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Double-photoionization calculations of the helium metastable 21,3S states
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Theoretical results are presented for double photoionization and ionization with excitation of the metastable
2 1,3S states of helium. We employ the momentum space formulation of the close-coupling theory to describe
nonperturbatively the electron-electron interaction in the final state. A large Laguerre basis is used to obtain
convergent close-coupling~CCC! results. In addition, we employ aB-spline basis for the target states. The
presented results cover continuously the photon energy range from the double-photoionization threshold to the
asymptotic limit of infinite photon energy. Near the threshold our data generally support the calculations of van
der Hartet al. @Phys. Rev. A57, 3641~1998!#. At large photon energies our results merge continuously with
the asymptotic values derived from the metastable state 21,3S wave functions. Proportionality between the
double-to-single photoionization cross-sections ratio and the cross section of electron-impact ionization of the
ion is tested to examine the relative contributions of different mechanisms of the two-electron photoionization
in the ground and metastable states of the helium atom.

PACS number~s!: 32.80.Fb, 34.80.2i
n

xc

h

ch
e

cs
ng
s
a

m
s
e-
e
n

m
u

ar
d
tr
e
b
p
s

on
to
art
of
al-
he

of
re
b-

gle
n of

n-
by

phis-

dy
e-

ro-

e-

ich
by
lar
re

PI
l

be
ex-

. P
I. INTRODUCTION

A two-electron transition in an atom following absorptio
of a single photon is a process which is only possible due
electron-electron correlations. Such transitions include e
tation photoionization~EPI!, where the residual ion is left in
an excited state, and double photoionization~DPI!. Because
of the pivotal role of the electron-electron correlations, t
EPI and DPI processes continue to receive considerable
tention, both theoretically and experimentally.

The helium atom is the simplest atomic target in whi
two-electron transitions take place in their purest form. B
cause of the relative simplicity of the underlying physi
much of the experimental and theoretical work involvi
two-electron ionization has been focused on helium. A
result, a vast amount of experimental and theoretical data
now available on the EPI and DPI from the helium ato
Consistent results are available for the total cross section
well as the multiply differential cross sections which d
scribe the energy sharing and the angular correlation betw
the two photoelectrons, see the review of Briggs a
Schmidt@1#.

The vast majority of studies are limited to the heliu
atom in its ground state. Comparatively little is known abo
the two-electron processes in the metastable 21,3S states of
helium. Although these states are quite stable, particul
the triplet, lack of intense continuous gas sources preclu
any experimental studies beyond the simplest one-elec
photoionization@2#. This situation may be changing for th
better soon with the advent of bright sources of metasta
helium utilizing the novel laser cooling and magnetic tra
ping techniques@3#. In anticipation of the new experiment

*Permanent address: Department of Experimental Physics, St
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we feel it is appropriate to revisit the theory of two-electr
photoionization from the metastable helium and to bring it
the level which is now achieved for the ground state. Ap
from comparison with experiment, a theoretical study
two-electron photoionization from the metastable helium
lows extraction of the underlying physics of interest. T
three helium states, the ground1S and the two metastable
2 1,3S, form a sequence in which the relative contributions
different mechanisms of two-electron photoionization a
gradually changing. This invites a systematic study by o
serving the proportionality between the double-to-sin
photoionization cross-sections ratio and the cross sectio
the electron impact ionization of the helium ion.

The first theoretical results on the two-electron photoio
ization from the metastable helium were reported
Norcross@4#, Jacobs and Burke@5#, and Jacobs@6#. They
calculated the EPI to the lowestn52 andn53 ion states.
Later these results were superseded by the far more so
ticated calculations of Zhou and Lin@7# who employed the
hyperspherical close-coupling method. In a similar stu
Chang and Zhen@8# used a configuration-interaction proc
dure for the continuum based on a finiteL2-basis set con-
structed from a nearly complete set of one-particle hyd
genic orbitals.

The first calculation of the DPI from the metastable h
lium was reported by Teng and Shakeshaft@9#. The calcula-
tion was based on using a final-state wave function wh
was a product of three Coulomb wave functions modified
a short-range correction term. By investigating the angu
distribution in the two-electron continuum the authors we
able to estimate the relative contribution of different D
mechanisms. Forreyet al. @10# concentrated their theoretica
effort in the asymptotic region of the very high~asymptoti-
cally infinite, but still nonrelativistic! photon energies. In this
region the many-electron correlation in the final state can
neglected and the whole yield of the singly ionized and
e-
©2000 The American Physical Society24-1
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cited or doubly ionized states can be calculated from
initial state wave function.

