect to the polarization vector of the inc
dent radiation (note that for this observation angle, o
the 1Pu continuum is populated). Since the measu
ments are not given in an absolute scale, the experim
tal data have been normalized to reproduce the calcula
cross section forh̄v ­ 34 eV and a proton kinetic en-
ergy of 7 eV. The same normalization constant is us
for all photon energies, so that the experimental relat
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FIG. 2. KED spectra of H2. Solid line: total cross section;
dotted lines: partial cross sections; circles: experimental resu
from Ref. [4].

intensities remain unchanged. Forh̄v , 36 eV, the the-
ory reproduces most of the features observed in [4]: pea
A, B, and C, their positions, and relative intensities. In
contrast, only peakA is present in the experiment of
Latimer et al. [6]. All the peaks arise from the single
doubly excited stateQ2 11Pu. In Ref. [4], peakB was
attributed to a higher doubly excited state; however, o
results show that this interpretation is probably incorrec
Although a contribution from otherQ2 resonances can-
not be totally excluded, it should be less important sinc
they lie higher in energy and their autoionization width
are much smaller (e.g., the width of the secondQ2

1Pu

resonance is already 10 times smaller at the equilibriu
distanceRe ­ 1.4 a.u. [10,11]).

The partial cross sections for dissociation through th
2S1

g s1ssgd and2S1
u s2psud channels are shown as dashe

lines in Fig. 2; they can hardly be distinguished from
the total cross sections because they contribute in tw
separate regions of the spectra. The2S1

u s2psud cross
section leads to peaksA and B at high kinetic energy
(KE) and is practically zero at smaller KE (e.g., it is
negligible below.5 eV in the spectrum at 34 eV). The
2S1

g s1ssgd cross section is responsible for the remainin
structures, and it is negligible in the region where pea
A andB appear. PeaksA andB arise from the resonant
terms in the2S1

u s2psud channel [first and third terms
on the right-hand side (rhs) of Eq. (2)]; the nonresona
background [the second term on the rhs of Eq. (2)] is ve
small and barely contributes to the spectra. PeakC comes
lts
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from the resonant terms in the2S1
g s1ssgd channel. The

nonresonant background is responsible for the rapid de
of the cross section from zero to.1.5 eV. In this interval
one can see a strong oscillation (denoted S) whose sh
depends strongly on photon energy. This oscillation
the result of the interference between the resonant a
the nonresonant amplitudes. Although the experime
are not conclusive for KE, 1.5 eV, the oscillation has
been clearly observed at smaller photon energies (h̄v ,

30 eV) [4] and its origin has been discussed in deta
in Ref. [5]. PeaksA, B [channel 2S1

u s2psud], and C
[channel2S1

g s1ssgd] are related to autoionization of the
Q2 11Pu state at three different internuclear distanc
Ri. These can be approximately determined from t
formula [4]

2Ti ­ hh̄v 2 fEr sRid 2 EasRidg 2 18.08j , (6)

whereTi and fEr sRid 2 EasRidg are the kinetic energies
of the ejected proton and electron, respectively.Ti is
directly obtained from the position of maximumi. For
peakA we obtain thatRA varies from 1.8 to 1.6 a.u. in
the photon energy range 30–37 eV. This means that
toionization occurs immediately after the doubly excite
state is populated. This is consistent with the fact that t
corresponding partial autoionization width (see Fig. 3)
maximum atR ­ 1.35 a.u. Figure 4 shows that the cros
section at the maximum position is proportional to th
Franck-Condon (FC) factorjkxnjYElj2, whereYE is the
nuclear wave function that results from the equation

fE 2 Er sRd 2 T sRdgYr
EsRd ­ 0 . (7)

