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Direct double photoionization of the valence shell of Be
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The hypersphericaR-matrix method with semiclassical outgoing waves is used to study the direct double
photoionization(DPI) of the valence shell of the lightest alkaline earth-metal Be. The absolute fully integrated,
singly, doubly, and triply differential cross sections obtained are compared with the single set of measurements
available and with recent calculations based on the convergent close coupling and time-dependent close
coupling methods. The level of agreement between all these data is very encouraging. A comparison is also
made between the DPI of He and the direct DPI of the valence shell of Be. It confirms that the electron-electron
correlations are stronger in the valence ¢hell of Be than in the 4 shell of He, thus contributing to a
desirable clarification.
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[. INTRODUCTION ent from He. Yet the restriction of the treatment to the Wan-
nier ridge precluded any definite conclusion. At this moment,
The DPI (double photoionizationof He is one of the in addition, no measurements were available against which
most suitable processes to study electronic correlations in thibeory could be tested. This is because unfortunately, alka-
continuum. Accordingly, it has been the subject of intensivdine earth-metal atoms are difficult to handle experimentally.
research over the past decades, both theoretically and expefihe TDCSs for the direct DPI of thes4 valence shell of Ca
mentally. Absolute measurements of the associated fully difwere measured on a relative scale in 2000] at an excess
ferential cross sections, referred to as TDG®ply differ-  energy of 25.5 eV above the threshold. The two electrons
ential cross sectiopsare now availablgl-3]. The first ones  were detected with equal energies in a plane perpendicular to
[1] are reproduced satisfactorily by the most recminitio  the photon beam, one of them being ejected along the elec-
theories, namely the CC@onvergent close couplindl],  tric field of the linearly polarized light. However, the angular
the TDCC (time-dependent close coupling4], and the  pattern obtained looked inconsistent with the expectations
HRM-SOW (hyperspherical R-matrix method with semiclas- e on the widely used Gaussian model for the correlation
sical outgoing wavgs[5]. However, in many cases wher_e factor. More recently, the direct DPI of thes2valence shell
only relative measurements are ava|la_ble,. these VaroUst e has been investigated experimentally and theoretically.
method_s pr_owde absolut.e. scales that .St'" differ from .eaChI'he fully integrated cross section has been meas[it&
other significantly. In addition, challenging dynamical situa- : ; )
. ; . .~ .and at the same time, but independently, it has been calcu-
tions have been characterized, where most theories fail t%ted usin .
g a CC&model potential approacfil2] and a

reproduce even the shapes of the measured T)€|S®e- .
spite these lasting difficulties on He, which require still moreTDCC+pseudopotent|al approaghi3]. These two methods

efforts of experimentalists and theorists, the interest has hd1aVe also been used to predict singly and triply differential
gun to move to alternative targets. cross sections. All these experimental and theoretical results

Alkaline-earth-metal atoms, with a diffuse and weakly &€ in very reasonable agreement with each other. However,
boundns? valence shell outside a compact and tightly boundtheir respective interpretations lead to a rather muddled pic-
closed-shell core, represent the next level of complexity fronfure of the behavior of the escaping electron pair in Be com-
the theoretical point of view: actually, the direct DPI of the pared to He, a topic that contributes importantly to the sig-
valence shell is likely to be described reasonably well withinnificance of these studies. It is therefore worth considering
a two-electron approach, based on a modelization of théhe Be DPI problem once more. This is done here by com-
core-valence interaction. bining the HRM-SOW method with a model potential ap-

Preliminary calculations were performed as early as 1994roach as explained in Sec. Il. In Sec. Ill, we discuss the
[7], but only in 1997 qualitatively reasonable results wereconvergence conditions of the calculation in relation with the
obtained within the extended Wannier ridge mod&IVRM) He case. Fully integrated cross sections are presented in Sec.
[8]. The angular correlation patterns of the alkaline-earth4V and differential cross sections are in Sec. V, respectively.
metal atoms obtained using this method showed deviationSpecial emphasis is put on the comparison between Be and
from the He case. However, EWRM was unable to provide &He as well as on the comparison between the present work
rigorous analysis of these differences. Later on, a preliminarand the previous recent experimental and theoretical studies.
version of HRM-SOW was applied to €8], confirming that ~ Atomic units and radians are used everywhere unless other-
this alkaline-earth-metal atom could show a behavior differwise stated.

1050-2947/2003/64)/04270911)/$20.00 67 042709-1 ©2003 The American Physical Society



CITRINI et al. PHYSICAL REVIEW A 67, 042709 (2003

Il. GENERALIZATION OF THE HRM-SOW METHOD e ¢2 02
TO THE Be CASE Q)= —F——— 4 — 2
da”  (sinw)? (cosa)?

