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Double-photoionization calculations of the helium metastable 23S states
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Theoretical results are presented for double photoionization and ionization with excitation of the metastable
2 135 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-couplingCCQO) results. In addition, we employ B-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 stdtés2vave 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 numbgs): 32.80.Fb, 34.806-i

[. INTRODUCTION we feel it is appropriate to revisit the theory of two-electron
photoionization from the metastable helium and to bring it to
A two-electron transition in an atom following absorption the level which is now achieved for the ground state. Apart
of a single photon is a process which is only possible due térom comparison with experiment, a theoretical study of
electron-electron correlations. Such transitions include excitwo-electron photoionization from the metastable helium al-
tation photoionizatiofEPI), where the residual ion is left in lows extraction of the underlying physics of interest. The
an excited state, and double photoionizati®®l). Because three helium states, the grouri® and the two metastable
of the pivotal role of the electron-electron correlations, the2 1S, form a sequence in which the relative contributions of
EPI and DPI processes continue to receive considerable atlifferent mechanisms of two-electron photoionization are
tention, both theoretically and experimentally. gradually changing. This invites a systematic study by ob-
The helium atom is the simplest atomic target in whichserving the proportionality between the double-to-single
two-electron transitions take place in their purest form. Be-photoionization cross-sections ratio and the cross section of
cause of the relative simplicity of the underlying physicsthe electron impact ionization of the helium ion.
much of the experimental and theoretical work involving  The first theoretical results on the two-electron photoion-
two-electron ionization has been focused on helium. As azation from the metastable helium were reported by
result, a vast amount of experimental and theoretical data afdorcross[4], Jacobs and Burkgs], and Jacob$6]. They
now available on the EPI and DPI from the helium atom.calculated the EPI to the lowest=2 andn=3 ion states.
Consistent results are available for the total cross sections aster these results were superseded by the far more sophis-
well as the multiply differential cross sections which de-ticated calculations of Zhou and LiY] who employed the
scribe the energy sharing and the angular correlation betweétyperspherical close-coupling method. In a similar study
the two photoelectrons, see the review of Briggs andChang and Zhef8] used a configuration-interaction proce-
Schmidt[1]. dure for the continuum based on a finlté-basis set con-
The vast majority of studies are limited to the helium structed from a nearly complete set of one-particle hydro-
atom in its ground state. Comparatively little is known aboutgenic orbitals.
the two-electron processes in the metastabtéstates of The first calculation of the DPI from the metastable he-
helium. Although these states are quite stable, particularlyium was reported by Teng and Shakeshait The calcula-
the triplet, lack of intense continuous gas sources precludegon was based on using a final-state wave function which
any experimental studies beyond the simplest one-electrowas a product of three Coulomb wave functions modified by
photoionization[2]. This situation may be changing for the a short-range correction term. By investigating the angular
better soon with the advent of bright sources of metastabldistribution in the two-electron continuum the authors were
helium utilizing the novel laser cooling and magnetic trap-able to estimate the relative contribution of different DPI
ping technique$3]. In anticipation of the new experiments mechanisms. Forregt al.[10] concentrated their theoretical
effort in the asymptotic region of the very higasymptoti-
cally infinite, but still nonrelativisticphoton energies. In this
*Permanent address: Department of Experimental Physics, St. Peegion the many-electron correlation in the final state can be
tersburg Technical University, 195251 St. Petersburg, Russia.  neglected and the whole yield of the singly ionized and ex-
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cited or doubly ionized states can be calculated from thevere found suitable provided sufficient number of configu-
initial state wave function. rations are included.

The most complete calculation of the two-electron photo- The metastable 23S helium states are less correlated
ionization from the metastable helium was reported by varthan the ground'S state because the two electrons are well
der Hartet al. [11]. By using theR-matrix method they cal- separated in both space and energy. Therefore we have cho-
culated the EPI and DPI cross sections from the threshold t8€n the slightly less accurate, but much more convenient,
80 eV excess energy. It is essential for Renatrix method MCHF wave functions rather than the formidable Hylleraas
to place the scattering system in a box of a finite size. Thi€Xpansions. The MCHF metastable state wave function is
produces an unphysical oscillatory structure in the calculated"tt€n as an expansion over the two-electron configurations