The most complete calculation of the two-electron pho
ionization from the metastable helium was reported by v
der Hartet al. @11#. By using theR-matrix method they cal-
culated the EPI and DPI cross sections from the threshol
80 eV excess energy. It is essential for theR-matrix method
to place the scattering system in a box of a finite size. T
produces an unphysical oscillatory structure in the calcula
DPI cross section. By averaging over the size of the box
magnitude of the oscillation was significantly reduced, ho
ever, they remain clearly visible in the calculation of van d
Hart et al. @11#. They also noted that the size of the bo
affected the gauge invariance of their calculation, parti
larly the length form results.

In the present paper we intend to study the two-elect
photoionization from the metastable helium by employi
the momentum-space formulation of the close-coupl
theory. Based on a large Laguerre basis this theore
scheme is known in the literature as the convergent clo
coupling ~CCC! method. Application of the CCC method t
the two-electron photoionization in the ground-state heli
was very successful. It allowed to produce the accurate t
EPI and DPI rates@12–14#, to describe the angular correla
tion in the two-electron continuum@15# and the circular di-
chroism in the DPI process@16#. Following the same theo
retical scheme we hope to produce results of compar
accuracy for the metastable helium. In addition, we us
different implementation of the momentum-space clo
coupling theory based on aB-spline pseudostate basis. TheB
splines are a flexible and convenient tool which is wide
used in theoretical atomic physics@17#. In the present pape
we demonstrate that theB splines can be successfully used
describe the EPI and DPI processes from the helium gro
and metastable states. In the future we hope to utilize
universality of theB-spline technique and to extend th
close-coupling theory of the two-electron photoionization
more complex atomic targets.

In Sec. II we describe the multiconfiguration Hartre
Fock calculation of the metastable 21,3S helium wave func-
tions. In Sec. III we give a brief outline of the CCC theo
and the momentum-space formulation of the close-coup
theory usingB splines. In Sec. IV we present the bulk of o
results for the EPI and DPI cross sections from the sin
and triplet metastable helium states. In Sec. V a parallel is
drawn between two-electron photoionization and electr
impact ionization of the helium ion. We conclude by sum
marizing our results in Sec. VI.

II. INITIAL-STATE WAVE FUNCTIONS

In our earlier work on two-electron photoionization fro
the helium ground state@13# we demonstrated that a highl
correlated ground-state wave function was needed to ob
essentially gauge invariant photoionization cross sectio
We employed two different types of the ground-state wa
functions—the multiconfiguration Hartree-Fock~MCHF!
and the explicitly correlated Hylleraas expansion. Both typ
05272
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were found suitable provided sufficient number of config
rations are included.

The metastable 21,3S helium states are less correlate
than the ground1S state because the two electrons are w
separated in both space and energy. Therefore we have
sen the slightly less accurate, but much more conveni
MCHF wave functions rather than the formidable Hyllera
expansions. The MCHF metastable state wave function
written as an expansion over the two-electron configurati

^r1r2u 2 1,3S&5 (
nl, n8 l

Anl,n8 lNnn8(
m

Clm, l 2m
00

3@fnlm~r1!fn8 l 2m~r2!

1~21!S0fnlm~r2!fn8 l 2m~r1!#. ~1!

Here the normalization factorNnn851/2 for n5n8 and 1/A2
for nÞn8. The total spinS050,1 for the singlet and triplet
states, respectively. The configuration interaction coefficie
are normalized to unity:(nl, n8 lAnl,n8 l

2
51. The angular mo-

mentum coupling is taken care of by the Clebsch-Gord
coefficientsClm, l 2m

00 .
The one-electron orbitals in expansion~1! have the form

fnlm(r)5r 21Pnl(r )Ylm( r̂), wherePnl are the radial orbitals
and Ylm are the spherical harmonics. The former are fou
by using the MCHF computer code@18#. First, the single
1s2s configuration is calculated. Then the 1s and 2s orbitals
are frozen and subsequently single-electron orbitalsnl are
added until we are satisfied with the accuracy in terms of
energy and, more importantly, the asymptotic EPI and D
ratios. As was shown by Dalgarno and Stewart@19# these
ratios can be calculated solely from the metastable s
wave function through the overlap integrals

Cn}u^ns1ud~r2!u2 1,3S&u2, C}u^2 1,3Sud~r2!u2 1,3S&u2.
~2!