The maximum intensity is obtained forh̄v ­ 34.2 eV, in
good agreement with experiments. Notice that Eq. (7) c
be easily solved and results from neglecting the autoion
ing character of the resonance in Eq. (5). Therefore,
mechanism leading to peakA is very simple and can be
summarized as follows: (i) the resonance is populated
cording to the Franck-Condon principle, (ii) the molecu
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FIG. 3. Partial autoionization widthsG of the Q2 11Pu state.
Notice thatG2psu is zero when the resonance lies below th
2S1

u s2psud threshold.
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jYElj2 (see text). All intensities are normalized
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begins dissociation following the repulsive potential e
ergy curve of theQ2 11Pu resonance, (iii) the resonanc
autoionizes atRA, and (iv) the molecule dissociates com
pletely following the2S1

u s2psud potential energy curve.
Figure 4 shows that peakC exhibits a FC behavior as
well; hence the mechanism is similar, except that now d
sociation follows the2S1

g s1ssgd curve in step (iv). From
Eq. (6), we obtainRC . 7 a.u., but the existence of a nea
plateau on the left side of peakC indicates that autoion-
ization occurs, in fact, in the intervalfRe, RCg. This is a
consequence of the slow decrease of the2S1

g s1ssgd par-
tial width with R (see Fig. 3).

We turn now to peakB. From Eq. (6), we obtainRB ­
2.7 2 2.6 a.u., which is significantly larger thanRA. Fur-
thermore, the intensity of peakB is not proportional to the
Franck-Condon factorjkxn jYElj2 —Fig. 4 shows that the
largest intensity occurs now ath̄v . 35 eV. To under-
stand the origin of this unusual behavior one has to a
lyze the j

r
aya laE function resulting from Eq. (2). Since

this function combines all dissociation pathways, a seco
mechanism is possible: (i) The photon populates initia
the electronic continuum associated with the2S1

u s2psud
state—this step is more or less independent of photon
ergy; (ii) the molecule begins dissociation following th
2S1

u s2psud energy curve; (iii) the resonance is populate
at .RA due to coupling with the electronic continuum—
i.e., the inverse of autoionization induced by the inhom
geneous term in Eq. (5); (iv) the resonance autoionizes
RB; and (v) the molecule dissociates completely followin
the 2S1

u s2psud energy curve. From step (iii), the proba
bility of this second mechanism is roughly proportion
to jkxya

jYElj2 [notice thatxya
is the solution of (4) for

a ; 2
S1

u s2psud]. Since this mechanism interferes with
the direct mechanism discussed above, the intensity
peakB should be proportional tojkxn jYElj2jkxya

jYElj2.
This leads to the curve shown in Fig. 4, which qualit
3778
y.

n-
e
-

is-

r

na-

nd
lly

en-
e
d

o-
at

g
-
al

of

a-

tively explains the non-Franck-Condon behavior of pea
B. Mechanisms involving more steps are less probab
because the2S1

u s2psud autoionization width is practi-
cally zero forR . RB.

In conclusion, we have presented the first theoretic
calculations of resonant dissociative photoionization of H2
when several autoionization channels are open. We h
shown that the resonance structures observed in the90±

KED spectra of H2 are due to autoionization of a single
doubly excited state,Q2 11Pu, to the 2S1

g s1ssgd and
2S1

u s2psud states of H12 . At least two different mecha-
nisms are responsible for the various peaks observ
in each dissociation channel: a direct (Franck-Condo
mechanism and a multistep (non-Franck-Condon) mec
nism. The direct mechanism leads to the most intense p
in each dissociation channel, while the multistep mech
nism leads to less intense peaks (the number of which
pends on how fast the partial widths decrease at longR).
Although these findings provide a simple interpretation
the experimental observations, they do not solve the2
problem completely. Indeed, the higher the photon e
ergy, the more ionization channels are accessible, wh
may explain the presence of the 4 eV peak in the 37 e
spectrum not reproduced by the present calculations (
Fig. 2). Surprisingly, the spectra measured at even hig
energies do not show additional structures [4,6]. Ther
fore, theoretical treatments including more excited cha
nels are necessary in order to clarify the situation. Als
experimental determination of partial cross sections wou
be highly desirable.
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