(4)
A. A short sketch of the HRM-SOW method

The HRM-SOW method14,5,4 has been designed to ¢2 and ¢2 being the squared angular momenta associated
deal with the one-photon ionization of two-electron systemswith the two electrons. The three-bodyHe?* -e potential is
above the double-ionization threshold. It allows to calculatewritten as the quotient of an angle-dependent effective
the stationary staté,(r;,r,) that is reached after photoab- chargeV(Qs) by the hyper-radiu®, a form that emphasizes
sorption by solving the stationary inhomogeneous equationits Coulombic nature. The effective charge is given by

(Ho=E)®1(r1,15)=Wg(r,r) (1) W= = L ! )

. y cosa sina V1-sin2a cosby,
for outgoing waves boundary conditiok,, denotes the two- “« 12

electron Hamiltonian of whicho(ry,r») is the ground-state  \yherez is the nuclear charge an,=cos X(ry-ro/rir,) is
wave function of energyE,. E is the total energy of the the angle between the ejection directions of the two elec-
system, that is related &, by E=Eq+w, o being the ons, also referred to as the angular correlation angle. The
frequency of the incident light. The excess energy above thgesolution scheme is based upon partitioning the configura-
DPI thresholdl** is shared between the two electrons ac-tion space into two regions separated by the hypersurface
cording toE—12* =E;+E,, E;, andE;, being the energies defined byR=R,.

of the two electrons. In what follows, we consider the plain  \ve  first extract the photoabsorption  state
case where the incident radiation is 100% linearly polarizedg, (R, ;0 ,,0,) on this hypersurface using @R-matrix

the study of which provides the sufficient basis for the treatypproach that takes advantage of the properties of the adia-
ment of more complex situations. The inhomogeneous terMytic angular basis defined B=R,. In this process, we

on the right-hand side, which acts as a source term, is thefyroduce the homogeneous counterpart of E3). that is
given by made Hermitic over the finite inner regi®<R, by adding

the appropriate surface operator on the left-hand side. The
main numerical task is then to compute the eigenvakjes
and eigenvectorsPX of the operator that figures on the
left-hand side of this modified equation. To this end,

where &, is the amplitude of the electric field vectd(t) W€ Use a six-dimensional ~basis set —comprising:
n, gerade and ungerade bipolar harmonics

= — . . H )

=¢&ycoswt, andDg is the dipole operator, the expression of _

which iswgauge dGependent.p P P {0V8%1(Q1,92) V% ,1(Q1,92),€=0,1, ... n— 1},
Equation (1) is solved using hyperspherical coordinates

including the hyper-radiu9=\/r21+ r22 and a set of five ¢ i o coupled to ah=1, M=0 resultant;(ii) n,

angles, denoted bf)s, that comprises(i) the hyperangle gorade and ungerade Fourier-type basis functions of period

a=arctan(,/rp), also referred to as the radial correlation jo5q than or equal te/2 adapted to the boundary conditions
angle, and(ii) the spherical angle$);=(¥;,¢;) and Q, prevail within each ¢ subspace {9w(a)
=(7,,¢,) that specify the ejection directions of the two — (sinacosa)'*icos (ha), n=0 n -1 “w?(a)
electrons in the laboratory frame with thexis taken along — (sinecose)'sin (4na) ’n= 1 ’ n '}'_ @ an(’j (m)“ n
the polarization direction. Note that, if only one radial dis- Lagrange-Jacobi functiohsvhic’h' é[.)r,;mathe interval of var"Jia-
tance,r, or r,, tends towards infinity, which corresponds to tion [0,1] of the reduced hyper-radiys=R/R
;ingle ionizations tends towar_ds_ﬁ? or 0,.respectively. But The, second step, based on a semiclassigél treatment of the
if both r, and r, tend toward§ 'T‘f'”"yv which corresponds to R motion, consists of propagating the photoabsorption state
DPI, thena tends towards a finite value related to the energyfrom R=R, to R=R..,, throughout the external regioR

H — 0 — "‘max
sharing =~ between the two electrons, namely >Ry. To this end®, is expanded om; gerade and unger-

—tan Y(VE,/E,). . , ) ) .
To f(acili%[ateZ) future explanations, let us introduce ade bipolar harmonics and onng-point « grid of variable

®(R; Qs) = R5Zsin(22) D, (R: Q) and DC(R; ) stepsize that allows one to take proper account of the singu-

AR et a0 mor oy eheer of e portalin vy o0 ez

N 1. . . -
‘I’G(rlyrz):_E(go'DG)‘I’o(rl,rz), (2

respectively, symmetric and antisymmetric in the exchange
of the two electrons, the angular momentaand ¢+ 1

as D ,(R,a;Q4,0)) is obtained over a hyperspheRes R4 Of
very large hyper-radius: typicallRm.=10° to 1¢f a.u. This
B Eﬂ_ZJr 1 7(Qs) _i+ V(Qs) _E|oROy) allows one to extract all single- and double-ionization cross
2R 2 R2 8R2 R oTe sections directly fromb; without relying upon approximate
=DC(R; Q). ()
These functions were improperly referred to as Lagrange-
7(Qs) is the angular kinetic-energy operator, given by Gegenbauer functions in Reb].
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asymptotic representations of the various continuum charcore electrons, including the associated orthogonality con-
nels. This method being explained in detail in R¢fs6], we  straints, so that their elimination can be considered complete.
focus here on the modifications needed to pass on framm  The price to pay is that the behavior of the valence electrons
two-electron systems, such as He or its isoelectronic ions, tm the core region is oversimplified, which is very likely to
guasttwo-electron systems such as the alkaline-earths-metd¢ad to gauge dependence in the calculation of electromag-
atoms. netic transition rates. Conversely, model potentials do not
prevent the electrons to collapse into the core. This leads to
the appearance of superfluous, possibly unphysical states,
B. Alkaline-earth-metal atoms as quasi-two-electron systems  sometimes referred to as virtual states. These states can be
In alkaline-earth-metal atoms actually, the valene? or- _easily identiﬁ_ed and elimina_ted. The only t_rogble with them
bital is well separated from the core orbitals on the coordi/S Of & technical nature: their proper description may be nu-
nate scale as well as on the energy scale. This is well illusMerically more demanding than that of the physical states of
trated, in the Be case under study, by the very different ragiinterest. But the definite advantage of model po.tent|als is that
of maximum charge density and the very different energieéhey retain the complexity of the valence orbitals at short

associated with the core and valence orbital in the Hartred@nge. Accordingly, they are likely to preserve the gauge in-
Fock (HF) limit [15]: r,.=0.14 a.u. versus,=1.1 a.u.; dependence of the calculated photoionization cross sections.