In the above expression̂ns1u is the one-electronns orbital
of the He1 ion.

The asymptotic DPI and EPI ratios are then given by

Rn
`5

sn

s11s11 U
v→`

5
Cn

C
, R`5

s11

s1 U
v→`

5

C2(
n

Cn

(
n

Cn

,

~3!

wheresn is the partial EPI cross section, ands15(n51
` sn

and s11 are the total single- and double-photoionizati
cross sections. Here we follow notations of Refs.@10,11# and
defineRn as the ratio of the partial to thetotal cross sections
whereasR is defined as the ratio of the double tosinglecross
sections.

Results forRn
` andR` are shown in Table I in compariso

with the Hylleraas-based calculation of Forreyet al. @10#.
We see that the MCHF expansions are rapidly converg
and a moderate number of terms is sufficient to approach
Hylleraas results. As compared to the analogous expans
4-2
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TABLE I. The binding energyE and the asymptotic ratiosRn
` andR` for the helium 21,3S metastable states. The MCHF expansio

contains 6, 10, and 14 configurations for the singlet state, and 4 and 10 configurations for the triplet state. Configurations include
expansions are indicated in the table.

Singlet 21S Triplet 2 3S
MCHF6 MCHF10 MCHF14 Hylleraas MCHF4 MCHF10 Hylleraas

1s2,1s2s,1s3s nsn8s,n51 . . . 3 nsn8s,n51 . . . 4 Forreyet al. 1s2s,1s3s nln8l ,n51 . . . 4 Forreyet al.
2s2,2s3s,2p2 2p2,2p3p,3p2,3d2 2p2,2p3p,3p2,3d2 Ref. @10# 2s3s,2p3p l50,1,2 Ref.@10#

E ~eV! 58.333 58.367 58.384 58.395 59.192 59.192 59.191
Rn

` n51 0.0479 0.0481 0.0490 0.0493 0.0333 0.0334 0.0338
2 0.5308 0.5352 0.5302 0.5346 0.7777 0.7800 0.7824
3 0.4086 0.4039 0.4040 0.3993 0.1782 0.1761 0.1733
4 0.0027 0.0028 0.0035 0.0035 0.0044 0.0043 0.0044
5 0.0014 0.0014 0.0017 0.0017 0.0014 0.0013 0.0014
6 0.0007 0.0007 0.0009 0.0009 0.0006 0.0006 0.0006
7 0.0004 0.0004 0.0005 0.0005 0.0003 0.0003 0.0003
R` ~%! 0.6561 0.6529 0.9206 0.9033 0.3281 0.3138 0.3118
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for the ground state helium@13# fewer terms with smaller
orbital momenta are needed to achieve comparable accu
This indicates a weaker ground state correlation in the m
stable states as might be expected. This correlation is
weakest in the triplet metastable state from which the di
onal terms are removed due to the Pauli exclusion princi

It is to be noted that the ionization-excitation to then
52 andn53 ion states are more probable than to the grou
n51 state. This is in a sharp contrast to the ground state
where then51 state is clearly dominant. We shall note th
when making a comparison between the two-electron ph
ionization and electron-impact ionization.

III. FINAL-STATE WAVE FUNCTIONS

A. CCC formalism

A multichannel expansion is used for the final-state wa
function of the two-electron system with boundary con
tions corresponding to an outgoing wave in a given chan
and incoming waves in all other channels. The channel w
function ^k(2)nu is the product of a one-electron He1 target
orbital Fn

N and a~distorted! Coulomb outgoing wavexk
(2) .

The target states are obtained by diagonalizing the H1

Hamiltonian

^Fn
NuHuFm

N&5en
Ndnm , ~4!

whereH52¹2/21Z/r andZ52. We write

Fn
N~r![Fnlm

N ~r!5r 21Pnl
N ~r !Ylm~ r̂!,

~5!

where Pnl
N ~r !5 (

k51

N

Cnk
l jkl~r !.

