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We present a theoretical study of dissociative and nondissociative photoionization of H2 from the
E ,F1�g

+�� ,J=0� excited state for �=0–9 in the photon energy range 3 to 14 eV. We have found that, for most
initial �’s, dissociative ionization is the dominant process for photon energies well above the dissociative
ionization threshold. In this photon energy range, resonance structures arising from autoionization of the Q1

doubly excited states of H2 are observed. Cross sections differential in the energy of the remaining H2
+ ion or

in the proton kinetic energy are analyzed in detail for a photon energy of 6.4 eV corresponding to the wave-
length of an ArF excimer laser. Comparison of our results with the available experimental measurements is
good. We show, however, that contribution of the Q1 doubly excited states to the measured dissociative
ionization cross section is more important than originally believed.
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I. INTRODUCTION

Molecular photoionization is a process in which the ex-
cess photon energy is shared by both electrons and nuclei.
Thus the outgoing electron can absorb part of the available
energy leading either to a residual molecular ion in a particu-
lar vibrational state �nondissociative photoionization� or to
dissociation into smaller molecular and/or atomic fragments
�dissociative photoionization�. Both processes have been ex-
tensively investigated in the simplest molecule, H2, in par-
ticular ionization produced by absorption of a single xuv
photon from the ground X1�g

+��=0� state �see, e.g., a recent
review on the subject �1��. In this case, dissociative photo-
ionization leading to H+H+ is less than 10% of the total
cross section. In spite of this, when the photon energy is
large enough to populate doubly excited states, the dissocia-
tive photoionization spectra exhibit resonant peaks in the ki-
netic energy distribution �KED� of ejected protons �2–5�. As
a consequence of the coupling between resonant and non-
resonant processes, and the interference with the nuclear mo-
tion, the peaks exhibit complex forms and, very often, are
difficult to assign �6,7�. Interestingly, there is almost no trace
of resonant effects in the photoelectron energy spectra or in
the vibrational energy distribution of H2

+ ions formed in the
nondissociative process �see �1��.

The introduction of moderately intense laser sources have
made it possible to populate high lying electronic states of
H2 via multiphoton excitation �8�. From these states, ioniza-
tion and dissociation can be produced with less energetic
photons. Most experiments have concentrated on the E ,F1�g

+

state �9–13�, which is usually populated by absorption of two
identical photons. A subsequent photon can then excite the
molecule above the ionization limit and lead to both disso-
ciative and nondissociative photoionization �see Fig. 1�. The
global process is called �2+1� resonant enhanced multipho-
ton ionization �REMPI�. This process occurs for a photon

energy of about 6.4 eV. Pioneering experiments of Anderson
et al. �9� showed that �2+1� REMPI of H2 through the
E ,F1�g

+ intermediate state leads to a non-Franck-Condon vi-
brational distribution of the remaining H2

+ ion. Both this vi-
brational distribution and the photoelectron angular distribu-
tion associated with individual H2

+ vibrational states were
shown to vary significantly with the specific vibrational state
that is resonantly populated by absorption of the first two
photons. These findings were theoretically interpreted in the
late 1980s by Rudolph et al. �14� and Cornaggia et al. �15�
using, respectively, the Hartree-Fock frozen core approxima-
tion and the multichannel quantum defect theory to describe
the molecular continua �15�.

In later �2+1� REMPI experiments using 6.4 eV photons,
the dissociative ionization channel has also been investi-
gated. In particular, Xu et al. �10� and Hill and co-workers
�11,12� have shown that, similarly to ground state H2 photo-
ionization, nondissociative photoionization produced by ab-
sorption of the third photon from the E ,F1�g

+ state is the
dominant process. Xu et al. �10� have obtained in addition
the detailed H2

+ vibrational distribution corresponding to H2
photoionization from different E ,F1�g

+��� vibronic states.
More recently, Bakker et al. �13� have measured the KED
and the angular distribution of protons produced in one-
photon dissociative ionization from the E ,F1�g

+��=6,J=0�
state using again 6.4 eV photons. The latter measurements
have revealed pronounced oscillations in the proton KED,
which has been interpreted as the signature of direct �i.e.,
nonresonant� dissociative ionization.