DPI cross section. By averaging over the size of the box the

magnitude of the oscillation was significantly reduced, how- (ryry| 213y = 2 AnI,n’INnn’E |On?, l—m

ever, they remain clearly visible in the calculation of van der nl,n'l m

Hart et al. [11]. They also noted that the size of the box X[ brim(F1) b m(F2)

affected the gauge invariance of their calculation, particu- nim Ll m T2

larly the length form results. +(—1)%pm(r) dnr—m(r)]. (1)

In the present paper we intend to study the two-electron
photoionization from the metastable helium by employingHere the normalization factd,,,,=1/2 forn=n’ and 142
the momentum-space formulation of the close-couplingor n#n’. The total spinS,=0,1 for the singlet and triplet
theory. Based on a large Laguerre basis this theoreticatates, respectively. The configuration interaction coefficients

scheme is known in the literature as the convergent closeare normalized to unityX W1A% =1 The angular mo-

. R . nl,n’l —
coupling (CCC) method. Application of the CCC method to mentum coupling is taken care of by the Clebsch-Gordan
the two-electron photoionization in the ground-state heliungoefficientsCP |_ ..

EPI and DPI rate$12—14, to describe the angular correla- boim(1) =1 2P, (1) Y,(F), whereP, , are the radial orbitals

gﬁro;gr;h; ?ﬁg'gg?trﬁgczc;gguiﬁgw?gd ttﬁg ggfnu;atrhg;_ andY,,, are the spherical harmonics. The former are found
P ‘ 9 by using the MCHF computer codd8]. First, the single

retical scheme we hope to produce results of comparablfszs configuration is calculated. Then the &nd 2 orbitals

accuracy for the metastable helium. In addition, we use & . .
. . : are frozen and subsequently single-electron orbitdlsre
different implementation of the momentum-space close-

counling theorv based onBespline pseudostate basis. TRe added until we are satisfied with the accuracy in terms of the
'ping y ba P P Co energy and, more importantly, the asymptotic EPI and DPI
splines are a flexible and convenient tool which is widely

used in theoretical atomic physif$7]. In the present paper ratios. As was shown by Dalgarno and Stewdd] these

) ratios can be calculated solely from the metastable state
we demonstrate that tHgsplines can be successfully used to ave function throuah the overlap intearals
describe the EPI and DPI processes from the helium groun‘c’y 9 P 9
anq metastable states. In the fut_ure we hope to utilize the Cooc|(nsT|8(r)|2239)|2,  Cx|(2139]8(r,)|2 L3S)|2.
universality of theB-spline technique and to extend the 2
close-coupling theory of the two-electron photoionization to

more complex atomic targets. In the above expressigms®| is the one-electrons orbital
In Sec. Il we describe the multiconfiguration Hartree- of the He" ion.
Fock calculation of the metastable"3S helium wave func- The asymptotic DPI and EPI ratios are then given by

tions. In Sec. Il we give a brief outline of the CCC theory
and the momentum-space formulation of the close-coupling

theory usingB splines. In Sec. IV we present the bulk of our p C ot C_En: Cn

. . e n n o0
results for the EPI and DPI cross sections from the singleR,=————— - R*=—: =,
and triplet metastable helium states. In S€ca parallel is A D T e > C,
drawn between two-electron photoionization and electron- n
impact ionization of the helium ion. We conclude by sum- ()

marizing our results in Sec. VI. . . . w
whereo, is the partial EPI cross section, and ==, _, o,

and o™ " are the total single- and double-photoionization
cross sections. Here we follow notations of R¢i€,11] and
defineR, as the ratio of the partial to thetal cross sections

In our earlier work on two-electron photoionization from whereaRis defined as the ratio of the doubledimglecross
the helium ground statgl3] we demonstrated that a highly sections.
correlated ground-state wave function was needed to obtain Results forR;, andR™ are shown in Table | in comparison
essentially gauge invariant photoionization cross sectionswith the Hylleraas-based calculation of Forreyal. [10].
We employed two different types of the ground-state waveNe see that the MCHF expansions are rapidly convergent
functions—the multiconfiguration Hartree-FockMCHF) and a moderate number of terms is sufficient to approach the
and the explicitly correlated Hylleraas expansion. Both typedylleraas results. As compared to the analogous expansions

II. INITIAL-STATE WAVE FUNCTIONS
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TABLE |. The binding energyE and the asymptotic ratioR?, andR” for the helium 2-°S metastable states. The MCHF expansions
contains 6, 10, and 14 configurations for the singlet state, and 4 and 10 configurations for the triplet state. Configurations included in these
expansions are indicated in the table.

