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Total and differential cross-section calculations for the double photoionization of the helium
1s2s 1,3S states

J. Colgan and M. S. Pindzola
Department of Physics, Auburn University, Auburn, Alabama 36849

~Received 25 September 2002; published 30 January 2003!

We apply the time-dependent close-coupling method to the double photoionization of helium from its 1s2s
1,3S metastable states. Total integral cross sections are in excellent agreement with other nonperturbative
theories. Single and triple differential cross sections are also presented which show interesting differences with
previous calculations from the 1s2 ground state of helium. This set of calculations provides a goal for experi-
mentalists to measure absolute total and angular differential cross sections for double ionization processes from
excited states of atoms.
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I. INTRODUCTION

The double photoionization of helium has recently
tracted intense interest from both theory and experim
This is due to its fundamental importance since the final s
of two electrons moving in the field of an atomic nucleus
the classic three-body problem. The recent developmen
pioneering new experimental techniques has also stimul
much work in this area.

The experimental measurements for the double photo
ization of helium now encompass the full range of cro
sections. Absolute total double photoionization cross sect
have been measured@1# as well as single differential cros
sections at 20 eV excess photon energy@2#. Recoil ion-
momentum spectroscopy techniques@3,4# have been used to
measure absolute triple differential cross sections for heli
also at 20 eV excess photon energy. Several other exp
mental groups have made detailed studies of the triple dif
ential cross sections for helium, at various regimes of in
dent photon energy and energy sharing ratios of the
outgoing electrons@5–9#.

Fortunately, in recent years, theory has managed to k
pace with these rapid experimental advances. Total
single energy differential cross sections for helium have b
calculated using the double screened Coulomb method@10–
12#. The convergent close-coupling method has success
calculated total integral as well as single and triple differe
tial cross sections for helium@16,17# and recently the hyper
sphericalR-matrix method has had great success in calcu
ing single differential and triple differential cross sections
helium for a wide range of electron energy sharings@13–15#.
The time-dependent close-coupling method@18–20# has also
calculated total, single, and triple differential cross sectio
for helium. These three nonperturbative approaches hav
demonstrated excellent agreement with each other and
experiment for all measurements made on helium to date
a wide range of incident photon energies and energy shar
between the outgoing electrons. It seems that the do
photoionization of the ground state of helium may be
garded as a well understood problem from both the theo
ical and experimental viewpoint. In addition, the tim
dependent and convergent close-coupling methods h
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calculated double photoionization cross sections for be
lium @21,22#, although for this system no experimental me
surements are available.

In this paper, we move on to examine double photoio
ization of helium from its excited 1s2s 1,3S metastable state
using the time-dependent close-coupling method. The
calculations of double photoioniation from a metastable s
of helium were made by Teng and Shakeshaft@23#, although
they examined only very high photon energies. A study
the ratio of double to single photoionization for the heliu
isoelectronic sequence was made by Forreyet al. @24#, where
highly accurate Pekeris-type wave functions were us
Similarly, the ratio of double-to-single ionization from thes
states for helium has been calculated by van der Hartet al.
@25,26# using a combinedR-matrix B-spline approach. The
calculations are in good agreement with convergent clo
coupling calculations@27#, which also calculated the abso
lute double ionization cross section. We find good agreem
with these sets of calculations and also present angular
ferential cross sections for excited-state helium. Interes
differences are found in comparing these differential cr
sections with those obtained from the ground state, as
also found in the high-energy calculations of@23#. It is hoped
that this set of calculations can stimulate experimental ac
ity in measuring cross sections for double ionization p
cesses from excited states of atoms. Although this may b
major challenge to existing experimental setups, such m
surements would be invaluable in exploring further t
electron-electron correlations in such few-body systems.

In the following section, we present, briefly, the theo
behind the time-dependent close-coupling method, and t
we present a comprehensive selection of results for
double ionization of excited-state helium in Sec. III. W
compare, where possible, with previous theoretical calcu
tions. A summary and conclusions are given in Sec. IV.

II. TIME-DEPENDENT CLOSE-COUPLING THEORY

The time-dependent close-coupling theory describ
double photoionization processes has been described in
tail in previous work@18–20#. Here we give only a summary
of the theory.
©2003 The American Physical Society11-1
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We begin with the time-dependent Schro¨dinger equation
in real time:

i
]C

1,3P~rW1 ,rW2 ,t !

]t
5HatomC

1,3P~rW1 ,rW2 ,t !