Simple theoretical models have been used to interpret the
latter findings in the dissociative ionization channel. For in-
stance, the interferences between different ionization and dis-
sociation channels were either treated approximately �10� or
neglected �13�. Although these model calculations have been
very useful to uncover the basic mechanisms behind the ex-
perimental observations, there still remain quantitative dis-
crepancies that should be investigated using fully ab initio
methods. Furthermore, apart from the work of Ref. �10�, in
which different vibrational levels of the E ,F1�g

+ state have
been considered, the most recent experiment to date have
concentrated on the E ,F1�g

+��=6,J=0� initial state, which is
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directly populated from the ground state via a vertical tran-
sition. Thus, it is not clear if oscillations as those reported in
Ref. �13� for the proton KED also exist for other initial vi-
brational states. Furthermore, we do not know if the above
findings change with the energy of the ionizing photon, since
all experiments were performed at a fixed wavelength of ap-
proximately 190 nm �6.4 eV� corresponding to the ArF ex-
cimer laser. Varying the energy of the ionizing photon might
be achieved in two-color �2+1� photoionization experiments
by using an additional tunable laser. To investigate these
problems we have performed fully ab initio calculations of
dissociative and nondissociative photoionization of H2 from
the E ,F1�g

+�� ,J=0� excited state for �=0–9 in the photon
energy range 3–14 eV. The theoretical method is the same
as that successfully used to study dissociative ionization of
H2 from the ground state �6,7,18�.

II. THEORY

The theoretical method has been described in detail else-
where �18�. Briefly, the photoionization cross section is
evaluated in the dipole approximation

��v�
�E� =

4�2�

3c
�

pl�m
�� dR��i�	e�p · D� 	��v�El�m

+ 
�2

, �1�

where � indicates the electronic state of the residual ion and
v� the corresponding vibrational �or dissociative� state, l� is
the angular momentum of the ionized electron, m is the cor-
responding azimuthal quantum number, �i��r ,R� is the ini-
tial E ,F1�g

+��� state, ��v�El�m
+ �r ,R� is the final state, r rep-

resents the electronic coordinates, R is the internuclear

distance, D� is the two-electron dipole operator, and e�p is the
photon polarization vector. The energy E is given by E
=Wi�+	�, where Wi� is the total energy of the molecule in
the initial state and 	� is the photon energy. The wave func-
tions �i� and ��v�El�m

+ are evaluated in the adiabatic ap-
proximation as described in Ref. �18�. The final state wave
function ��v�El�m

+ is not simply given by the product of an
electronic and a nuclear wave function. It results from a
close-coupling calculation that accounts for interferences
among the various electronic and nuclear channels:

��v�El�
+ �r,R� = �

r�


r��r,R���v�l�E
r� �R� + ��l��

0+ �r,R��v�
�R�

+ lim
�→0

�
r�

�
��l

��
�
X

v
��
�

X
dE�

1

E − E� + i�

�� dR�V
��v

��
� l

��
� E�

r�* �R����v�l�E
r� �R��

��
��l

��
� 

��
�

0+ �r,R��v��
�R� , �2�

where

V�v�l�E
r �R� = �
r	Hel	��l��

0+ 
�v�
�R� , �3�

Hel is the electronic Hamiltonian, � is the kinetic energy of
the outgoing electron in channel �, 
r�r ,R� is a resonant
electronic state of energy Er�R�, and ��l��

0+ �r ,R� represents
the nonresonant electronic continuum in which the former
are embedded. Note that we have dropped the index m be-
cause 1�g

+ and 1�u continuum states, which have different m,
are not coupled. In Eqs. �2� and �3�, �v�

is a nuclear wave
function that describes the motion of the nuclei in the � state
of H2

+, and ��v�l�E
r is the solution of

�E − Er�R� − T�R����v�l�E
r �R�

= V�v�l�E
r �R� + lim

�→0
�
r�

�
��l

��
�
X

v
��
�

X
dE�

V
��v

��
� l

��
� E�

r �R�

E − E� + i�

�� dR�V
��v

��
� l

��
� E�

r�* �R����v�l�E
r� �R�� . �4�

0 2 4 6 8
Internuclear distance (a.u.)

10

12

14

16

18

20

22

24

E
ne

rg
y

(e
V

)

0 1 2 3 4 5 6 7 8 9
Internuclear distance (a.u.)

12

12.2

12.4

12.6

12.8

13

H
2
, E,F

1Σ
g

+

υ=6

H
2

+
,

2Σ
g

+
(1sσ

g
)

2Σ
u

+
(2pσ

u
)

Q1

a)

b)

υ=1

υ=0

υ=2
υ=3

υ=4

υ=5
υ=6

υ=7

υ=8

υ=9

FIG. 1. �Color online� �a� Potential energy curves of H2 relevant
for the �2+1� REMPI process described in the text. The potential
energy curve of the E ,F1�g

+ state is taken from Ref. �16�. Red lines:
Q1

1�g
+ doubly excited states; red dashed lines: Q1

1�u doubly
excited states �17�. The energy origin is placed on the lowest rovi-
brational level of the ground electronic state of H2. The figure
shows a typical vibrational wave function in the E ,F1�g

+ electronic
state ��=6�. �b� Vibrational energies and wave functions associated
with the E ,F1�g

+ state.
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The latter equation represents the nuclear motion when the
electrons are in the quasistationary state 
r. The matrix ele-
ment in Eq. �3� represents the coupling between the reso-
nance 
r and the nonresonant wave function ��l��

0+ and vi-
brational state �v�

�the modulus square of the bracket is
proportional to the corresponding autoionization width�.
Hence, the two terms in the right-hand side of Eq. �4� are the
result of the autoionizing character of the 
r state.