Singlet 2'S Triplet 23S

MCHF6 MCHF10 MCHF14 Hylleraas MCHF4 MCHF10 Hylleraas

1s?,1s2s,1s3s  nsns,n=1...3 nsns,n=1...4 Forreyet al. 1s2s,1s3s nln'l,n=1...4 Forreyet al.

2s?,253s,2p°  2p2,2p3p,3p2,3d2  2p?2p3p,3p%,3d°>  Ref.[10]  2s3s,2p3p 1=0,1,2 Ref.[10]

E (eV) 58.333 58.367 58.384 58.395 59.192 59.192 59.191
Ry n=1 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

for the ground state heliufil3] fewer terms with smaller (= V22+U(r) =) xi =0, (6)

orbital momenta are needed to achieve comparable accuracy.

This indicates a weaker ground state correlation in the metavhere &,=k?/2. The potential U(r)=(Z—1)/r +Uq4(r),

stable states as might be expected. This correlation is th@hereZ—1 is the asymptotic charge seen by the projectile at

weakest in the triplet metastable state from which the diaglarge distances. The arbitrary distorting potential satisfies

onal terms are removed due to the Pauli exclusion principley 4(r)—0 asr—c, and is used to reduce the numerical
It is to be noted that the ionization-excitation to the complexity of solving the coupled equatiof20]. The Cou-

=2 andn=3 ion states are more probable than to the groundomb waves are expanded as

n=1 state. This is in a sharp contrast to the ground state EPI

where then=1 state is clearly dominant. We shall note this - _ L Aok T

when making a comparison getween the two-electron photo-Xk (= (2/m)*4(kr) l% iteuy (k) Yim (D Y (K),

ionization and electron-impact ionization. 7)

Il FINAL-STATE WAVE FUNCTIONS where oL is the phase shifty, (k,r) is real and has the
asymptotic form
A. CCC formalism

—r1lsi
A multichannel expansion is used for the final-state wave up(kr)—r==sin(kr+ La/2+4,). ®)

function of the two-electron system with boundary condi-  hg ginole matrix element of the photon induced transi-
tions corresponding to an outgoing wave in a given channely i a given channel can be written as
and incoming waves in all other channels. The channel wave

function (k(~)n| is the product of a one-electron Hearget

orbital &Y and a(distorted Coulomb outgoing wave ).  (kTi|D[2 138y =(ki[d|235)+ > i d’k
The target states are obtained by diagonalizing thé He .
Hamiltonian (K| Tg =0 ik )k Hj|d[2 )
X .
(DPNH|DNY= €N 8, m, (4) E—Kk'2/2—+i0
9
whereH= —V?/2+Z/r andZ=2. We write ©
HereE=k?/2+ ¢; is the final-state energy. The first term on
q),T(r)E@mm(r) :rflpg‘l(r)ylm(F), the right-hand side of Eq9) corresponds to the direct photo-

(5) ionization. The second term describes the two-stage process
N in which photoionization is followed by scattering of the
where PN(r)=> C! &(r). photoelectron on the residual ion. It contains the half-off-
k=1 shell dipole T matrix in the singlet §,=0) or triplet (S,
=1) channel which can be found by solving a set of coupled
Here &, are Laguerre polynomials and the coefficie@ﬂ§< Lippmann-Schwinger integral equatiof20].

are obtained after the diagonalization. The dipole electro-magnetic operatican be written in
The distorted Coulomb waves satisfy the Sclinger one of the following forms commonly known as length)(
equation velocity (V), and acceleratiofd) [21]:
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dr=w(21+ 22),

dV=V,+V,, (10)

dv:E(é+é)
3 3/’
wi\ry r;

with the z axis chosen along the polarization vector of the

PHYSICAL REVIEW A62 052724

(LKnili[ D2 +3s)
=(LkOnli[|d[[2*%s)

(LKEing| [Ty |yl kL)
+> 3 ¥

IJnJ L K

E—k'2/2—+i0

X(L'k' ) 1;nj]d]|2 23S). (14)

photon. We separate the angular dependence of the dipoléereJ=1 andS,=0,1 are the total orbital momentum and

matrix elements by using the Wigner-Eckart theorem:

. l [
(KOi|d|2 1,35>=ﬁ % Cﬁ?ni mYim(k)

X(LKnj||d]|2 3S). (11

spin of the electron pair.