Here jkl are Laguerre polynomials and the coefficientsCnk
l

are obtained after the diagonalization.
The distorted Coulomb waves satisfy the Schro¨dinger

equation
05272
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650, ~6!

where «k5k2/2. The potential U(r )5(Z21)/r 1Ud(r ),
whereZ21 is the asymptotic charge seen by the projectile
large distances. The arbitrary distorting potential satis
Ud(r )→0 as r→`, and is used to reduce the numeric
complexity of solving the coupled equations@20#. The Cou-
lomb waves are expanded as

xk
6~r!5~2/p!1/2~kr !21(

LM
i Le6 idLuL~k,r !YLM~ r̂!YLM* ~ k̂!,

~7!

where sL is the phase shift,uL(k,r ) is real and has the
asymptotic form

uL~k,r !→r 21 sin~kr1Lp/21dL!. ~8!

The dipole matrix element of the photon induced tran
tion to a given channel can be written as

^k(2)i uDu2 1,3S&5^k(2)i udu2 1,3S&1(
j
X d3k

3
^k(2)i uTS050,1u j k8(1)&^k8(1) j udu2 1,3S&

E2k82/22e j1 i0
.

~9!

HereE5k2/21e i is the final-state energy. The first term o
the right-hand side of Eq.~9! corresponds to the direct photo
ionization. The second term describes the two-stage pro
in which photoionization is followed by scattering of th
photoelectron on the residual ion. It contains the half-o
shell dipoleT matrix in the singlet (S050) or triplet (S0
51) channel which can be found by solving a set of coup
Lippmann-Schwinger integral equations@20#.

The dipole electro-magnetic operatord can be written in
one of the following forms commonly known as length (L),
velocity (V), and acceleration~A! @21#:
4-3
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dr5v~z11z2!,

d¹5¹z1
1¹z2

, ~10!

d¹̇5
Z

v S z1

r 1
3

1
z2

r 2
3D ,

with the z axis chosen along the polarization vector of t
photon. We separate the angular dependence of the d
matrix elements by using the Wigner-Eckart theorem:

^k(2)i udu2 1,3S&5
1

A3
(
LM

Cl imi , LM
10 YLM~ k̂!

3^Lk(2)l ini idi2 1,3S&. ~11!

Here the reduced dipole matrix element, in the length fo
is

^Lk(2)l ini idi2 1,3S&5 i 2LeidL(k)l . (
nl,n8 l

Anl,n8 lNnn8Cl0,l0
00

3$^Lki ln&^ l ini ir i ln8&d lL1^ l ini i ln&

3^Lkir i ln8&d l i l
%, ~12!

wherel .5max(L,li). In the above expression we introduce
the overlap integrals

^Lki ln&5E
0

`

druL~k,r !Pnl~r !,

^ l ini i ln&5E
0

`

drPni l i
N ~r !Pnl~r !

and the dipole radial integrals~in the length form!

^Lkir i ln&5E
0

`

rdruL~k,r !Pnl~r !,

^ l ini ir i ln&5E
0

`

rdrPni l i
N ~r !Pnl~r !.

The velocity and acceleration forms are given by express
similar to Eq.~12! in which the dipole radial integralŝir i&
are substituted by thêi]/]r i& and ^i2/r 2i& integrals, re-
spectively.

Following Bray and Stelbovics@22# we strip the angular
dependence from theT matrix

^k(2)i uTSu j k8(1)&

5 (
L,L8,J

M ,M8,MJ

CLM , l imi

JMJ C
L8M8, l jmj

JMJ YLM~ k̂!YL8M8
* ~ k̂8!

3^Lk(2)l ini uuTJSuunj l jk8(1)L8&, ~13!

and write Eq.~9! in a one-dimensional form
05272
ole

,

s

^Lk(2)ni l i iDi2 1,3S&

5^Lk(2)ni l i idi2 1,3S&

1(
l j nj

(
L
X

k8

^Lk(2)l ini uuTJS0
uunj l j k8(1)L8&

E2k82/22e j1 i0

3^L8k8(1) l jnj idi2 1,3S&. ~14!

HereJ51 andS050,1 are the total orbital momentum an
spin of the electron pair.

The photoionization cross section, as a function of
photon energyv, corresponding to a particular bound ele
tron statei is given by@21#

s i~v!5
4p2

vc (
mi

E d3k u^k(2)i uDu2 1,3S&u2d~v2E1E0!

5
4p2k

3vc (
L5 l i61

u^Lk(2)l ini iDi2 1,3S&u2. ~15!