All electronic wave functions are represented by linear
combinations of two-electron configurations built from one-
electron molecular orbitals represented in a basis of B-spline
functions �19� of order 8 in a box of 60 a.u. Bound molecular
orbitals include angular momenta up to lmax=26 and 200
B-splines per l. Orbitals associated with a continuum elec-
tron include angular momentum up to l=8. The nuclear wave
functions are represented in a basis of 280 B splines of order
eight defined in a box of 18 a.u.

The initial E ,F1�g
+ state of H2 has been evaluated in a

basis of two-electron configurations built from B-spline rep-
resentations of Slater-type orbitals �STOs� and molecular or-
bitals �MO�. Configurations involving STOs have been built
as described in Ref. �1�. Configurations involving MOs are
n1�gn2�g�n1=1−5,n2=1−25�, n1�un2�u�n1=1−5,n2=1
−25�, n1�gn2�g�n1=1−4,n2=1−20�, n1�un2�u�n1=1
−4,n2=1−20�, n1�gn2�g�n1=1−3,n2=1−15�, and
n1�un2�u�n1=1−3,n2=1−15�. This amounts to 840 configu-
rations. This basis gives an energy for the ground state at the
equilibrium distance �R=1.4 a.u.� of −1.171975 a.u., which
is 0.002 a.u. higher than the best known value �20�. For the
E ,F1�g

+ excited state, we have obtained an energy of
−1.243852 a.u. at the first minimum �R=1.9 a.u., see Fig. 1�
−1.011379 a.u. at the maximum �R=3.1 a.u.�, and
−0.936852 a.u. at the second minimum �R=4.4 a.u.�, which
are 0.0006, 0.0009, and 0.0049 a.u. higher, respectively, than
the accurate values of Ref. �16�. We show in Fig. 2 the main
configurations that characterize the E ,F1�g

+ state. As can be
seen, this state is not described by a dominant type of con-
figuration, in contrast with the ground state. This implies
that, as pointed out in previous works, qualitatively assign-
ment of possible transitions in terms of a single configuration
picture is much more difficult and probably ambiguous.

The resonant wave functions 
r have been obtained by
diagonalizing the H2 Hamiltonian in a basis of �200 con-
figurations built from B-spline representations of MOs as

described in Refs. �17,21�. Here we have only considered the
lowest six states of the Q1 series with symmetries 1�u

+ and
1�u. These states have the largest autoionization widths �17�.
Resonant states belonging to the Q2 and higher series are not
relevant except at the higher photon energies considered in
this work �14 eV�. The Q1 states lie above the ionization
threshold at short and intermediate R �see Fig. 1�. At R=Rc,
their energies cross the ionization threshold and the states
lose their autoionizing character. As R increases, the resonant
states cross the 1s�gnl� Rydberg series and dissociate into
H�1s�+H�n�1�.

The nonresonant wave functions ��l��

0+ describe a bound
electron in either the 1s�g or 2p�u orbitals of H2

+ and a
continuum electron. They have been obtained with the L2

close-coupling method �1�. The method consists in evaluat-
ing the electronic continuum Green’s function in the discrete
basis of two-electron configurations built from the B-spline
representations orbitals mentioned above. The use of a dis-
crete basis implies that the Green’s function is obtained from
the solution of a system of algebraic equations that it is much
easier to solve than the original integrodifferential equation
associated with a true electronic continuum. It is important to
note that the L2 close-coupling method allows for interchan-
nel coupling between different open channels and partial
waves, and yields the correct outgoing asymptotic behavior
�see Ref. �18� for details�.

III. IONIZATION WITH 6.4 eV PHOTONS

We first present a detailed study at a fixed photon energy
of 6.4 eV, which is around the value used in all previously
reported experiments. In the next section we will analyze the
variation with photon energy.