The photoionization cross section, as a function of the
photon energyw, corresponding to a particular bound elec-
tron statei is given by[21]

2
oi(w)= % ; f d3k [(k)i|D|2 135)|28(w—E+Ey)

Here the reduced dipole matrix element, in the length form,

IS

(LkOn d22%8) =i "€/ M1_ > Ay 0N Cg

nl,n’l
XL (ingllrfin) &+ (linillTn)
X(LK|r[In")&,}, (12

2k
e NS PE T

~ 3wcC L=T+

Herec=137 is the speed of light in atomic units akg is
the energy of the initial metastable state. We separate the
contribution from the final channel(™i| into single and
double ionization according to the energy of #hewhich is
positive for the double-ionized channels and negative for the

wherel . =max(,l,). In the above expression we introduced Singly ionized channels. We also ensure that for the

the overlap integrals

(LKlin) = | “aru (k) Py(n),

infiny= | “drpY, (0P
and the dipole radial integral@n the length form

(Lk||r|||n>=J’:rdru,_(k,r)Pm(r),

infrliny= | “rdrpl, ()P,

negative-energy state cross sections, contributions to the ion-
ization plus excitation cross sections are multiplied by the
projection of the state onto the true target discrete subspace
as is done for electron-impact ionizatig?3].

B. B splines

The Laguerre basis is a natural choice to generate a com-
plete set of the pseudostates for a hydrogenic target, the He
ion in the present case. However, this choice becomes less
obvious when the target has a more complicated electronic
structure. In addition, the Laguerre basis is rather rigid, with
only one adjustable parameter, the exponential falloff
which can be varied slightly to ensure a desired energy dis-
tribution of the target pseudostates. Large variation of this
parameter away from the value=2/2 can compromise the
quality of the lowest bound states.

The velocity and acceleration forms are given by expressions Instead of using the hydrogenic-like orbitals one can gen-

similar to Eqg.(12) in which the dipole radial integrakjr||)
are substituted by th¢l|a/ar|) and (|2/r?|) integrals, re-
spectively.

Following Bray and Stelbovicg22] we strip the angular
dependence from th€& matrix

(KON Tljk )
IM ~ ~,
= X ChimCln Y)Yy (K)
LL’J t A
M,M’ M

X (LK ng| | Tyl k' L7, (13

and write Eq.(9) in a one-dimensional form

erate a pseudostate basis by expanding the one-electron ra-
dial orbitals in terms of piecewise polynomials, known as
basis splines oB splines[24]. We write the pseudostate
wave function as

DNn(N=1"P (1) Y m(T),

N—1

where P (r)= 22 CiBi «(1). (16)

HereN is the total number of splines of ordkr The atomic
system of interest is placed into a spherical box of a large
radiusR. The radial interval O,R] is divided into segments
whose end points are given by the monotonically increasing
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knot sequencdt;}, i=1,... N+k. The B splines on this 0
knot sequence are defined by the recurrent relations X .
40 Laguerre 0=0.5 —— X *
L 0=0.3 —- ! -
B (1) 1, t=r=t,,, 17 0 X B splines R=32 --#- i
a(r)= . u It
h 0, otherwise, < - §2 —E-- *7 "
® »E 72 -0 -
r—t to —r B A . i
B (I’)I—IB- (I‘)+LB- (r) 8 [
K tir—ti ! tietipg HORT 210 ]
(18 :
0 3
The functionB; ,(r) is a piecewise polynomial of degrée .
—1 inside the intervatj<r<t; ,, and it vanishes outside -10 r

this interval. The boundary conditions are implemented by
removing from the summatiofl6) B;(r) andBy(r) which
do not vanish at =0 andr =R, respectively. The important
feature of these functions is that of all tBesplines of order FIG. 1. Pseudostate spectra generated with different adjustable
k defined on the knot sequen{g} only k of them are non-  parameters: the Laguerre basis with the exponential fall-off param-
zero on each intervdlt; ,t;, 1]. This feature becomes very etera=0.5 and 0.3, and thB-spline basis with the radial box sizes
useful for finding the expansion coefficients in E§6) by =~ R=32, 40, 56, and 72 a.u. The energies of the pseudostates are
solving the variational equatiofS=0 where the actiolsis  shown as dots. Continuous lines help to guide the eye.
defined by the Hamiltonian of the system, most conveniently
the Hartree-Fock onEl7]. This variational equation can be
reduced to a symmetric generalized eigenvalue problem an&le
solved numerically using standard mathematical procedurea
The important point here is the choice of the radial grid
{ti}. Most commonly an exponential grid is used