€1.~=—4.73 a.u. versuse,.=—0.31 a.u. Accordingly, in This has led us to choose a model potential approach.

many low-energy excitation processes, the core electrons are PU€ 10 its simplicity, we have chosen for this first calcu-
likely to behave as spectators, while the valence electrons atglion the model potential derived by Bachatial. [19],
the actual performers. It is then natural to restrict the explicitVich takes the one-parameter local and central form
treatment to the active valence electrons—the passive core _
: . . . (Z=N¢) N

electrons, which act as a polarizable electronic cloud shield- V(r)=——————(1+yr)exp—2yr), (6)
ing the nuclear charge, being described by an appropriate r r
effective potential. Effective core potentials fall into two
families. where N.=2 is the number of core electrons angd

Model potentialssimulate the combined effect of the =2.333710 a.u. This potential modelizes the interaction be-
screened nuclear attraction and the core polarization. Thetyveen the valence electron and the doubly charged ionic core
are given usually by relatively simple analytic expressiongormed by the nucleus and the core electrons.
depending on a few parameters. The latter are adjusted so
that the resolution of the one-electron Salinger equation
for the model potential yields eigenvalues in fair agreement
with the valence and as many known excited levels of the Three formal modifications are then required to generalize
(core + 1 electron system as possible. Note that this opti- the HRM-SOW method to the case of Be.
mization does not guarantee that the lowest eigenvalues of First, one has to replace the raw nuclear attraction
the one-electron Schdinger equation give a correct repre- —Z/r1—Z/r, by the screened nuclear attractiafy,(r)
sentation of the core levels. Nor does it secure the accuracy Vm(r2) in Ho on the left-hand side of Eq1). This leads
of the valence and excited orbitals thoroughly: one shoul®ne to replacel({}s) in Eqg. (5) by a modified effective
keep in mind that these orbitals are only bound to generateharge, denoted by({)s), which can be written from Egs.
the correct energies and to present the correct number @%) and(6) as
nodes. Their accuracy has not been checked with respect to
any other property. — (Z—=Ng) (Z—Np) 1

Pseudopotentiajsas compared with model potentials, in- V(ds)=— cosa  sina + J1—sin 2a cosfy,
corporate one physical effect more, namely, the orthogonal-

C. Moadifications of HRM-SOW required in the Be case

ity of the valence orbitals to the core orbitals. They are ob- exp(—2yRcosa) exp—2yRsina)
tained as the exact solutions of amverse problemthat —Ne cosa + sina

allows some arbitrariness. Actually, a pseudopotential is de-

fined to ensure that) the lowest eigenvalue of the associ- —N¢yR[exp(—2 yR cosa) +exp—2yRsina)].

ated one-electron Schiimger equation coincides with the
valence level of thdcore + 1 electron system;(ii) the as-
sociated nodeless orbital—calledpaeudo-orbital-is iden- . _ -
tical with the true valence orbital in the valence region; andThe calculation of the matrix elements of the additional
(iii ) it has, in the complementary core region, some arbitraryerms that appear above in the basis set presented in Sec. Il A
smooth behavior chosen for computational convenience. Th@0es not present any special difficulty.
construction of pseudopotentials has been optimized from Second, one has to replace the Hylleraas-type ground-
first principles, and the extended sets of them are now avaiktate wave functionVy(r,r,) of He on the right-hand side
able for all atoms in the periodic systdrih6—-19. of Eq. (2) by a two-electron ground-state wave function of
So, if model potentials and pseudopotentials both “elimi-Be, consistent with the model potential chosen.
nate” the core electrons in some sense, they do it to different We have calculated thigalence-onlyground-state wave
extents. Pseudopotentials incorporate all the effects of thiunction of Be by the configuration interactid@l) method.

)
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FIG. 1. Surface plots of the squared modulimsa.u) of the 'S ground-state wave function of Heeft plot) and of theS valence-only
ground-state wave function of Beght plot) atR=1.5 a.u. andR=5 a.u., respectively. The radial and angular correlation angles are given
in radians.

