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Correlated photoionization processes in H2

M. S. Pindzola and F. Robicheaux
Department of Physics, Auburn University, Auburn, Alabama 36849

~Received 16 April 1998!

Correlated photoionization processes in H2 are calculated by a numerical solution of the time-dependent
Schrödinger equation on a partitioned lattice. Projection of the time evolved wave function onto lattice eigen-
states for H yields cross sections for photoionization with excitation and double photoionization. The lattice
results confirm the surprisingly large double to single photoionization ratios for H2 found in the recent
R-matrix calculations of Meyer, Greene, and Esry, Phys. Rev. Lett.78, 4902~1997!.
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Recently, various correlated photoionization processe
helium were calculated by direct solution of the tim
dependent Schro¨dinger equation@1#. Cross sections for si
multaneous photoexcitation and photoionization, as wel
double photoionization, were calculated by the time pro
gation of a coupled set of two-dimensional partial differe
tial equations on a numerical lattice. This method utiliz
distributed memory parallel computers by partitioning t
two-dimensional radial wave function over many processo
The calculated cross sections for helium were found to b
excellent agreement with recent benchmark experiments
ried out at synchrotron light source facilities@2–4#. At
present photoionization experiments on two-electron ato
ions are only in the planning stages. As a guide to fut
experiments and for comparison with existing theoreti
predictions@5–7#, we present in this Brief Report furthe
lattice solutions of the time-dependent Schro¨dinger equation
for correlated photoionization processes in the negative
drogen ion.

The ground state of H2 is found by relaxation of the
time-dependent Schro¨dinger equation in imaginary time (t
5 i t ):
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whereHatom is the nonrelativistic Hamiltonian for the three
body system with the nucleus at the origin of the coordin
system. The expansion for the ground-state wave functio
H2 is given by
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where Pl 1 ,l 2

LS (r 1 ,r 2 ,t) are two-dimensional reduced radi

wave functions andYl 1 ,l 2

L are coupled spherical harmonic
in the remaining angular coordinates. Upon substitution
Eq. ~2! into Eq. ~1!, the angular coordinates are integrat
out to yield three coupled partial differential equations
the three reduced radial wave functions. The coupled tim
dependent equations are solved on a two-dimensional la
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using an explicit time propagator. Initially,Pss

1S(r 1 ,r 2 ,t
50)5P1s(r 1)P1s(r 2), where P1s(r ) is the reduced radia

orbital for the ground state of hydrogen, andPpp

1S(r 1 ,r 2 ,t

50)5Pdd

1S(r 1 ,r 2 ,t50)50. Since there are no electron sp
operators inHatom, the initial choice of a spatially symmetri
wave function is preserved throughout the imaginary ti
propagation of the Schro¨dinger equation. Relaxation wa
carried out using two different lattice spacings,Dr 50.2 and
Dr 50.1. On the coarse mesh the final energy for the gro
state of H2 is found to beE0520.5220 a.u., while on the
fine mesh the energy isE0520.5260 a.u. The energy o
the fine mesh is within 0.3% of the exact energy
20.5277 a.u. On the coarse mesh the ionization potentia
H2 is found to be 0.726 eV, while on the fine mesh it
0.741 eV. The experimental ionization potential is 0.755 e

The probability density associated with thePss

1S(r 1 ,r 2 ,t
5100 a.u.) radial wave function on the coarse mesh
shown in Fig. 1. The butterfly shape is characteristic o
two-electron system in which one electron is near
nucleus while the other electron extends to much larger

FIG. 1. Probability density associated with thess 1S radial
wave function of the ground state of H2.
4229 ©1998 The American Physical Society
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TABLE I. Photoionization cross sections and ratios for H2 calculated using the time-dependent clos
coupling method with a lattice spacing of 0.2 (Mbarn5 1.03 10218 cm2).

Energy Single (n51) Double Single(n52)
Single(n51)

Single(n53)
Single(n51)

Double
Single (n51,2,3)

~eV! ~Mbarns! ~Mbarns!

20.0 1.075 0.150 71.4% 9.26% 7.73%
25.0 0.596 0.095 70.2% 7.40% 8.99%
30.0 0.364 0.058 68.7% 6.15% 9.17%
35.0 0.240 0.037 67.5% 5.16% 8.91%
40.0 0.166 0.024 66.5% 4.39% 8.51%
50.0 0.089 0.011 65.7% 3.30% 7.61%
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tances. The probability densities associated with

Ppp

1S(r 1 ,r 2 ,t5100 a.u.) andPdd

1S(r 1 ,r 2 ,t5100 a.u.) radial
wave functions are concentrated much closer to the origi
the coordinate system, since correlation effects are stron
when the electrons are near each other.