Principal quantum number

In our calculations we used=75 B splines ofk=7 or-

r of which 20 lowest pseudostates were included into the
ose-coupling expansion for each orbital momentum. The
pseudostate spectra obtained with various size of the radial
box R are plotted in Fig. 1 together with a comparable La-

ti=to{exdh(i—k)]—1}, (19 guerre state spectrum.

wherek+1<i<N andty=R. The B splines generated on
the exponential grid have exponentially increasing positive IV. RESULTS
energies. This is convenient when the perturbation theory A. Metastable 21S singlet state

expansions are to be summed with a minimal number of ) .
terms. However, this is not sufficient in the present case of N Fig. 2 we present the results of the CCC calculations of
the two-electron ionization. In order to mimic the true con-(he single and double photoionization from the metastable

tinuum, the pseudostates should satisfy the orthogonalitg =S State from near threshold to 50 eV excess enéégyto
condition 10 eV photon energy In the close-coupling expansion 85
target states with maximum orbital angular momentiyg,
<X(k)|q)JN>|N—>oo: S(K?/2— €). (20) =4 andN,;=17 were used. The exponential fall-off param-
eter of the Laguerre basis was setate- 0.3 to have a more
By using the exponentid splines it can only be satisfied to dense spectrum of pseudostates near the threshold. The num-
a very poor accuracy of about 10 whereas an equal size ber ofk-grid points in the integration over the intermediate
Laguerre basis provides the orthogonality to a typical accustates in Eq(14) was 64. The MCHF expansion with 14
racy of 10°°. terms was used for the initial '3 state. The quality of this
Our experience shows that conditié®0) is much better ~state can be judged by the close convergence between the

satisfied with the splines generated on a semilogarithmic grigalculations performed in the thrée V, andA gauges. The
total cross sectioftop panel of Fig. 2is practically identical

ati+BInt;=ty+(i—k)h. (21) in the three gauges. The ratio of the double-to-single-
photoionization cross sectioribottom panel differ slightly

The pseudostates built from the semi-logarithmic splinesn the three gauges but this difference does not exceed 10%
form an almost equidistant positive energy spectrum and satn the given energy range.
isfy the orthogonality condition to required accuracy. By ad- The CCC results are compared with fRenatrix calcula-
justing the box siz&R and, to a lesser extent, other radial grid tion of van der Haret al.[11]. The total cross section agrees
parametersy, B, andtg, the density of the positive energy very well between the two calculations. The double-to-single
pseudostates can be varied. We should stress that in all cag@dio is slightly higher in the CCC theory. This difference
the lowest negative energy bound states generated from ttiecreases away from the threshold. There is almost no oscil-
splines are the true eigenstates of the target Hamiltoniaratory structure in the CCC results though no averaging over
Only when the radial extent of an orbital becomes larger thathe photon energy was performed. The pseudoresonances,
the size of the boR does it differ from the exact eigenstate. typically associated with.? expansions, have been elimi-
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1.5 e R aa s e 4 pre—— T
i CCCL -- 1 L CCCL --
i ] [ vV —
= ! . ~ 3N A -
g 10} . S N vdHMG -
+ - b +b F
: & 2L
& [ o 3
o [ I -
I 0.5 ~ 1E T —
° - i
0.0-lllllllllllllllllllllIlllll- 0-“| ol EEEE—
1 grem T —r—rm
4.0 r 3 -
; s =3
i I
~ 3.0 - b 0.1 3 »
s 5 o — n=
"o [ I [
+ 20 F
o b
b [
[ [ -4 n=4
= 0k [ |
A " | T R
- 0.001 Lis
: , , , | ] 100 1000 10000
0'0 11 11 1 i1 1 Ll L 4l Ll . 1
60 70 80 90 100 110 Photon energy (eV)