The two-electron'S configuration state functions included in ences in the initial states of the electron pair will affect the
the Cl expansion are built from the valence and excited orDPI cross sections significantly.

bitals of the one-electron Hamiltonian associated with the The third and last modifications required concern the ex-
potential V,(r). The exclusion of the core-type virtual or- pression of the dipole operator in the acceleration gauge. The

bital 1s prevents any collapse of the two-electron wave funcJatter indeed is given in full generalify23] by

tion to the core. The monoelectronic orbitals are computed 1

using the Lagrange-mesh technique. Accordingly, the radial 2 _ s v

orbitals are expanded on a basis MfLagrange-Laguerre Da=52(VVHV2V), ®
functions and the radial coordinate is scaled by a parameter

h=2r hax/(Xy+Xys1) Chosen to ensure that the set of scaledwhereV is the potential experienced by any electron in the
knotshx,,hx,, ... ,hxy of the Laguerre mesh spans the in- pair, while the other is away. This potential is the pure Cou-
terval [0 ., adequately. The matrix elements are calcu-lombic potential—Z/r for He, but for Be, it is the model
lated using the Gauss quadrature associated with thgotentialV,,(r). TheR 2 scaling ofD , observed in He thus
Lagrange-mesh. They are given accordingly by compact anatisappears in Be. So does the common idea that the accel-
lytical formulas involving the values of the potential at the eration gauge given by E@8), compared with the velocity
scaled knots, the values of the knots themselves, and thgauge

dimension of the mesh. All details of the numerical approach

are given in Ref[20] in the illustrative case of Ca. Here, .1 .

usingr na=15, N=20, and a full Cl including orbitals from DVZZ(V1+V2)' ©)
€=0 to¢{=6, we have obtained a two-electron ground-state

wave function of Be, the energlf, of which—measured “zooms” on a region of space closer to the nucleus. The
with respect to the Be€ ground-state—is—1.0128 a.u., respective actions of the two operators on the initial-state
compared to the experimental value f..0115 a.u[21]. wave function yet remain very different, one involving the

A surface plot of the squared modulus of this wave func-product of the wave function by the gradient of the potential,
tion atR=5 a.u.=5r,4(Be) as a function ob;, anda is  and the other the gradient of the wave function itself. The use
given in Fig. 1. It shows more pronounced structures withof both in parallel thus constitutes a significant check of the
respect to these angular and radial correlation angles than igimerical accuracy of the calculation.

He counterpart plotted besides fiBr=1.5 a.u.=5r4(He).
This is a graphical illustration of the increased importance of
electronic correlations in thes2valence shell of Be com-
pared to the & valence shell of He.

The ratioES/E,=1—ELF/E, is another, global, measure  Once the three modifications discussed above have been
of the strength of these correlations. In this rafig, is the ~ implemented, the DPI calculation proceeds as in He. How-
correlation energy of the valence electron pair, defined as théver, a comparison of the three-body potentials involved in
difference between its total enerdsy, and the HF approxi- the Be case and in the He case leads one to anticipate differ-
mation EJF of the latter, all energies being defined with re- €nt convergence conditions of the calculation for these two
spect to the double-ionization limit. This ratio can be evalu-atoms. Figure 2 shows cuts of theséie”*-e ande-Be? " -e
ated at 1.4% for He and at 4.6% for Be from Refs.potentials({s)/R andV(Qs)/R along,,= , for various
[15,21,23. According to this estimate, correlations in the values ofR, as a function otx. As these potentials are sym-
valence electron pair are then about three times more effeenetric with respect tax= w/4, we restrict their representa-
tive in Be than in He. We shall see soon that these differtion to the « interval [0,7/4] on the left plot. Clearly, the

Ill. CONVERGENCE OF THE CALCULATION IN Be
COMPARED TO He
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FIG. 2. Cuts of the three-body potential surfaces associated willsdiel lines and He(dashed lingsalong ,,= 7 for R=5, 10, 15,
and 20 a.u. from bottom to top on the left plot, and R 15 a.u. on the right plot. The horizontal segments on the right plot indicate the
positions of the deepest adiabatic levels in(Belid lineg and in He(dashed ling