1H radF0

1,3S~rW1 ,rW2!e2 iE0t, ~1!

where we remember that the1S state is coupled to1P by the
photon and that similarly the3S state is coupled to3P. The
Hamiltonian for a linearly polarized radiation field in th
length gauge is given by

H rad5E~ t !~r 1 cosu11r 2 cosu2!cosvt, ~2!

with electric-field amplitudeE(t) and radiation frequencyv.
The electric field is ramped on smoothly over one-quarte
a field period so thatE(t)5t/T for t,T/4 andE(t)51 for
t.T/4. The velocity gauge was also used, and all the cr
sections of helium presented here have been found to
gauge invariant.

The initial F0

1,3S(rW1 ,rW2) state of helium is found by an
expansion in coupled spherical harmonics and subseq
relaxation of the time-dependent Schro¨dinger equation~con-
taining only the nonrelativistic HamiltonianHatom) in imagi-
nary time. This works well for the 1s2s 3S state, which is
the lowest possible state for this symmetry. However, in
1S case, the relaxation will result in the 1s2 1S state, since
this has the same symmetry as the 1s2s 1S state. Therefore
we must perform a Schmidt orthogonalization of the 1s2s
1S state to the 1s2 1S state to arrive at the desired 1s2s 1S
state.

It was found that this relaxation of the time-depende
Schrödinger equation must be propagated for much lon
than was necessary for the ground 1s2 state of helium. If not,
the 1s2s state will still contain components of more high
excited states, so that one does not start from the pure 1s2s
state. Relaxation for a longer period~up to 25 atomic units of
time! ensures that a pure 1s2s state is calculated. We remar
that this convergence can be tested by propagating this w
function in real time, with no field interaction, and period
cally projecting it onto itst50 value. A pure 1s2s state will
give the same integral, whereas a 1s2s with some mixture of
more highly excited states will give a value which oscillat
about the true figure.

The time-dependent wave functionC
1,3P(rW1 ,rW2 ,t) is also

expanded in coupled spherical harmonics and the resu
set of coupled partial differential equations is solved on
numerical lattice with a mesh spacing ofDr 50.1 and time
propagated for between 10 and 15 radiation field peri
(2p/v), depending on the excess photon energy. A lat
size of 6003600 points is employed. Increasing the lattice
100031000 points made a difference of no more than 2%
any of the results presented here.

The total integral cross section for double photoionizat
is given by
01271
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1,3P5
v

I

]P 1,3P
dion

]t
, ~3!

whereI is the radiation field intensity, andPdion

1,3P is the prob-
ability for double ionization defined by

Pdion

1,3P5 (
l 1 ,l 2

2

pE dk1

2

pE dk2 uPl 1l 2

1,3P~k1 ,k2 ,t !u2,

~4!

where

Pl 1l 2

1,3P~k1 ,k2 ,t !5E
0

`

dr1E
0

`

dr2 Pk1l 1
~r 1!Pk2l 2

~r 2!

3Pl 1l 2

1,3P~r 1 ,r 2 ,t !, ~5!

and Pl 1l 2

1,3P(r 1 ,r 2 ,t) are two-dimensional radial wave func

tions. The radial continuum states,Pkl(r ), are obtained on a
fixed mesh in momentum space by integrating the rad
Schrödinger equation for a Coulomb potential withZ52 and
normalizing to 1 times a sine function, for which(k
→ (2/p)* dk. For most of the calculations presented he
600 continuum state radial orbitals on a uniform moment
mesh were used, with a mesh spacing of typically 0.0025
slightly larger mesh spacing was sometimes used in orde
span a larger energy range for larger excess energy calc
tions.

We define the cross section for single photoionizat
with excitation to a bound statenl as

snl

1,3P5
v

I

]P nl

1,3P

]t
, ~6!

where we write

P nl

1,3P5 (
l 1 ,l 2

H 2

pE0

`

dk2U E
0

`

dr1E
0

`

dr2

3Pnl~r 1!Pk2l 2
~r 2!Pl 1l 2

1,3P~r 1 ,r 2 ,t ! U2

1
2

pE0

`

dk1U E
0

`

dr1E
0

`

dr2 Pk1l 1
~r 1!

3Pnl~r 2!Pl 1l 2

1,3P~r 1 ,r 2 ,t ! U2J ~7!

with Pnl(r ) a radial bound state. We can also calculate
double ionization probability by projecting the radial wav
function onto suitable products of bound states and subtr
ing this from unity. The single photoionization with excita
tion cross section can also be calculated by this approach
have checked our cross sections for double photoioniza
and for single photoionization with excitation using bo
methods and find excellent agreement between these two
proaches.
1-2
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The ejected-energy differential cross section may be
fined as

ds

dE1
5

1

k1k2

ds

da
, ~8!

whereds/da is the angle differential cross section in hype
spherical angle and integration of the differential cross s
tion over all excess energy gives the total integral cross
tion. We remark here that this convention is different fro
the most commonly used convention where the ejec
energy differential cross section is defined from 0 toE/2.