Photon energy (eV) FIG. 3. The double-photoionization rat® (top panel and the

FIG. 2. The total photoionization cross section= o2 + o+ phot0|o?lzat|0n with ex0|tat|on.rat|03n (bottom panell of t.he he-
lium 2-°S state. Same notations are used as in Fig. 2. The

top panel and the ratio of the double-to-single-photoionization L P
(cro?sspseczion R=02" /0" (bottom panel for thegmeFt)astabIe 15 asymptotic limits of the infinite photon enerdgee Table)l are
indicated by the arrows.

singlet state of helium. The CCC calculations in the three gauges
(length, velocity and acceleratipare shown. Comparison is made In Fig. 4 we investigate the near-threshold behavior of the
with the calculation of van der Haett al.[11] labeled as vdHMG. pp| cross section. The CCC calculation for the helium
ground statd13] clearly indicated the Wannier regime*
nated by choosing a sufficiently large size of the pseudostats E*%°at the excess enerdybelow 1 eV. In the case of the
basis. 2 1S metastable helium state this behavior is not so easily
The same double-to-single cross-section ratio is presentedetected from the CCC calculation. The near-threshold CCC

in Fig. 3 over an extended photon energy range. Here als@lculations are very difficult as both requiregs, and N,
shown are the partial EPI rati®%,= o, /(o + o *). These increasq 25]. Limited computational resources presently do

results are a combination of several CCC calculations. W&ot allow for accurate CCC results below 1 eV excess en-

seta=0.3 for the near-threshold calculation. Increased it to 1E
a=0.5 in the intermediate region below 1 keV and further :
increased it tax=1.0 at very large photon energies up to 10

keV. For the DPI calculation the length form becomes unre-
liable at the photon energy of several hundred eV. The other
two forms, velocity and acceleration, keep close together and
gradually approach the asymptotic limit of infinite photon

o
=

Cross section (Mb)

energyR*=0.92% (see Table )l The same behavior was 0.01

observed for the CCC calculation on the helium ground state

[13]. The three gauge CCC calculations for the partial EPI

ratios R,, remain indistinguishable at all photon energies 0.001 ; N b
(only the V form is shown in the figune These ratios also ’ 1 10 100

gradually approach the asymptotic values shown in Table I.
As in Fig. 2 comparison is made with thematrix calcula-
tion of van der Haret al.[11] available on a limited photon FIG. 4. The double-photoionization cross section near the
energy range. Where available, their ratiRs agree well  threshold. Same notation as in Fig. 2 is used. The Wannier asymp-
with the CCC results except for the=4 ratio which is  tote E}%®is drawn to the best visual fit of the data and is indicated
slightly higher for low photon energies. by a thick straight line.

Photon energy (eV)
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gb i n=3 FIG. 6. The total-photoionization cross sectior=o?"+o*
+ - (top panel and the ratio of the double-to-single-photoionization
o 010 cross section®=g?"/a* (bottom panelfor the 23S state of he-
o [ 1 lium. The CCC calculations in the three gaudksngth, velocity,
"= n= and acceleratignare shown. Comparison is made with the calcula-
~ . tion of van der Haret al.[11] labeled as vdHMG.
n=
0.01 3 - energy pseudostates in this case is very dense and narrow.
oo Ly, L mssese—=——p-------{ .5  The first 20 states have only a 6 eV span. Further away from
60 70 80 90 100 threshold, at photon energies above 70 eV another set of
pseudostates was used calculated wWRk-56 a.u. The
Photon energy (eV) B-spline DPI calculation differs only slightly from the accu-

rate CCC result. The EPI results, both for the CCC and

FIG. 5. The total-photoionization cross secti@ap panel, the . .
P dop panel B-spline calculations are very close to each other.

DPI ratioR (middle panel, and the EPI ratioR, (bottom panelfor
the 2'S state of helium. Close-coupling calculations with the La-
guerre basis anB splines in theV form are shown by the solid and
dashed lines, respectively.