Herec.137 is the speed of light in atomic units andE0 is
the energy of the initial metastable state. We separate
contribution from the final channelŝk(2)i u into single and
double ionization according to the energy of thee i which is
positive for the double-ionized channels and negative for
singly ionized channels. We also ensure that for
negative-energy state cross sections, contributions to the
ization plus excitation cross sections are multiplied by
projection of the state onto the true target discrete subsp
as is done for electron-impact ionization@23#.

B. B splines

The Laguerre basis is a natural choice to generate a c
plete set of the pseudostates for a hydrogenic target, the1

ion in the present case. However, this choice becomes
obvious when the target has a more complicated electro
structure. In addition, the Laguerre basis is rather rigid, w
only one adjustable parameter, the exponential fall-offa,
which can be varied slightly to ensure a desired energy
tribution of the target pseudostates. Large variation of t
parameter away from the valuea5Z/2 can compromise the
quality of the lowest bound states.

Instead of using the hydrogenic-like orbitals one can g
erate a pseudostate basis by expanding the one-electro
dial orbitals in terms of piecewise polynomials, known
basis splines orB splines @24#. We write the pseudostat
wave function as

Fnlm
N ~r!5r 21Pnl~r !Ylm~ r̂ !,

where Pnl~r !5 (
i 52

N21

CiBi ,k~r !. ~16!

HereN is the total number of splines of orderk. The atomic
system of interest is placed into a spherical box of a la
radiusR. The radial interval@0,R# is divided into segments
whose end points are given by the monotonically increas
4-4
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DOUBLE-PHOTOIONIZATION CALCULATIONS OF THE . . . PHYSICAL REVIEW A 62 052724
knot sequence$t i%, i 51, . . . ,N1k. The B splines on this
knot sequence are defined by the recurrent relations

Bi ,1~r !5H 1, t i<r<t i 11 ,

0, otherwise,
~17!

Bi ,k~r !5
r 2t i

t i 1k212t i
Bi ,k21~r !1

t i 1k2r

t i 1k2t i 11
Bi 11,k21~r !.

~18!

The functionBi ,k(r ) is a piecewise polynomial of degreek
21 inside the intervalt i<r<t i 11, and it vanishes outside
this interval. The boundary conditions are implemented
removing from the summation~16! B1(r ) andBN(r ) which
do not vanish atr 50 andr 5R, respectively. The importan
feature of these functions is that of all theB splines of order
k defined on the knot sequence$t i% only k of them are non-
zero on each interval@ t j ,t j 11#. This feature becomes ver
useful for finding the expansion coefficients in Eq.~16! by
solving the variational equationdS50 where the actionS is
defined by the Hamiltonian of the system, most convenien
the Hartree-Fock one@17#. This variational equation can b
reduced to a symmetric generalized eigenvalue problem
solved numerically using standard mathematical procedu

The important point here is the choice of the radial g
$t i%. Most commonly an exponential grid is used

t i5t0$exp@h~ i 2k!#21%, ~19!

wherek11, i ,N and tN5R. The B splines generated o
the exponential grid have exponentially increasing posit
energies. This is convenient when the perturbation the
expansions are to be summed with a minimal number
terms. However, this is not sufficient in the present case
the two-electron ionization. In order to mimic the true co
tinuum, the pseudostates should satisfy the orthogona
condition

^x~k!uF j
N&uN→`5d~k2/22e j !. ~20!

By using the exponentialB splines it can only be satisfied t
a very poor accuracy of about 1022 whereas an equal siz
Laguerre basis provides the orthogonality to a typical ac
racy of 1025.

Our experience shows that condition~20! is much better
satisfied with the splines generated on a semilogarithmic

at i1b ln t i5t01~ i 2k!h. ~21!

The pseudostates built from the semi-logarithmic splin
form an almost equidistant positive energy spectrum and
isfy the orthogonality condition to required accuracy. By a
justing the box sizeR and, to a lesser extent, other radial gr
parametersa, b, and t0, the density of the positive energ
pseudostates can be varied. We should stress that in all c
the lowest negative energy bound states generated from
splines are the true eigenstates of the target Hamilton
Only when the radial extent of an orbital becomes larger t
the size of the boxR does it differ from the exact eigenstat
05272
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In our calculations we usedN575 B splines ofk57 or-
der of which 20 lowest pseudostates were included into
close-coupling expansion for each orbital momentum. T
pseudostate spectra obtained with various size of the ra
box R are plotted in Fig. 1 together with a comparable L
guerre state spectrum.