The triple differential cross section for double photoio
ization is given by

d3s

dadV1dV2
5

v

I

]

]t

2

pE0

`

dk1

2

pE0

`

dk2

3dS a2tan21S k2

k1
D DU(

l 1 ,l 2
~2 i ! l 11 l 2

3ei (s l 1
1s l 2

)Pl 1l 2

1,3P~k1 ,k2 ,t !Yl 1l 2

1,3P~ k̂1,k̂2!U2

,

~9!

where s l is the Coulomb phase shift andYl 1l 2

1,3P( k̂1,k̂2) are

coupled spherical harmonics, and integration over all so
angles and ejected energy gives the total integral cross
tion.

FIG. 1. Single photoionization with excitation cross sections
He (1s2s) 1S leaving the ion in then5125 shells as indicated
The lines are the convergent close-coupling calculations@26# and
the symbols are the present time-dependent close-coupling cal
tions. In the lower panel we also show the double photoioniza
cross section~indicated by DPI!. Again we compare the convergen
close-coupling~lines! and the time-dependent close-coupling~sym-
bols! calculations. We note that they axis for the lower panel is in
kb. (1.0 Mb51.0310218 cm2, 1.0 kb51.0310221 cm2.!
01271
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III. RESULTS

A. Excitation-photoionization and double photoionization
cross sections

We now compare the results of our calculations on
(1s2s) with previous calculations. Time-dependent clos
coupling calculations were carried out at 10, 20, 30, and
eV excess photon energies for both the1S and 3S states, as
described. The double photoionization cross sections and
single photoionization with excitation to a bound state we
calculated for all energies. In Fig. 1, we show these calcu
tions from the He (1s2s) 1S state along with the convergen
close-coupling calculations of Kheifetset al. @27#. Cross sec-
tions for single photoionization with excitation to then51
25 states are shown, as well as double photoionization c
sections~labeled DPI!. It is clear that the time-dependen
calculations are in excellent agreement with the converg
close-coupling calculations for all the energies consider
The magnitude of the cross sections also clearly indica
that the ion is most likely to be left in then52 andn53
states of He1 after photoionization.

In Fig. 2, we show the corresponding calculations fro
the He (1s2s) 3S state, again comparing with the conve
gent close-coupling calculations of Kheifetset al. @27#.
Again the agreement between the two sets of calculation
very good. We note that, for photoionization from this3S
state, the ion is most likely to be left in then52 state.
Ionization leaving the ion in then54 or n55 state ~or
double photoionization! is much less probable~note that the
scale on they axis in the lower panel of both figures is in kb!.

r

la-
n

FIG. 2. Single photoionization with excitation cross sections
He (1s2s) 3S leaving the ion in then5125 shells as indicated
The lines are the convergent close-coupling calculations@26# and
the symbols are the present time-dependent close-coupling cal
tions. In the lower panel we also show the double photoionizat
cross section~indicated by DPI!. Again we compare the convergen
close-coupling~lines! and the time-dependent close-coupling~sym-
bols! calculations. We note that they axis for the lower panel is in
kb. (1.0 Mb51.0310218 cm2, 1.0 kb51.0310221 cm2.!
1-3
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For both these1S and 3S cases, our calculations are also
good agreement with the calculations of van der Hartet al.
@25#, made using the combinedR-matrix B-spline method.

It is also interesting to compare the magnitude of
double photoionization cross sections from the 1s2s 1S and
3S states with those from the ground 1s2 1S state~for ex-
ample, Fig. 1 of@20#!. The double ionization threshold fo
the 1s2 1S state is higher~around 79 eV! than from both
1s2s states~around 58 eV!. Double photoionization from the
1s2s 3S state has a peak cross section of around 3 kb
around an excess photon energy of 10 eV. For the dou
photoionization of 1s2 1S the cross section peaks at around
kb, at an excess photon energy of around 25 eV. The do
photoionization of 1s2s 1S has the largest cross sectio
with a peak of almost 25 kb, at around 10 eV excess pho
energy. This reflects the fact that the 1s2s 1S state is the
most weakly bound of all three systems. We also note
large difference in the magnitude of the cross section
tween the 1s2s 1S and 3S states.