A. Nondissociative photoionization

Figure 3 shows the vibrational distribution of H2
+ molecu-

lar ions formed in photoionization of H2 from the
E ,F1�g

+�� ,J=0� electronic state for �=0–9 and a photon
energy of 6.4 eV. The final H2

+�v� vibrational distributions
strongly depend on the initial vibrational level �. For �=0, 3,
and 6, H2

+ remains in low vibrational states, while for �=1, 2,
and 4, it remains in highly excited vibrational states. For
other initial values of �, H2

+ is produced in both low and high
vibrational states. This complicated behavior is the conse-
quence of the two potential wells in the E ,F1�g

+ state: initial
vibrational states mainly localized around the inner well lead
to low-v H2

+ distributions while initial vibrational states
mainly localized around the outer well lead to high-v H2

+

distributions due to the more favorable Franck-Condon over-
lap. Those vibrational states with no clear localization lead to
much broader H2

+�v� distributions. Figure 3 also shows the
contribution from the nonresonant part of the final con-
tinuum state �second term in the right hand side of Eq. �2��.
It can be seen that, in the case of initial vibrational states
clearly localized around the inner minimum ��=0 and 3�,
most of the calculated intensity comes from the nonresonant
term, while the opposite is observed for other initial vibra-
tional states. The fact that, for �=0, the total cross section is
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FIG. 2. �Color online� Configuration weights for the E ,F1�g
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smaller than the nonresonant cross section is due to the in-
terference between the resonant and nonresonant terms. As
we will see below, the same occurs in the case of dissociative
ionization.

Figure 4 shows the contribution of the final H2
1�u

+ and
1�u symmetries to the above vibrational distributions. For

most initial values of �, the largest contributions come from
the 1�u

+ symmetry. Also H2
+�v� vibrational distributions asso-

ciated with the 1�u
+ symmetry are in general much broader

�i.e., less Franck-Condon� than those arising from the 1�u
one. This broadening is due to the resonant contribution of
the Q1 states of 1�u

+ symmetry, which are much more effi-
ciently populated than those of 1�u symmetry.

Our results are compared in Fig. 5 with the experimental
measurements reported in Ref. �10�. Very good agreement is
obtained up to �=6. For �=9, the absolute values for high v
are smaller than those for small v, while they are comparable
in the experiment. Nevertheless the relative intensities in
both regions taken separately are in qualitative agreement
with experiment. It is worth pointing out that, except for the
latter case, the present results �either convoluted or unconvo-
luted� agree better with experiment than those obtained in
early theoretical work �14� or from the simple model re-
ported in Ref. �10�. For instance, for �=6, the experiment
and the present theoretical calculations predict a decrease of
intensity from v�=2 to v�=3 and then an increase up to v�
=4, while the previous theoretical results �10,14� predict a
monotonous decrease in this region. The multichannel quan-
tum defect calculations reported in Refs. �14,15� for �=0 and
3 are in reasonable agreement with ours.

B. Dissociative photoionization

Figure 6 shows the KED of protons produced in dissocia-
tive photoionization of H2 from the E ,F1�g

+�� ,J=0� state for
�=0–9 and a photon energy of 6.4 eV. Notice that the maxi-
mum allowed kinetic energy for ejected protons is given by
Tmax= �	�−Eth� /2, where Eth is the threshold energy for dis-
sociative photoionization from a given E ,F1�g

+�� ,J=0� ini-
tial state. Thus the theoretical cross sections go abruptly to
zero for T=Tmax. As for nondissociative photoionization, the
present results strongly depend on the initial vibrational level
�. For �=0, 3, and 6, dissociative photoionization is much
less important than for other initial values of �: the calculated
cross sections are more than an order of magnitude smaller
�notice that, for a better visualization, in Fig. 6 the corre-
sponding cross sections have been multiplied by 50, 60, and
8, respectively�. Consequently, the ratio of dissociative vs
nondissociative ionization is smaller for �=0, 3, and 6 �see
Fig. 10 below�. Therefore, for these initial states, experimen-
tal determination of the dissociative ionization cross section
is most difficult. As mentioned above, these are the initial
vibrational states localized around the inner well which favor
the production of H2

+ in a low vibrational state. For vibra-
tional states localized around the outer well, the higher H2

+

vibrational states, in particular those associated with the vi-
brational continuum, are favored. This also explains why, for
��0, 3, and 6, the ratio of dissociative vs nondissociative
ionization is significantly larger than in photoionization from
the ground X 1�g

+ state. Figure 6 also shows the contribution
from the nonresonant part of the final continuum state �sec-
ond term in the right-hand side of Eq. �2��. It can be seen
that, except for �=1, resonance effects induced by the Q1
doubly excited states are not dominant, but are not negli-
gible. For �=1, a direct vertical transition from the outer
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minimum to the second Q1
1�u

+ doubly excited state is pos-
sible. For ��9, the vibrational wave function resembles that
of a common single-well electronic state, so that excitation
to the doubly excited states follows the more traditional be-
havior based on vertical transitions from the outer classical
turning point.