IV. RESULTS

A. Metastable 21S singlet state

In Fig. 2 we present the results of the CCC calculations
the single and double photoionization from the metasta
2 1S state from near threshold to 50 eV excess energy~60 to
110 eV photon energy!. In the close-coupling expansion 8
target states with maximum orbital angular momentuml max
54 andNl517 were used. The exponential fall-off param
eter of the Laguerre basis was set toa50.3 to have a more
dense spectrum of pseudostates near the threshold. The
ber of k-grid points in the integration over the intermedia
states in Eq.~14! was 64. The MCHF expansion with 1
terms was used for the initial 21S state. The quality of this
state can be judged by the close convergence between
calculations performed in the threeL, V, andA gauges. The
total cross section~top panel of Fig. 2! is practically identical
in the three gauges. The ratio of the double-to-sing
photoionization cross sections~bottom panel! differ slightly
in the three gauges but this difference does not exceed
on the given energy range.

The CCC results are compared with theR-matrix calcula-
tion of van der Hartet al. @11#. The total cross section agree
very well between the two calculations. The double-to-sin
ratio is slightly higher in the CCC theory. This differenc
increases away from the threshold. There is almost no os
latory structure in the CCC results though no averaging o
the photon energy was performed. The pseudoresonan
typically associated withL2 expansions, have been elim

FIG. 1. Pseudostate spectra generated with different adjust
parameters: the Laguerre basis with the exponential fall-off par
etera50.5 and 0.3, and theB-spline basis with the radial box size
R532, 40, 56, and 72 a.u. The energies of the pseudostates
shown as dots. Continuous lines help to guide the eye.
4-5
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nated by choosing a sufficiently large size of the pseudos
basis.

The same double-to-single cross-section ratio is prese
in Fig. 3 over an extended photon energy range. Here
shown are the partial EPI ratiosRn5sn /(s11s11). These
results are a combination of several CCC calculations.
seta50.3 for the near-threshold calculation. Increased it
a50.5 in the intermediate region below 1 keV and furth
increased it toa51.0 at very large photon energies up to
keV. For the DPI calculation the length form becomes un
liable at the photon energy of several hundred eV. The o
two forms, velocity and acceleration, keep close together
gradually approach the asymptotic limit of infinite photo
energyR`50.92% ~see Table I!. The same behavior wa
observed for the CCC calculation on the helium ground s
@13#. The three gauge CCC calculations for the partial E
ratios Rn remain indistinguishable at all photon energi
~only the V form is shown in the figure!. These ratios also
gradually approach the asymptotic values shown in Tabl
As in Fig. 2 comparison is made with theR-matrix calcula-
tion of van der Hartet al. @11# available on a limited photon
energy range. Where available, their ratiosRn agree well
with the CCC results except for then54 ratio which is
slightly higher for low photon energies.

FIG. 2. The total photoionization cross sections5s211s1

~top panel! and the ratio of the double-to-single-photoionizati
cross sectionsR5s21/s1 ~bottom panel! for the metastable 21S
singlet state of helium. The CCC calculations in the three gau
~length, velocity and acceleration! are shown. Comparison is mad
with the calculation of van der Hartet al. @11# labeled as vdHMG.
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In Fig. 4 we investigate the near-threshold behavior of
DPI cross section. The CCC calculation for the heliu
ground state@13# clearly indicated the Wannier regimes21

}E1.056at the excess energyE below 1 eV. In the case of the
2 1S metastable helium state this behavior is not so ea
detected from the CCC calculation. The near-threshold C
calculations are very difficult as both requiredl max and Nl
increase@25#. Limited computational resources presently
not allow for accurate CCC results below 1 eV excess

s

FIG. 3. The double-photoionization ratioR ~top panel! and the
photoionization with excitation ratiosRn ~bottom panel! of the he-
lium 2 1S state. Same notations are used as in Fig. 2. T
asymptotic limits of the infinite photon energy~see Table I! are
indicated by the arrows.

FIG. 4. The double-photoionization cross section near
threshold. Same notation as in Fig. 2 is used. The Wannier asy
toteE1.056 is drawn to the best visual fit of the data and is indicat
by a thick straight line.
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ergy. It may be that the Wannier regime for this metasta
state starts even closer, if at all, to the threshold than in
case of DPI from the ground-state helium.