B. Single differential cross sections

In Figs. 3 and 4, we present single differential cross s
tions for double photoionization from the He 1s2s 1S and
3S states, respectively. We show cross sections at four
ferent excess photon energies as before. For compariso
plot the single differential cross section against the norm
ized ejected energy~equal to ejected energy/excess energ!.
The magnitudes of the single differential cross sections
flect the total integral cross section at each excess ph
energy~where in the convention used here, the area un
the single differential cross-section curve from 0 toE equals
the total integral cross section!.

Again, it is interesting to compare these calculations w
similar single differential cross-section calculations from
1s2 1S ~Fig. 2 of @20#!. The most striking difference is tha

FIG. 3. Single differential cross sections in kb/eV for He (1s2s)
1S at various excess photon energies as indicated. The cross se
plots are such that the normalized ejected energy5ejected energy/
excess energy. (1.0 kb51.0310221 cm2.!
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the single differential cross sections from the 1s2s 1S and
3S states are much more U-shaped than similar cross
tions for the 1s2 1S state, which, by inspection of Fig. 2 o
@20#, are quite flat even at an excess photon energy of 60
The more U-shaped nature may be understood since now
two ejected electrons are ionized from different shells and
they are less likely to be ejected with similar energies. Al
for the 3S state, the cross sections are extremely U-shap
even at the lowest photon energies considered. At the hig
energies, the cross section at equal energy sharing betw
the electrons~where the normalized ejected energy50.5! is
almost zero. This is due to the large electron-electron rep
sion present between two electrons in the same spin s
with equal outgoing energies. These results are also in ag
ment with the conclusions of the calculations of Teng a
Shakeshaft@23#, who considered much higher photon ene
gies. It is clear that, for double photoionization from the3S
state, the electrons are most likely to come out at very
equal energy sharings. Again we contrast this with the c
responding 1s2 case, where ejection at equal energies is
most as probable as at the unequal case, in the mode
photon energy range.

C. Triple differential cross sections

We now turn our attention to the triple differential cro
sections which arise from our time-dependent close-coup
double photoionization calculations. In Figs. 5 and 6,
present the triple differential cross sections for helium 1s2s
1S and 3S, respectively, for an excess photon energy of
eV, for the case in which the excess energy is shared equ
between the two ejected electrons. Cross sections are
sented for various values ofu1, the angle of the first ejected
electron, as indicated, over a range of values ofu2. As be-
fore, it is instructive to make comparisons with similar r
sults for the ground 1s2 state of helium, for example Fig. 4

tion
FIG. 4. Single differential cross sections in kb/eV for He (1s2s)

3S at various excess photon energies as indicated. The cross se
plots are such that the normalized ejected energy5ejected energy/
excess energy. (1.0 kb51.0310221 cm2.!
1-4
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TOTAL AND DIFFERENTIAL CROSS-SECTION . . . PHYSICAL REVIEW A67, 012711 ~2003!
of @19#. It is clear that the triple differential cross sectio
obtained for the 1s2s 1S state are quite similar in shape
those obtained for the ground 1s2 state. The dominant peak
of the cross sections are in similar positions for both cases
may be expected since we are ionizing from the same in
symmetry. However, we also see that the triple differen
cross sections for the 1s2s 1S state also show some furthe
structure compared to the 1s2 state. For the three cases
u1530°, 60°, and 90°, extra peaks in the cross sections

FIG. 5. Triple differential cross sections in b/sr2 eV for helium
1s2s 1S at 20 eV excess photon energy, for equal energy sha
(E15E2510 eV) between the two ejected electrons. We p
the cross section as a function ofu2, the angle of the second
ejected electron, for various values ofu1 as indicated. (1.0 b
51.0310224 cm2.!

FIG. 6. Triple differential cross sections in b/sr2 eV for helium
1s2s 3S at 20 eV excess photon energy, for equal energy sha
(E15E2510 eV) between the two ejected electrons. We p
the cross section as a function ofu2, the angle of the second
ejected electron, for various values ofu1 as indicated. (1.0 b
51.0310224 cm2.!
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seen, particularly in the backward scattering range. This
tra structure is not an artifact of our calculations, since
have checked rigorously the convergence of our calculatio
particularly with respect to the number ofl 1l 2 channels in-
cluded in our final state. In fact, it took 18l 1l 2 pairs to fully
converge these cross sections, compared to only eight p
for the 1s2 ground state. This reflects the more diffuse natu
of the 2s orbital. We also comment that calculations carri
out in the velocity gauge give very similar results. It is d
ficult to determine the source of these extra structures in
1s2s 1S triple differential cross sections. They may be d
to an added interference effect between the outgoing 1s and
2s electrons, which now arise from different shells, unli
the 1s2s case.