An interesting feature of the KEDs presented in Fig. 6 is
the existence of pronounced oscillations. These oscillations
are present in both the resonant and nonresonant contribu-
tions. Figure 7�a� shows the contribution of the 1s�g and
2p�u ionization channels. The oscillatory behavior is ob-
served in both channels. By comparing Figs. 6 and 7�a�, it

can be seen that the resonant contribution is very similar to
the 1s�g cross section and the nonresonant contribution to
the 2p�u cross section. This confirms that resonance effects
are mostly due to the Q1 doubly excited states lying below
the 2�u

+�2p�u� ionization threshold. The oscillations in the
2p�u channel are a direct consequence of the variation of the
Franck-Condon overlap between the initial vibrational state
and the dissociative states associated with the 2p�u channel
�see Ref. �13��. The Franck-Condon factors also explain why
the frequency of the oscillations increases with the initial
vibrational quantum number �. Figure 7�b� shows the contri-
bution of the final H2

1�u
+ and 1�u symmetries to the KEDs.

It can be seen that 1�u
+ and 1�u contributions are compa-

rable. For ��5, the oscillatory behavior is observed for both
symmetries, although it is somewhat distorted in the 1�u

+

contribution for �=6 due to the significant contribution of
the Q1 doubly excited states.

In Fig. 8 we compare the calculated spectra from the ini-
tial E ,F1�g��=6�, state with the available experimental re-
sults �13�. These measurements correspond to protons ob-
served over all angles with respect to the polarization vector
of the incident radiation. Since the measurements are not
given in an absolute scale, the experimental data have been
normalized to the calculated cross section for a proton ki-
netic energy of 0.17 eV. It must be stressed again that com-
parisons for the initial E ,F1�g��=6�, state are much more
difficult than for other initial values of � because, as shown
in Fig. 6, the corresponding cross section is one of the small-
est ones �remember that this is the consequence of the initial
�=6 vibrational state having the larger maxima in the inner
well�. In spite of this, the theory reproduces most of the
features observed in the experiment: peaks A �0.17 eV�, B
�0.37 eV�, and C �0.57 eV�, their shape, and relative inten-
sities �our results slightly overestimate the intensity of peak
B�. Convolution of the theoretical results with the apparatus
function leads to a better agreement with experiment for
peaks A and B, but worse for peak C. The origin of the
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FIG. 5. �Color online� �a� Comparison between calculated �orange� and measured �black, Ref. �10�� H2
+ vibrational distribution in H2

photoionization from the E ,F1�g
+��� state for �=3, 6, 7, and 9, and a photon energy of 6.4 eV. To account for the limited energy resolution

of the experiment, the theoretical results have been convoluted to a Gaussian with FWHM of 3% of the electron energy. �b� Theoretical
distributions without convolution.
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FIG. 6. �Color online� Proton kinetic energy distribution in H2

photoionization from the E ,F1�g
+��� state for �=0–9 and a photon

energy of 6.4 eV. Full black lines: dissociative ionization cross sec-
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disagreement for peak C might be the use of the adiabatic
approximation since this peak is associated with emission of
very slow electrons for which nonadiabatic effects might
play a significant role. As shown in Fig. 6, for the initial �
=6 state, these peaks are present in both the resonant and
nonresonant contributions. In Ref. �13�, all these structures
were exclusively attributed to nonresonant dissociation
though the 2�u

+�2p�u� channel. Although, as we have seen,
this is approximately true for most initial �’s, contribution of
the Q1

1�u
+ doubly excited states is relatively more important

for �=6.
Using a semiclassical model, we can relate the position of

each resonant peak with the internuclear distance Ri at which
autoionization is produced by using the formula �4,7�

2Ti = 	� + Wi� − EH1s
− �Er�Ri� − E��Ri�� , �5�

where Ti and �Er�Ri�−E��Ri�� are the kinetic energies of the
ejected proton and electron, respectively, EH1s

is the ground-
state energy of the H atom, and Wi�−EH1s

�5.24 eV. For the
lowest Q1

1�u
+ resonant state, we obtain R�3.5 a.u. in the

relevant range of Ti. This means that autoionization occurs
immediately before the doubly excited state crosses the first
ionization limit �see Fig. 1�. This is consistent with the fact
that the corresponding autoionization width increases with
internuclear distance �see Ref. �17��. Contributions from the
Q1

1�u doubly excited states are much smaller due to the
smaller autoionization widths �see Ref. �17��.

We now analyze the angular distribution of ejected pro-
tons. The differential cross section for proton emission in the
solid angle �kH+ along the direction kH+ of the ionic frag-

ments is given by

d��v�

dEd�kH+

=
��v�

�E�

4�
�1 + ��v�

�E�3 cos2 �kH+ − 1

2
�� ,

�6�

where �kH+ is the angle between the ionic fragment momen-

tum and the incident polarization direction and ��v�
�E� is the

asymmetry parameter given by

��v�
�E� = 2

D�v��
2 �E� − D�v��

2 �E�

D�v��
2 �E� + 2D�v��

2 �E�
, �7�

where D�v�S
2 �E� for S=� or �, is the sum of the square of

the matrix elements for each partial wave �see Ref. �22� for
details�. ��v�

�E� �−1���v�
�E��2� measures the relative

importance of the parallel and perpendicular components of
the electric dipole transition and characterizes the symmetry
of the molecular state in the ionization continuum.