two potentials coincide on am interval, centered at/4, the  where cuts of these potential surfaces alofg= = are
width of which increases aR increases. Conversely, the Be available. In He, the lowest adiabatic level, which corre-
potential appears as much more attractive than the He orgponds to the system formed by one electron a dist&gce
within two « intervals, located abouttr=0 and m/2, the  away from He" in its ground-state, lies at 2.07 a.u. Figure
widths of which decrease aincreases. FoR equal to the 2 shows that the associated state extends over a region of
hyper-radiusRy=r =15 a.u. of the inner region used in about 0.067-rad wide im at 6;,= 7. In Be, the three lowest
the present HRM-SOW calculation, the two potentials depargdiabatic states lie at 10.76, —4.27, and—0.73 a.u., re-
from each other only in two intervals of width of 0.067 rad spectively, their associated widths at 6,,= 7 being 0.02,
abouta=0 and /2 (see right plot 0.04, and 0.2 rad.. The lowest two are non physical virtual
This « interval where He and Be can be distinguishedstates resulting from the use of a model potential that does
shrinks asR increases. Moreover, the wave functions of thenot prevent the collapse of any of the two electrons to the
electron pair scale as‘** and (7/2—a)“** in the vicinity  core. The third is the one that can be interpreted physically as
of @=0 and#/2 respectively( being the angular momen- corresponding to one electron a distafgeaway from Be
tum of one electron. So, &increases fronR,, the escaping in its ground-state. The appearance of compact tightly bound
electron pair becomes rapidly insensitive to the differencesirtual states makes the inner regidd-matrix treatment
between the two cores left behind. This is why thdernal  more demanding numerically. Actually, theh function in
region calculation converges for the same parameters in Bgur a-basis set has a periof],= 7/2n which equals 0.039
and He, namelyn;=25n,=1000Rm,=10" to 1C° for ex-  rad for n=40. This is clearly adequate for describing the
cess energies above the threshold ranging from a few tens @west adiabatic state in He, that extends over about 0.067
eV to a few eV. rad, but not the lowest one in Be, since it is only 0.02-rad
By contrast, the differences between the two targets dyide in «. One understands easily that 60, yielding 720
modify theinner regioncalculation. They do not affect the = 026 rad, is more appropriate.
size of the Lagrange-Jacobi mesh used to describe the re- Before closing these technical considerations, let us come
duced hyper-radiup=R/R, nor the number of one-electron pack to the number of one-electron angular momenta in-
angular momenta required, which are givenrgy=23, for  cyded. It was pointed out in Refil2,13 that more partial
Ro=15 a.u., anch,=5, respectively. But they influence the waves were needed in Be than in He in order to obtain con-
number of Fourier-typer-basis functions, which has to be verged TDCSs using the CCC and TDCC methods: namely,
increased significantly, namely from aboyt=40 for He to n,=7 was required in Be while,=4 had proved enough
aboutn, =60 for Be. This is not surprising since the slope of for He. We have checked here that increasipgrom 5 to 7
the potential with respect ta is larger in Be than in He by in the inner region while keeping,=25 in the external
about a factor of 2 in the singular regions around0 and  yegjon has no significant effect on the TDCSs obtained using
/2. ) ) the HRM-SOW approach. There is in fact no contradiction
Another way to look at these different computational re-petween these apparently opposite remarks. Actually, in CCC
quirements of He and Be is to consider the adiabatic energiegnd TDCC, the numerical calculation involves a unique re-
computed on the hypersurfaBe=R,= 15 a.u. in both cases. gjon of space that extends over about 100 a.u. In HRM-
These adiabatic energies are solutions of the eigenvalusow, by contrast, two different regions are considered, a
equation deduced from E¢3) by suppressing the inhomo- small inner region of 15 a.u. extension, and a very large
geneous term and the partial derivative with respe® &md  complementary outer region that reaches distances of the or-
settingR=R,. They can be viewed as bound levels in theder of 16 a.u. It is therefore not surprising that the number
potential wells V(Q5)/Ry and V(Q5)/Ry at Ry=15 a.u. of partial waves needed in CCC and TDC@,€7) is
Their positions are represented on the right plot of Fig. 2bracketed by those used in HRM-SOW in the inner region

042709-5



CITRINI et al. PHYSICAL REVIEW A 67, 042709 (2003

(n¢=5) and in the outer regiom( = 25), respectively. This L2 T T
only indicates that this number increases with the size of the
system. This is consistent with the fact that for infinite mu-
tual distances of the three particles, the two electrons will
behave as free particles associated with plane waves, the <
partial-wave expansion of which involves an infinite number b§ 04 | RN
= Xy

M
' BT P

of terms.

IV. FULLY INTEGRATED CROSS SECTIONS 0 20 40

The analysis of the wave function &, into adiabatic L7171
components has already been considered in Sec. Ill. Its main
features, in the Be case, are the followirig:the two lowest [
components, denoted b$) A=1,2, are related to single o> |
ionization to unphysical virtual states of the ion that appear E 05|
due to the use of a model potentiél; the third component o i
(Df is associated with single ionization to the ground state of [
the ion; (iii ) the identification of adiabatic components with R
virtual or physical outgoing channels of the photoabsorption 0

; o 0 20 40
process cannot be pushed further since the remaining chan- E-T" (V)
nels, namely, single ionization with excitation and double
ionization, are still tightly coupled together &,;. Let us FIG. 3. Top, total photoionization cross section, in Mb, as a
now introduced}=®d,— E;‘quﬂl‘ . Following the analysis function of the excess energy above the double-ionization threshold
reminded above, the fully integrated cross secti@®) for  in eV. Triangles with error bars, measurements on[BH; solid
total (single + doublg ionization can be deduced from the lines, HRM-SOW calculations on Be in the V, andA gaugedsee

flux of ®2 throuah the hvpersurfacB=R . the ICS for text); dotted lines, CCC calculations on Be in theandV gauges
1 9 yp 0 (see text, small dots with error bars, measurements on[E2€].

single lonlgatlon without excitation from the flux oby Bottom, single-photoionization cross section to the ground state of
th_ZOUQh this same hypersurface, and we have t_o propagafﬁe ion, in Mb, as a function of the excess energy above the double-
@7 from Ry to Ryax, before we can extract the various crossipnization threshold in eV. Solid lines, HRM-SOW calculations on
sections associated with all other excitation and/or ionizatiorBe in theL, V, andA gauges; dotted lines, CCC calculations in the
processes. The DPI cross sections, in particular, will be ext andV gauges; small dots with error bars, measuremg2aison
tracted from the flux of the propagated wave functionHe.

through the hypersurfad@= R, for a#0,7/2.

energy side. The differences between the two methods can be
attributed to the different modelizations of the core used in