The results of the close-coupling calculation withB
splines are shown in Fig. 5 and compared with the C
calculations. Only theV-form close-coupling calculations ar
shown for clarity. The gauge difference for theB-spline cal-
culations is of the same order~less than 10%! as for the CCC
calculations. TheB-spline calculation was performed wit
l max54 andNl520. To avoid the pseudoresonance oscil
tions in the DPI cross section a careful choice of the ba
had to be made. The near-threshold region~below 70 eV
photon energy! was calculated with a very fine semilogarit
mic grid generated with the size of the spherical boxR
572 a.u. As is seen form Fig. 1 the spectrum of posit

FIG. 5. The total-photoionization cross section~top panel!, the
DPI ratioR ~middle panel!, and the EPI ratiosRn ~bottom panel! for
the 21S state of helium. Close-coupling calculations with the L
guerre basis andB splines in theV form are shown by the solid an
dashed lines, respectively.
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e

energy pseudostates in this case is very dense and na
The first 20 states have only a 6 eV span. Further away fr
threshold, at photon energies above 70 eV another se
pseudostates was used calculated withR556 a.u. The
B-spline DPI calculation differs only slightly from the accu
rate CCC result. The EPI results, both for the CCC a
B-spline calculations are very close to each other.

B. Metastable 23S triplet state

Results of the CCC calculations of the DPI and EPI fro
the helium 23S state are presented in Figs. 6–8. The to
and double photoionization cross-sections are shown in
6 together with the corresponding data of van der Hartet al.
@11#. As in the case of the singlet state, the CCC calculat
starts to deviate from theR-matrix results at the higher pho
ton energies. This tendency is clearly visible in Fig. 7 whe
the DPI and EPI ratios are shown over the extended pho
energy range. As in the case of the singlet state the C
L-form calculation quickly loses its accuracy but the tw
other formsV andA remain very close together up to sever
keV. Here the DPI and EPI ratios almost reach th
asymptotic limits shown in Table I. The CCC-calculated E
ratios agree with the predictions of theR-matrix theory
~where available! except for a slight deviation in the case
n54. The DPI cross section in the near-threshold region
shown in Fig. 8. The Wannier regime appears to be

FIG. 6. The total-photoionization cross sections5s211s1

~top panel! and the ratio of the double-to-single-photoionizatio
cross sectionsR5s21/s1 ~bottom panel! for the 23S state of he-
lium. The CCC calculations in the three gauges~length, velocity,
and acceleration! are shown. Comparison is made with the calcu
tion of van der Hartet al. @11# labeled as vdHMG.
4-7
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proached by the CCC andR-matrix calculations. However
calculations at even lower energies are necessary to con
this.

V. TWO-ELECTRON PHOTOIONIZATION AND
ELECTRON-IMPACT IONIZATION

Samson and collaborators@26,27# have noticed a remark
able similarity in the shape of the DPI ratioR, plotted as a
function of the excess energy above the DPI threshold,
the cross section of the electron impact ionization~EII! of the
corresponding singly charged ion. They expressed this
proportionality relation

s21~E!

s1~E!
5

se
1~E!

apr 2 , ~22!

wherer is the radius of the electron-ion interaction zone a
a is a dimensionless constant of the order of 1. This prop
tionality was found in several atomic targets~He, Ne, and O!
on a wide range of excess energiesE above threshold. This
was interpreted by Samson and coworkers as the domin
of the two-stage mechanism of the two-electron photoion
tion in which the first stage of the single photoionization w
followed by the EII of the singly charged ion.

As our theoretical model is built explicitly on the assum
tion of this two-stage mechanism, we should observe
proportionality~22! in our calculations as well. Because th

FIG. 7. The DPI ratioR ~top panel! and the EPI ratiosRn ~bot-
tom panel! for the metastable 23S state of helium. Same notation a
in Fig. 6 is used. The asymptotic limits of the infinite photon ene
~see Table I! are indicated by the arrows.
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calculated cross sections are not affected by experime
uncertainties the desired relation would be much easie
establish. The only essential difference with the model
Samsonet al. @26,27# is that in our formalism the EII takes
place with the total orbital angular momentum of th
electron-ion systemJ51 and the same total spin as that
the initial state of heliumS0. Whereas Samsonet al. @26,27#
considered the total EII cross section summed over allJ from
0 to infinity and both spins.