When the experimental results cannot distinguish between
protons coming from different dissociation paths, one must

0 0.1 0.2 0.3 0.4 0.5

Proton kinetic energy (eV)

5
10
15
20

5
10
15
20

5
10
15
20

C
ro

ss
se

ct
io

n
(M

ba
rn

/e
V

)

5
10
15
20

0 0.1 0.2 0.3 0.4 0.5
0
5

10
15
20

0.1 0.2 0.3 0.4 0.5 0.6 0.7

5
10
15
20

5
10
15
20

5
10
15
20

5
10
15
20

0.1 0.2 0.3 0.4 0.5 0.6 0.7
0
5
10
15
20

υ=0

υ=1

υ=2

υ=3

υ=4 υ=9

υ=8

υ=7

υ=6

υ=5

× 50

× 60

× 8
× 2

× 2

× 2

× 2

(a)

0 0.1 0.2 0.3 0.4 0.5

5
10
15
20

5
10
15
20

5
10
15
20

C
ro

ss
se

ct
io

n
(M

ba
rn

/e
V

)

5
10
15
20

0 0.1 0.2 0.3 0.4 0.5
Proton kinetic energy (eV)

0
5

10
15
20

0.1 0.2 0.3 0.4 0.5 0.6 0.7

5
10
15
20

5
10
15
20

5
10
15
20

5
10
15
20

0.1 0.2 0.3 0.,4 0.5 0.6 0.7
0
5
10
15
20

υ=0

υ=1

υ=2

υ=3

υ=4 υ=9

υ=8

υ=7

υ=6

υ=5

× 50

× 60

× 8
× 2

× 2

× 2

× 2

(b)

FIG. 7. �Color online� Contribution of �a� the 1s�g �full brown
lines� and 2p�u �dashed green lines� channels and �b� the 1�u

+

�dashed green lines� and 1�u �full brown lines� symmetries to the
proton kinetic energy distribution �full black lines� in H2 photoion-
ization from the E ,F1�g

+��� for �=0–9 and a photon energy of
6.4 eV.
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evaluate an average asymmetry parameter. For a photon en-
ergy of 6.4 eV, the accessible dissociation paths are those
associated with the ground state and the first excited state of
H2

+, which are degenerate at infinite internuclear distance. In
this case, the average asymmetry parameter is given by

��v�

A �E� =
�1s�gv1s�g

�1s�gv1s�g
+ �2p�uv2p�u

�2p�uv2p�u

�1s�gv1s�g
+ �2p�uv2p�u

. �8�

Figure 9 shows the calculated proton asymmetry param-
eter for dissociative ionization from the E ,F1�g

+��=6� state
of H2 along the 2�g

+�1s�g� channel, the 2�u
+�2p�u� channel,

and the average values resulting from Eq. �8�. In the absence
of the Q1

1�u
+ doubly excited states, the value of �1s�g

is
close to zero in the whole range of proton kinetic energy.
However, the �1s�g

results shown in Fig. 9 clearly differ from
this behavior, thus showing the importance of the Q1

1�u
+

doubly excited states in the 2�g
+�1s�g� channel. The �2p�u

parameter exhibits a sharp peak at 0.27 eV and a smaller
peak at 0.45 eV, which are the consequence of the two
minima in the 2�u

+�2p�u� partial cross section �see Fig. 7�a�
for �=6�. As a consequence of the structures observed in the
�1s�g

and �2p�u
parameters, the averaged asymmetry param-

eter ��v�

A exhibits a nonmonotonous behavior. It can be seen
that previous measurements of the average asymmetry pa-
rameter �13� agree reasonably well with the present calcula-
tions �a similar agreement is obtained when the theoretical
results are convoluted with the apparatus function�. The mea-
surements were performed for proton kinetic energies in the
vicinity of the calculated minima. In these minima, ��v�

A is
close to zero, but this is more the exception than the rule
since ��v�

A is always larger than zero and can reach values
even close to the upper bound limit. It is worth noticing that
in the absence of the Q1

1�u
+ doubly excited states, ��v�

A

��2p�u
and the agreement with the experiment would

worsen. In Ref. �13� it has been argued that a value of ��v�

A

close to zero indicates that the electron is mainly ejected in a
d wave. However, an analysis of the different partial waves
in the calculated wave function shows that contributions
from the s wave are sometimes comparable to those from the
d wave.