A. Total photoionization each case.

The top plot of Fig. 3 shows the tot&single+double
photoionization ICS from 2 to 53 eV above the double-
ionization threshold. The present calculations in the velocity This cross section is displayed on the bottom plot of Fig.
V and acceleratiorA gauges cannot be distinguished from 3 in the same 2-53 eV energy range above the DPI threshold
each other at the scale of the figure. They agree well with th@s before. The. andV calculations cannot be distinguished
corresponding length calculation, that lies sligthly higher, at the scale of the figure, while the A calculation lies a bit
the more so the lower the energy, and with the only set ofower. No measurements are available for this quantity, but
measurements availall1]. Note that the latter is not abso- CCC calculations have been performed, which are given in

lute: it is deduced from measurements of the double to singlf1® L (upper curvg and V (lower curve form. This plot
photoionization ratio using the absolute scale provided b rovides additional evidence of a similar behavior of the two

previous calculations of the single photoionization IcsSets of calculations with respect to a change of gauge. How-

[24,25. CCC calculation$12] have also been performed in SVE": the CCC approach predicts a higher single ionization
a n",nod.el potential approach where the? Core is supposed without excitation cross section than the present approach,

. while it predicted a slightly lower total ionization cross sec-
to be frozen in the HF. ground state of Be[26]. The tion. These disagreements will add to each other when the
valence-only wave function of the Be ground-state is the

computed in a MCHRmulticonfigurational Hartree-Fogk total DPI cross section will be considered.
approximation. The CCC results in thegauge lie very close
to our V and A curves, although sligthly below. The CCC
curve in theV gauge lies still a bit lower. The behavior of the ~ The ICS for DPI is represented on Fig. 4 along with the
two methods with respect to a change of gauge is very simienly measurement availabJé1] and the most recent calcu-
lar: the results are little altered, with tlhegauge calculation lations [12,13. In the TDCC calculation, a homemade
leading to a higher total cross section, especially on the lowpseudopotential is used, which forbids any reasonable de-

B. Single ionization without excitation

C. Double photoionization
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DPI threshold27-29. They display the same overall behav-
ior as their Be counterparts. However, on the three figures,
the He curves lie below the Be ones at low energy, come
closer to them as energy increases, and finally seem to cross
them at the upper bound of the energy interval studied. We
have seen already in Sec. Il that the potential experienced
by the outgoing electron pair is the same for He and Be at
large R. The differences pointed out above between the He
and Be ICSs then originate in the smRlfegion to which we
s b b aa b focus now.
0 0, 40 60 A few eV from the threshold, the enerdyis negligible
E-1"(V) with respect to both the-He?"-e and thee-Be?* -e three-

FIG. 4. Total DPI cross section, in kb, as a function of the 00dy potentials that govern the motion of the escaping elec-
excess energy above the DPI threshold, in eV. Full triangles witirons at smalR. As a result, the outgoing electron pair does
errors bars, Be measuremeftd]; empty circles, HRM-SOW cal- not distinguish between the two ions left behind. The differ-
culations on Be in thé&, V, and A gauges; empty diamonds, CCC ences observed between the He and Be ICSs should then
calculations on Be in thé and V gauges[12]; empty squares, derive from the different characteristics of the initial states.
TDCC calculation on Be in the gauge{13]; small dots with error | thjs respect, one important feature of the Be ground-state
bars, He measuremer{i9]. is that it is much more diffusive than the He ground state,

scription of the short range dynamics. Accordingly, the re-which should resultin a better overlap with the final single or
sults are presented only in thegauge. The CCC calcula- double continuum state. This could explain why the Be ICSs
tions, based on a frozen core model potential, are available idlominate the He ICSs at low energy in each of the three
theL andV gauges, and the present HRM-SOW calculationschannels considered, be it total ionization, single ionization
which rely upon an empirically adjusted model potential, inwithout excitation, or double ionization. Another character-
theL, V, andA gauges. istic of the initial state plays a role in the DPI channel. Ac-
The present calculations show a very weak gauge depeRga|ly, DPI being boosted by the electronic correlations in the
dence. They fallithin the experimental errors bars at the jnitia| state, the initial state’s more correlated structure of Be
two highest energies where the cross section has been m%’dmpared to He(see Sec. )l might also contribute to the

sgrgd buﬁbovgthes_e error bars at the two onvest energies. Aincrease of the DPI ICS observed in Be with respect to He in
similar overestimation of the DP!I cross section by the HRM-, . low-energy range.

SOW method was observed before in He below 5BV It At a few tens of eV above the threshold, by contrast, the

probably reflects a limitation of the present implementation . :
of the HRM-SOW method, which does not allow to increaseSN€"9Y E becomes comparable in magnitude to the three-

the size of the inner region up to the values that would bé)ody potentials that determine the dynamics of the electron

needed at very low energies. Progress is being done in thRair at smgIIR. Accordingly, the two electrons feel the stron-
respect at the moment. The CCC calculations show a mor8€r attraction of the Be core compared to the He nucleus,
pronounced gauge dependence than the present ones. TH¥(ich makes the single or double escape more difficult for
were not performed at the experimental energies, yet a quicR€. The higher ICSs observed in He with respect to Be on
by-eye interpolation shows that the segment which connectdie high-energy side then reveals that, far from the threshold,
the L result to the corresponding one would overlap the this final-state effect predominates over the initial-state ef-
experimental error bars at all measured energies. The TDCECts discussed just above.

results also look consistent with the experimental data and

the CCC calculations in the restricted 10—40 eV range where V. DIFFERENTIAL CROSS SECTIONS

they are available. It is not possible to locate the maximum
of the cross section precisely based on the present data. Frq
the experimental points, one would locate it above 12.5 e
and, from both the CCC and HRM-SOW calculations, be-

tween 7.5 and 12.5 eV. No estimate of the position of theformed at 20 eV above the threshold, for the sake of com-

maximum can be obtained from TDCC due to the lack Ofparison with the numerous He data obtained at this energy.
points on the low-energy side Whether this energy is the most likely to be studied in future