B. Metastable 23S triplet state

Results of the CCC calculations of the DPI and EPI from
the helium 2°S state are presented in Figs. 6—8. The total
ergy. It may be that the Wannier regime for this metastableand double photoionization cross-sections are shown in Fig.
state starts even closer, if at all, to the threshold than in thé together with the corresponding data of van der dasl.
case of DPI from the ground-state helium. [11]. As in the case of the singlet state, the CCC calculation

The results of the close-coupling calculation with  starts to deviate from thB-matrix results at the higher pho-
splines are shown in Fig. 5 and compared with the CCQon energies. This tendency is clearly visible in Fig. 7 where
calculations. Only th&/-form close-coupling calculations are the DPI and EPI ratios are shown over the extended photon
shown for clarity. The gauge difference for tBespline cal-  energy range. As in the case of the singlet state the CCC
culations is of the same ordéess than 10%oas for the CCC  L-form calculation quickly loses its accuracy but the two
calculations. TheB-spline calculation was performed with other formsV andA remain very close together up to several
[max=4 andN,;=20. To avoid the pseudoresonance oscilla-keV. Here the DPI and EPI ratios almost reach their
tions in the DPI cross section a careful choice of the basigsymptotic limits shown in Table I. The CCC-calculated EPI
had to be made. The near-threshold regibelow 70 eV ratios agree with the predictions of tHematrix theory
photon energywas calculated with a very fine semilogarith- (where availableexcept for a slight deviation in the case of
mic grid generated with the size of the spherical d®x n=4. The DPI cross section in the near-threshold region is
=72 a.u. As is seen form Fig. 1 the spectrum of positiveshown in Fig. 8. The Wannier regime appears to be ap-
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FIG. 8. The low-energy double-photoionization cross section.

&
©
+ " — -1 n= ) L .
5 01 F Same notation as in Fig. 6 is used.
= E
] F _
I [ — 0=l calculated cross sections are not affected by experimental
-4 e uncertainties the desired relation would be much easier to
0.01 E . . . -
FT o ] establish. The only essential difference with the model of
F n= Samsoret al.[26,27] is that in our formalism the Ell takes
M .o n= place with the total orbital angular momentum of the
0.001 . .
100 1000 10000 electron-ion systend=1 and the same total spin as that of
Photon energy (V) the initial state of heliung,. Whereas Samsost al.[26,27]

considered the total Ell cross section summed ovel fam

FIG. 7. The DPI raticR (top panel and the EPI ratioR, (bot- O to infinity and both spins.
tom panel for the metastable 2S state of helium. Same notationas I Fig. 9 we plot the DPI ratio and the cross-section of the
in Fig. 6 is used. The asymptotic limits of the infinite photon energyEll of the He" ion (only for J=1, S=S;). The three initial
(see Table)l are indicated by the arrows. helium states are considered: the grountSland the two
metastable states!?S. In the case of the ground state the
proached by the CCC an@matrix calculations. However, most dominant channel of the single photoionization is to the
calculations at even lower energies are necessary to confirie® ground state. Accordingly we scale the DPI reRiavith

this. the EIl cross section of the Heground state. For the meta-
stable states the most probable outcome of the single photo-
V. TWO-ELECTRON PHOTOIONIZATION AND ionization is formation of the  He™ state. In this case we
ELECTRON-IMPACT IONIZATION scale the DPI ratio with the Ell cross section of Him the

) 2s excited state, of the singlet and triplet channels, respec-
Samson and collaborator26,27] have noticed a remark- jyely for the 21S and 23S states. We note that the DPI ratio

able similarity in the shape of the DPI ratig plotted as @  an4'the Ell cross section are extracted from the same CCC
function of the excess energy above the DPI threshold, and; . ation.

the cross section of the electron impact ionizatigH) of the The proportionality(22) is indeed seen from Fig. 9, at
corresponding singly charged ion. They expressed this as @55t near the threshold. It is best satisfied for the ground