IV. VARIATIONS WITH PHOTON ENERGY

To obtain photoionization cross sections at energies as
high as 14 eV, we have extended our calculations by also
including the Q2 doubly excited states of H2. Although, as
we will see below, these states play a minor role in most
cases, there are a few exceptions at the higher photon ener-
gies. Figure 10 shows the variation with photon energy of the
total photoionization cross sections from the E ,F1�g

+��� state
of H2 for �=0–9. The relative contribution of dissociative
and nondissociative processes is also shown. Dissociative
ionization is only possible for photon energies larger than
5.9 eV �see Fig. 1�a��. This threshold shifts to lower photon
energies as � increases. The photon energy considered in the
preceding sections �6.4 eV� lies very close to this threshold,
especially for the higher �’s. Close to this threshold, the non-
dissociative ionization process dominates for all initial �’s
and the ratio of dissociative vs nondissociative processes de-
pends very much on this initial �. However, the situation
changes completely when the photon energy is increased.
Then the dissociative ionization process becomes dominant
for most initial �’s. This is in large contrast with H2 photo-
ionization from the ground X 1�g

+ state for which the nondis-
sociative cross section is always an order of magnitude larger
than the dissociative one. The only exceptions are �=0,3 ,5,
and to a lesser extent 6, but still the dissociative contribution
is comparable to the nondissociative one at the higher photon
energies �the reason why, in this case, the �=5 state follows

0 0.1 0.2 0.3 0.4 0.5 0.6
Proton kinetic energy (eV)

-0.5

0

0.5

1

1.5

2

Pr
ot

on
be

ta
pa

ra
m

et
er

FIG. 9. �Color online� Asymmetry parameter at 6.4 eV photon
energy. Thin full line: asymmetry parameter for protons dissociating
through the 2�g

+�1s�g� ionic state; dashed line: asymmetry param-
eter for protons dissociating through the 2�u

+�2p�u� ionic state;
thick full line: averaged asymmetry parameter; circles with error
bars: experimental data from Ref. �13�. The thick dashed line shows
the convolution of the theoretical curve to a Gaussian function with
FWHM of 0.5 eV; this is the experimental energy resolution at the
highest proton kinetic energy.
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a behavior similar to that of the innerwell �=0, 3, and 6
states cannot be explained in terms of simple qualitative ar-
guments�.

Another interesting feature in Fig. 10 is the presence of
peaks. The origin of these peaks can be understood by look-
ing at Fig. 11, which shows the contribution of the nonreso-
nant ionization process to the total cross section. It can be
seen that the nonresonant ionization cross section varies
smoothly with photon energy except in the vicinity of the
dissociative ionization threshold. For �=0 and 3 �i.e., states
with dominant innerwell vibrational maxima�, there is a
broad peak that dominates the photoionization spectrum. The
origin of this peak is autoionization from the lowest Q1

1�u
+

doubly excited states of H2. Population of these states is
possible through a vertical transition from the inner well of
the initial E ,F1�g

+��� state �see Fig. 1�. The width of the peak
corresponds more or less to the difference between the en-
ergy of the Q1 state resulting from a vertical transition from
the classical outer turning point and the energy of the Q1
state resulting from a vertical transition from the classical
inner turning point �both classical turning points are defined
in the inner well�. For the other initial �’s �i.e., those with
important vibrational maxima in the outer well�, the resonant
peaks are much narrower and appear at much lower photon
energy. These peaks are also associated with autoionization
from the Q1

1�u
+ doubly excited states, but since excitation is

mainly produced from the outer well, they can be reached by
using less energetic photons �see Fig. 1�. Also, since these
transitions take place in the region where the Q1 doubly ex-
cited states cross the ionization threshold �below which they
are no longer autoionizing states�, the effective range of pho-
ton energies in which these states can autoionize is smaller.
At variance with the �=0 and 3 cases, many Q1

1�u
+ doubly

excited states contribute to the peaks, especially for the
higher �’s.

Figures 10 and 11 show that, for �=6–9, there are also
resonant peaks at around 14 eV. These peaks are due to

excitation to the lowest Q2 doubly excited states through
vertical transitions from the outer well of the E ,F1�g

+���
state. For larger photon energies, more and more Q2 doubly
excited states will be populated. It is interesting to note that
the Q2 states are reached at much lower photon energies than
in H2 ground state photoionization, not only because excita-
tion is produced from an excited electronic state but also
because, for initial �’s with outer-well maxima, transitions
occur at a large value of R �around 5 a.u.�, a region where
these doubly excited states are much lower in energy due to
their dissociative character �see Ref. �7� and Fig. 1�a��.