It is worth observing that the scattering of the variousd'ﬁerent'al experiments on Be is not completely clear: on

calculations available is of the same order of magnitude ?ﬁ_‘ne side, it does not correspond to the expected maximum of

the experimental error bars. This can be considered satis 'tﬁ DPI.(;CStgordB?’ e;!thou?k][r:t dpes sg fcl)r Te’ bu't On”t?ﬁ
ing by giving the very different treatments used in each case el slde, the detection of the 1onized electrons IS all the
fore easy the higher their energy. As a result, we have cho-
sen to favor the possibility of comparing our data with those
of other theories and with the He measurements, and we
Figures 3 and 4 also contain the experimental ICSs megresent below a set of Be DPI differential cross sections

sured for He with respect to the excess energy above the Hgbtained at this excess energy of 20 eV.
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For the time being, no measurements have been made of
e differential DPI cross sections of Be. Only theoretical
talculations are availablg§12,13, which have been per-

D. He compared to Be
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field. As for the SDCSs seen above, the gauge dependence of
the BeB parameters obtained from HRM-SOW is weake

the bottom of Fig. 5 Compared to the H@ parameter, that
never departs markedly from zero, the B@arameter shows
much larger variations with respect to the energy sharing.
The minimum value ofB is —0.6 for Be compared to
—0.2 for He, which indicates that stronger electronic corre-
lations can be observed in Be. Tigeparameter thus allows
one to estimate the relative strength of correlations in multi-
electronic systems, which is a valuable information, without
calling upon sophisticated coincidence techniques. Despite
these advantages, it has only rarely been considered by ex-
perimentalists. We hope that the present results will be a
stimulus for future measurements.

SDCS (kb/eV)

C. TDCS

L The TDCSs we present now have been obtained assuming
0 5 10 15 20 linear polarization. Their dependence upon the experimen-
E (V) tally measured quantities—energies and angles referred to

_ _ _ o the laboratory frame, is enlightened by the well-known ex-
FIG. 5. Top, singly differential DPI cross section in kb/eV ver- pression

sus the energy of one electron in eV. Solid line, HRM-SOW calcu-

lation for Be in theL gauge; dashed line, same in thegauge; d3o

long-dashed line, same in tidegauge; dotted line, TDCC calcula- A0 dO0.dE. IAg(El ,E5,015)(cOST 4+ Ccosdy,)
tion for Be in theL gauge[13]; dashed-dotted line, HRM-SOW 15e52R =

-1

calculation for He[5]. Bottom, dimensionlesg parameter for the +AU(E11E2!012)(COS191_C05192)|21
doubly differential DPI cross section versus the energy of one elec-

tron in eV. Solid line, HRM-SOW calculation for Be in thegauge; (10
dashed line, same in thé gauge; long-dashed line, same in the

gauge; dashed-dotted line, HRM-SOW calculation for[HE derived by Huetz and co-workef80], where geometric and

dynamic factors are separated conveniently, completed by
A SDCS the geometric relation

The singly differential cross sectiqisDC9 presented at €0Sf,,=C0S¥,C0SY,+ sind;Sin¥,c0se with
the top of Fig. 5 informs one about the sharing of the energy

between the two electrons. The gauge dependence of the
HRM-SOW results is weak. Only does the A-gauge curve
show more pronounced oscillations than theandL-gauge
ones, which are almost flat, as in the He case that is al
represented for the record. Thegauge TDCC[13] result
lies a bit lower, as expected from the lower ICS obtaine

using this methodsee Fig. 4. It also has a different shape, ere to the_ e_xcha_nge_ of t_heir ene_rgies, sirgg, d(_efined
that looks like parabolic, with a relatively pronounced Cor]_over[O,w], is invariant in this operation. They contain all the

cavity. This is clearly different from the shapes obtaineddynamic information about the system. Their dependence on

from HRM-SOW, accurate fits of which cannot be obtainedthe energy ratice, /E is a ma_nifes_tation of the_radial cor-
usually with polynomials of degree less than 6 relations in the electronic pair. It is worth noting that the
| ungerade component vanishes at equal energy sharing lead-

ing to a very simple expression of the observed TDCS. The
two amplitudes have a maximum &,= 7 and cancel down
The doubly differential cross sectig®DCS) can be ex- to zero atf,,=0, which reflects the effect of the electronic
pressed in terms of the SDCS and the dimensionless asymangular correlations that push the ejection directions of the
metry parameteB(E, ,E,) [see Eq(40) of [5]]. The DDCS two electrons away from each other. Actually, the width of
being positive,8 ranges from—1 to +2. The value+2  the 6, interval where these amplitudes have a significant
yields, for the only electron detected, a ®dsangular dis- magnitude is related to the strength of angular correlations:
tribution which favors emission along the electric field. Thethe wider this width, the weaker the angular correlations.
value 0 provides an isotropic distribution. The valuel Much efforts have been invested accordingly to quantify this
leads to a sifi; distribution where the emission occurs pref- qualitative picturd31]. They have proved particularly suc-
erentially in the direction perpendicular to the electric field.cessful as to the gerade amplitude that is of special impor-
This is a manifestation of the electronic correlations whichtance, since it is the dominant amplitude in most cases, and
prevent the electrons from simply following the externalthe only contributing one at equal-energy sharing. It has been