proportionality relation state in an excess energy range of about 20 eV. It is much
narrower than the 200 eV proportionality range established
o> (E) o4(E) by Samsori26]. The primary reason for the difference is due
n ~amr’ (22 to the absence of the higher partial waves in forming the ElI
o (E) cross sections. In the case of the metastable singlet and trip-
let states relatiori22) is only satisfied for the first 10 and 5
wherer is the radius of the electron-ion interaction zone andeV above the threshold, respectively. The scaling coefficients
a is a dimensionless constant of the order of 1. This proporare substantially different in the case of the ground and meta-
tionality was found in several atomic targékée, Ne, and @  stable states helium atom. For the ground state He the
on a wide range of excess energiesbove threshold. This electron-ion interaction radius=0.70 a.u. which is compa-
was interpreted by Samson and coworkers as the dominancable with the size of the 4 orbital in the Hé ion. For the
of the two-stage mechanism of the two-electron photoionizametastable singlet state=1.32 a.u. which again is compa-
tion in which the first stage of the single photoionization wasrable with the size of the Lorbital of the Hé ion.
followed by the Ell of the singly charged ion. The case of the triplet metastable state is quite different.
As our theoretical model is built explicitly on the assump- Not only does the proportionality region shrinks to nearly 5
tion of this two-stage mechanism, we should observe theV, but the size of the electron-ion interaction region be-
proportionality(22) in our calculations as well. Because the comes very largeR=6.26 a.u. A plausible explanation for
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4.0

S ILALELELES BLELELELE ILSLELELE SLBLALI BRI shifting the balance from the two-stage mechanism towards

R — 1 the shake-off mechanism as the excess energy grows.

ot -- ; It is well known that near the DPI threshold the two pho-

toelectrons leave the atom with approximately equal energies
and therefore their interaction is strong. This favors the two-
stage mechanism. As the excess energy grows the energy
sharing becomes more asymmetric with one fast and one
slow photoelectrons leaving the atom. In this case the inter-
/ Ground state 1'S 3 electron interaction becomes weaker and the relative contri-
bution of the two-stage mechanism diminishes as compared
1 with the shake-off mechanism. Shifting the balance from the
e b by two-stage mechanism to the shake-off would take place
sooner for the metastable'$S states in which thedand %
40 P T T T T ) electrons are better separated than in teeelectrons in the
] ground state. In the triplet state the electron separation is
even stronger because of the Pauli exclusion principle. This
""" ] may explain the behavior observed in Fig. 9.

~—

3.0

P

2.0

1.0

0.0

30

20 VI. CONCLUSION

We investigated the two-electron photoionization pro-
cesses, the DPI and EPI, from the metastable helium singlet
and triplet states. Close-coupling calculations were per-
formed with a large Laguerre badithe CCC modegland a
B-spline basis. The CCC calculation covers a wide photon
energy range from the threshold to few keV where our re-
sults reach the shake-off limit. The CCC total cross sections
were generally found to be in good agreement with the
R-matrix calculation of van der Hagt al.[11]. The DPI and
EPI ratios are also consistent with a small disagreement in
the DPI ratios away from the threshold. Near the DPI thresh-
old there is some indication of the Wannier regime.

The B-spline calculation of the DPI is the first of its kind.

It is demonstrated that, despite of placing the scattering sys-
tem in a box of a finite size, a smooth DPI ratio can be
obtained without severe pseudoresonance oscillations. The
0.0 Gttt b b L Lo B-spline results are consistent with those obtained from the
50 CCC theory.
Energy above threshold (eV) The proportionality of the DPI cross-sections ratio and the
Ell cross section was investigated for the helium atom

FIG. 9. The DPI raticR (in %) and the electron impact ioniza- ground state and the two'®S metastable states. These three
tion cross-section of the Heion o';, scaled to matchR near states form a sequence in which the relative contribution of
threshold, as a function of the excess energy. the shake-off mechanism is gradually increasing over the
contribution of the two-stage mechanism. This leads to the

eparture from the proportionality between the DPI ratio and

Il cross section. We hope that the present work will stimu-
late experimental studies of the two-electron photoionization
Jrom the metastable helium.
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this phenomenon is that the Pauli exclusion principle keep
the two electrons far apart.

Departure from the proportionality relatidq@2) is easy to
understand. Simultaneously with the two-stage double phot
ionization there is a competing shake-off process in which
the doubly ionized state is formed through the rearrangement
of the ionic core after one atomic electron is removed. It is One of the authorgA.N.I.) wishes to thank the Research
this shake-off mechanism which becomes dominant at larg&chool of Physical Science and Engineering at the Australian
photon energies and leads to the asymptotic DPI and ERMlational University for hospitality and financial support.
ratios(3). The shake-off mechanism does not involve the EllSupport of the Australian Research Council and the South
of the ion and therefore does not satisfy the proportionalityAustralian Center for High Performance Computing and
relation (22). Gradual departure from this relation meansCommunications is gratefully acknowledged.
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