With the ground state of H2 in hand, we now solve the
‘‘weak field’’ time-dependent Schro¨dinger equation in rea
time:

i
]c~r 1

W ,r 2
W ,t !

]t
5Hatomc~r 1

W ,r 2
W ,t !

1H radf0~r 1
W ,r 2

W ,t5100 a.u.!e2 iE0t, ~3!

where H rad is the Hamiltonian for interaction with a time
dependent radiation field. The second term on the right-h
side acts as a source for the time evolution ofc(r 1

W ,r 2
W ,t),

which is set to zero at timet50. The full time-dependen
Schrödinger equation may be recovered by adding a te
H radc(r 1

W ,r 2
W ,t) to the right-hand side of Eq.~3!. The expan-

sion for the total wave function of H2 is given by

c~r 1
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P
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1P~r 1 ,r 2 ,t !Yd f
P # ~4!

plus a similar expansion withr 1
W and r 2

W interchanged. Sub
stitution of Eq. ~4! into Eq. ~3! yields six coupled partia
differential equations for the six reduced radial wave fun
tions. After time propagating the coupled equations for
optical periods, photoionization probabilities are extracted
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projecting the total wave function onto bound lattice eige
states of the one-electron hydrogen atom. Cross section
photoionization with excitation and for double photoioniz
tion are then calculated from the rate of change of the pho
ionization probability divided by the photon flux.

We calculated correlated photoionization cross secti
for H2 at six energies well above the complete photofra
mentation threshold of 14.36 eV. Two lattices are employ
one with 3003300 points andDr 50.2 and a second with
6003600 points andDr 50.1. Our cross section results a
presented in Tables I and II. There is little change in t
cross section values for H2 in going from the coarse to the
fine mesh, in contrast to the 5% to 10% change found in
same type of cross section values for He@1#. This is due in
part to the larger radial extent of the H2 ground-state wave
function. Also, changing the overall box size of the latti
from R560 had little effect on cross sections and ratios
the chosen photon energies. Besides the check on la
size and spacing, we carried out further calculations
20 eV with larger wave-function expansions. Adding

Pf f

1S(r 1 ,r 2 ,t)Yf f
S term to Eq.~2! changed the energyE0 by

0.04%, while adding the termsPf g

1P(r 1 ,r 2 ,tYf g
P and its inter-

change to Eq.~4! changed the cross sections by at most 5
The total photoabsorption cross sections for H2 reported

in Table II are within 10% of the total cross sections repor
by Broad and Reinhardt@5# in the energy region above th
total fragmentation threshold. The double photoionizat
cross sections for H2 in Table II fall within the length and
velocity gauge variational configuration-interaction calcu
tions of Nicolaideset al. @6# for the higher photon energie
~35 eV to 50 eV!, but are substantially above the leng
gauge calculations at the lower photon energies~20–30 eV!.
e-
TABLE II. Photoionization cross sections and ratios for H2 calculated using the time-dependent clos
coupling method with a lattice spacing of 0.1 (Mbarn5 1.03 10218 cm2).

Energy Single (n51) Double Single(n52)
Single(n51)

Single(n53)
Single(n51)

Double
Single(n51,2,3)

~eV! ~Mbarns! ~Mbarns!

20.0 1.116 0.152 70.2% 9.11% 7.62%
25.0 0.621 0.098 69.1% 7.27% 8.95%
30.0 0.382 0.061 67.7% 6.03% 9.13%
35.0 0.252 0.038 66.5% 5.05% 8.89%
40.0 0.175 0.025 65.5% 4.30% 8.50%
50.0 0.094 0.012 64.7% 3.21% 7.60%
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The double to single photoionization cross section ratios
H2 in Table II are compared with the recent tim
independentR-matrix results of Meyer, Greene, and Esry@7#
in Fig. 2. Although the double to single ratios for H2 re-
ported by Meyeret al. are surprisingly large when compare

FIG. 2. Double to single photoionization cross section ratio
H2. Crossed box, time-dependent close-coupling method wit
lattice spacing of 0.1; solid curve, time-independentR-matrix
method@1#.
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to the ratios for He and the past calculations by Broad a
Reinhardt@5# for H2, we find very good agreement betwee
the time-dependent close-coupling and time-independenR-
matrix methods over the entire energy range. The dou
ionization cross section is a smooth function of energy;
small structure found in the time-independentR-matrix
method is due to pseudoresonances.

In summary we have applied the time-dependent clo
coupling method to calculate various correlated photoioni
tion processes in H2. The double to single photoionizatio
cross-section ratios for H2 are almost twice as large as tho
found for He@1#, but are in very good agreement with rece
R-matrix method results@7#. We hope these theoretical pre
dictions for H2 will serve to inspire future experimenta
measurements of correlated photoionization processe
this, the simplest of all negative atomic ions.
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