In Fig. 9 we plot the DPI ratio and the cross-section of t
EII of the He1 ion ~only for J51, S5S0). The three initial
helium states are considered: the ground 11S and the two
metastable states 21,3S. In the case of the ground state th
most dominant channel of the single photoionization is to
He1 ground state. Accordingly we scale the DPI ratioR with
the EII cross section of the He1 ground state. For the meta
stable states the most probable outcome of the single ph
ionization is formation of the 2s He1 state. In this case we
scale the DPI ratio with the EII cross section of He1 in the
2s excited state, of the singlet and triplet channels, resp
tively, for the 21S and 23S states. We note that the DPI rati
and the EII cross section are extracted from the same C
calculation.

The proportionality~22! is indeed seen from Fig. 9, a
least near the threshold. It is best satisfied for the gro
state in an excess energy range of about 20 eV. It is m
narrower than the 200 eV proportionality range establish
by Samson@26#. The primary reason for the difference is du
to the absence of the higher partial waves in forming the
cross sections. In the case of the metastable singlet and
let states relation~22! is only satisfied for the first 10 and
eV above the threshold, respectively. The scaling coefficie
are substantially different in the case of the ground and m
stable states helium atom. For the ground state He
electron-ion interaction radiusr 50.70 a.u. which is compa
rable with the size of the 1s orbital in the He1 ion. For the
metastable singlet stater 51.32 a.u. which again is compa
rable with the size of the 2s orbital of the He1 ion.

The case of the triplet metastable state is quite differe
Not only does the proportionality region shrinks to nearly
eV, but the size of the electron-ion interaction region b
comes very large:R56.26 a.u. A plausible explanation fo

FIG. 8. The low-energy double-photoionization cross secti
Same notation as in Fig. 6 is used.
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this phenomenon is that the Pauli exclusion principle ke
the two electrons far apart.

Departure from the proportionality relation~22! is easy to
understand. Simultaneously with the two-stage double ph
ionization there is a competing shake-off process in wh
the doubly ionized state is formed through the rearrangem
of the ionic core after one atomic electron is removed. I
this shake-off mechanism which becomes dominant at la
photon energies and leads to the asymptotic DPI and
ratios~3!. The shake-off mechanism does not involve the
of the ion and therefore does not satisfy the proportiona
relation ~22!. Gradual departure from this relation mea

FIG. 9. The DPI ratioR ~in %! and the electron impact ioniza
tion cross-section of the He1 ion se

1 , scaled to matchR near
threshold, as a function of the excess energy.
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shifting the balance from the two-stage mechanism towa
the shake-off mechanism as the excess energy grows.

It is well known that near the DPI threshold the two ph
toelectrons leave the atom with approximately equal ener
and therefore their interaction is strong. This favors the tw
stage mechanism. As the excess energy grows the en
sharing becomes more asymmetric with one fast and
slow photoelectrons leaving the atom. In this case the in
electron interaction becomes weaker and the relative co
bution of the two-stage mechanism diminishes as compa
with the shake-off mechanism. Shifting the balance from
two-stage mechanism to the shake-off would take pl
sooner for the metastable 21,3S states in which the 1s and 2s
electrons are better separated than in the 1s2 electrons in the
ground state. In the triplet state the electron separatio
even stronger because of the Pauli exclusion principle. T
may explain the behavior observed in Fig. 9.

VI. CONCLUSION

We investigated the two-electron photoionization pr
cesses, the DPI and EPI, from the metastable helium sin
and triplet states. Close-coupling calculations were p
formed with a large Laguerre basis~the CCC model! and a
B-spline basis. The CCC calculation covers a wide pho
energy range from the threshold to few keV where our
sults reach the shake-off limit. The CCC total cross secti
were generally found to be in good agreement with
R-matrix calculation of van der Hartet al. @11#. The DPI and
EPI ratios are also consistent with a small disagreemen
the DPI ratios away from the threshold. Near the DPI thre
old there is some indication of the Wannier regime.

TheB-spline calculation of the DPI is the first of its kind
It is demonstrated that, despite of placing the scattering s
tem in a box of a finite size, a smooth DPI ratio can
obtained without severe pseudoresonance oscillations.
B-spline results are consistent with those obtained from
CCC theory.

The proportionality of the DPI cross-sections ratio and
EII cross section was investigated for the helium ato
ground state and the two 21,3S metastable states. These thr
states form a sequence in which the relative contribution
the shake-off mechanism is gradually increasing over
contribution of the two-stage mechanism. This leads to
departure from the proportionality between the DPI ratio a
EII cross section. We hope that the present work will stim
late experimental studies of the two-electron photoionizat
from the metastable helium.
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