Figures 12 and 13 show, respectively, the vibrational dis-
tribution of H2

+ molecular ions and the KED of protons pro-
duced in photoionization of H2 from the E ,F1�g

+�� ,J=0�
electronic state for �=0–9 and a photon energy of 10 eV. It
can be seen that the results are very different from those
shown in Figs. 3 and 6 for a photon energy of 6.4 eV. In the
case of nondissociative photoionization, the largest cross sec-
tions are obtained for inner-well vibrational states �=0, 3,
and 6, which have the largest Franck-Condon overlaps with
the vibrational states of H2

+. In contrast with the results ob-
tained at 6.4 eV �Fig. 3�, the cross sections for other initial
�’s are much smaller at 10 eV. This is because, at variance
with the 6.4 eV case, excitation from the outer-well vibra-
tional states using a 10 eV photon does not lead to effective
population of the Q1 doubly excited states. This interpreta-
tion is confirmed by analyzing the contribution of the non-
resonant process. Figure 12 shows that, for the outerwell
vibrational states, the nonresonant contribution is almost
identical to the complete result. It is only for the innerwell
vibrational states that the resonant contribution is important,
a result that is again in contrast with that obtained at 6.4 eV.

In the case of dissociative photoionization, initial outer-
well states lead to oscillatory KED distributions �see Fig.
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FIG. 11. �Color online� The same as Fig. 10 but now the dashed
line represents the contribution of nonresonant ionization.
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FIG. 12. �Color online� Final H2
+ vibrational distribution in H2

photoionization from the E ,F1�g
+��� for �=0–9 and a photon en-

ergy of 10 eV. Full bars: total cross section; hollow bars: nonreso-
nant contribution.
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13�. These oscillations are not accidental: they are almost an
exact replica of the square of the outerwell vibrational states
shown in Fig. 1�b�. Indeed, for these outerwell vibrational
states, the contribution of resonant processes through inter-
mediate Q1 or Q2 doubly excited states is almost negligible.
Therefore, direct ionization maps the initial vibrational dis-
tribution of internuclear distances onto the repulsive
2�u

+�2p�u� potential of H2
+ thus yielding a KED spectrum that

looks similar to the squared nuclear vibrational wave func-
tion. A similar mapping of the initial vibrational wave func-
tions has been observed in H2 double photoionization �23�.
Thus inverting this process can be used to determine the
squared nuclear vibrational wave function from the measured
KED spectrum. The former analysis does not apply to the
inner-well states �=0 and 3, and to a lesser extent to �=6.
For these initial states, photoionization is only possible
through the 2�g

+�1s�g� state of H2
+ �see Fig. 1�. Furthermore,

as mentioned above, the Q1 doubly excited states are
efficiently populated at this photon energy, thus leading
to a KED that is almost entirely due to autoionization. Figure
13 shows indeed that the nonresonant contribution is negli-
gible for �=0 and 3. Also the cross section is significantly
smaller.

The main conclusions obtained for a photon energy of
10 eV remain approximately valid in the photon energy
range 8 to 12 eV. At higher photon energies, contribution of

the Q2 doubly excited states begin to change this picture,
especially for the outerwell initial vibrational states.

V. CONCLUSIONS

We have performed a theoretical study of dissociative and
nondissociative photoionization of H2 from the
E ,F1�g

+�� ,J=0� excited state for �=0–9 in the photon en-
ergy range 3 to 14 eV. The method takes into account both
electronic and vibrational degrees of freedom and includes
both direct and resonant �through Q1 and Q2 doubly excited
states� ionization channels as well as the interference be-
tween them. Cross sections differential in the energy of the
remaining H2

+ ion or in the proton kinetic energy have been
evaluated in the 3–14 eV energy range. We have paid spe-
cial attention to the case of a photon energy of 6.4 eV cor-
responding to the wavelength of a ArF excimer laser. Com-
parison of our results with the available experimental
measurements is good. We have shown that contribution of
the Q1 doubly excited states to the measured dissociative
ionization cross section is more important than originally
believed. At higher photon energies, we have found that, for
most initial �’s, dissociative ionization is the dominant pro-
cess.

Very different results are obtained depending on the initial
vibrational state. This is the consequence of the double mini-
mum in the potential energy curve of the initial
E ,F1�g

+�� ,J=0� state. For the innerwell vibrational states,
photon absorption is only effective in an interval around R
=2 a.u., while, for the outerwell vibrational states, photon
absorption takes place in an interval around R=4.5 a.u. This
implies that, at a fixed photon energy, very different final
states can be reached depending on the initial vibrational
state. For instance, at a photon energy of 10 eV, we have
found that nonresonant dissociative ionization through the
2�u

+�2p�u� threshold is the dominant process for the outer-
well initial states, whereas resonant autoionization through
the Q1 doubly excited states is the dominant one for the
innerwell initial states. Thus, by just selecting different initial
vibrational states one can induce a variety of ionization pro-
cesses in H2 that, in ground state photoionization, would
only be possible by strongly varying the photon energy.
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