The corresponding case for the 1s2s 3S case is shown in
Fig. 6. Here the shape of the triple differential cross sect
is different from that of the two1S cases, which is to be
expected since we start from an initial state of different sy
metry. In fact, for the first three geometries only one lar
peak is present, at an angle of 180° from the first electr
It is clear that back-to-back ejection completely domina
the cross section for this case. The exception to this is
case in whichu1590°, where we see that the cross secti
falls very sharply to zero atu25290°, the back-to-back
scattering angle. However, the large cross sections
mediately before and after this angle show that back-to-b
emission is still preferred, with the node at exactlyu2
5290° arising purely from the zero in the coupled spheri
harmonic at this angle. Thus the large peaks that characte
the triple differential cross sections for the 1s2 and 1s2s 1S
case are still present, although their position has been sh
more towards the backward scattering. This is a reflection
the extra repulsion present between the two electrons in
3S state. In this case, 14l 1l 2 pairs were sufficient to con

g
t

g
t FIG. 7. Triple differential cross sections in b/sr2 eV for helium
1s2s 1S at 20 eV excess photon energy, for various energy shar
between the two ejected electrons as indicated, foru150°, the
angle of the first ejected electron. (1.0 b51.0310224 cm2.!
1-5
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J. COLGAN AND M. S. PINDZOLA PHYSICAL REVIEW A67, 012711 ~2003!
verge these cross sections, less than the 1s2s 1S case, again
because of the repulsion present because of the identical
of the electrons.

In Figs. 7 and 8, we show triple differential cross sectio
from the helium 1s2s 1S and 3S states, for the case in whic
u1, the angle of the first ejected electron, is fixed at zero,
three different values of energy sharing between the eje
electrons, as shown. The top part of the figure is for eq
energy sharing, the second is the case in whichE1517 eV
and E253 eV, and the bottom shows the converse case
which E153 eV andE2517 eV. Again we show these re
sults to compare with previous calculations made from
helium ground 1s2 state@19#, Fig. 5.

Again we see that the 1s2 1S and 1s2s 1S cases are quite
similar in the shape of the triple differential cross sectio
The peaks in the cross section for~b!, E1517 eV andE2
53 eV, are more pronounced for the 1s2s 1S case. We also
see an extra peak for this state in case~c!, E153 eV and
E2517 eV, for uu2u5135°. This is absent from the 1s2 1S
case. For the triple differential cross section from the 1s2s
3S state we again notice that the electron-electron repuls
of the outgoing electrons from a triplet state has pushed
dominant peak in the cross section to about 180°. T
smaller peaks, which are evident in the cross sections f
the 1s2s 1S and 1s2 1S states, are also suppressed for t
case.

FIG. 8. Triple differential cross sections in b/sr2 eV for helium
1s2s 3S at 20 eV excess photon energy, for various energy shar
between the two ejected electrons as indicated, foru150°, the
angle of the first ejected electron. (1.0 b51.0310224 cm2.!
nd

nd

.
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IV. SUMMARY

In this paper, we have explored in detail the double pho
ionization of excited-state helium 1s2s 1,3S using the time-
dependent close-coupling method. This technique has pr
ously been shown to give accurate results for all total a
angular cross sections for the ground state of helium. O
calculations of the total double photoionization cross sect
and also single photoionization leaving the ion in an exci
state have been shown to be in excellent agreement
other theoretical calculations made using the converg
close-coupling method andR matrix using B-spline tech-
nique.

We have also presented single energy differential cr
sections for helium 1s2s from both metastable states an
discussed the differences in these cross sections with t
obtained from the ground state. Triple differential cross s
tions have also been calculated. Again, comparison is m
with similar cross sections obtained from the helium grou
state, and interesting differences are discussed. It is fo
that the more diffuse nature of the 2s orbital makes conver-
gence of our calculations much more difficult. Also, possib
interference effects between the 1s and 2s orbitals may give
rise to added structure in the triple differential cross secti
for helium 1s2s 1S.

Unfortunately there are no experimental measurement
helium from its excited state with which to compare the
calculations. However, there have been some recent m
surements of the double to single photoionization ratio
lithium @28,29#, which have concentrated on the nea
threshold region. We hope to make further calculations of
double photoionization of lithium in the near future in a
effort to compare with these measurements. It is also ho
that this work will encourage experimental measurements
the angular differential cross sections discussed here to
plore the interesting differences with such measureme
made on ground-state helium.
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