P=@1— 3. (11

Sghe gerade and ungerade complex amplitudes
Aq(E1,E5,019) and A(E,,E;, 0,y are, respectively, even
nd odd in the exchange of the two electrons, which reduces

B. DDCS
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FIG. 6. TDCSs for the direct DPI of Be at 20 eV above thresh-  FIG. 7. TDCSs for the direct DPI of Be and He at 20 eV above
old in b/eVAsn?2. Linear polarization and perpendicular geometry threshold in b/eMsn?. Linear polarization and perpendicular ge-
are assumeckee text Solid lines, HRM-SOW calculation in thie ometry are assume@ee text Thick solid lines, HRM-SOW cal-
gauge; dashed line, same in tMeyauge; long-dashed line, same in culation in theL gauge for Be; thin solid lines, same as before but
the A gauge; dotted line, TDCC calculation in thegauge[13]. for He; thin dashed line, same as before but rescaled to the Be

peaks; thin dotted line on the top left plot, Gaussian ansatz
shown indeed that the;, dependence dt4,|* can be effec- ~ (see text
tively approximated by the Gaussian form

respectively. The two electrons are emitted in the plane per-
41In2(6,,—m)? pendicular to the linearly polarized photon bedperpen-
'4(E,,E,) dicular geometry, and one of them is ejected at various
(12)  angles from the electric field, ranging froth, =0 to 30, 60,
and 90°. This series of graphs thus covers a wide range of
that depends on two parameters: an overall scaling fagtor different dynamic situations. The, V, and A-gauge HRM-
that is not of much interest to us here, and the wilith SOW calculations are represented along with thgauge
which provides us with the expected quantitative measure ofDCC calculation. At equal energy sharing, the effect of a
the strength of angular correlations. Both these parameterhange of gauge reduces essentially to a rescaling of the
are usually assumed to be independent of the energy sharingRM-SOW TDCSs by 15% at most. Conversely, at unequal
The TDCS presented in Figs. 6 and 7 have been obtaineenergy sharing, the change of gauge has more significant
from Eqg. (10) using the A4 and A, amplitudes that are ex- consequences, since it modifies the shapes of the secondary
tracted directly from the HRM-SOW wave function obtained structures and alters the height of the main peak by as much
at R, They have been averaged over the,¥,, and ¢ as 25% wherk;/E=0.35. The overall agreement between
angular sectors over which the experimental He data werthe HRM-SOW and TDCC calculations is quite reasonable.
accumulated in Ref.1], as was done with previously com- They depart from each other more markedly for equal energy
puted He TDCSs, in order to make the comparison betweegharing at;=0°, where the heights of the peaks differ by
He and Be as relevant as possible. As a result of this aveas much as 30%, and for unequal energy sharings where the
aging process, the exact nodes that are expected for antipaecondary structures take different shapes and magnitudes.
allel emission at equal energy sharing are partly smeared. This confirms that these two kinematics are particularly sen-
Complementarily, Eqs(10) and (12) have been adjusted sitive test cases for the theory as already noted in Fgf.

|~Ag(El1E2:012)|2_ag(E1:E2)eX% -

to the computed equal energy sharing TDCS9qat=0° in Figure 7 illustrates the same dynamic situations as Fig. 6
order to extract the empirical width paramelefor the sake but the TDCSs depicted correspond now to Be and He
of comparison with the value reported in REE2]. treated in the.-gauge HRM-SOW approach. The He TDCSs

Figure 6 shows a set of TDCSs obtained for various enappear systematically smaller than the Be ones, by factors
ergy sharings, characterized By /E=0.35, 0.5, and 0.65, that range from about 0.4 to about 0.65. This is consistent
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with the ratio 0" (He)/o®>" (Be)=0.66 of the computed pears as a more correlated two-electron system than He.
ICSs that can be estimated from Fig. 4 of this paper and from It is likely that the interest of experimentalists in alkaline-
Fig. 5 of Ref.[5]. The He TDCSs display the same overall earth metals will be boosted by these very promising calcu-
shape as the Be ones. The small differences are better apptations. The systematic study of the direct DPI process
ciated by comparing the Be TDCSs with the He ones resthrough the second column of the periodic table therefore
caled by the ratio of the Be peaks to the He ones. The abseems to be very much in the news. As one important moti-
scissa corresponding td,=3J;+ 7 is emphasized by a vation for such a study is to follow the evolution of the
vertical line. As announced above, the extension of thecorrelations in the electron pair as the size of the system
TDCSs away from this line is an inverse measure of theéncreases, we believe that some thinking is needed regarding
strength of the electronic correlations. A quick glance at Figthe definition and characterization of electronic correlations
7 thus convinces one that the effect of electronic correlation# the continuum. The Appendix below is an attempt to ini-
is more important in Be. If we put the Gaussian ansatz of Eqtiate a debate on this subject.

(12) with I'=68° anday=540 into Eq.(10), we obtain an

empirical TDCS that coincides with thab initio computed

one everywhere but in the largg- wings, as can be seen by ACKNOWLEDGMENTS

careful inspection of the top-left plot of Fig. 7. This value of . o
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evidences the agreement between TDCC and CCC calcula-
tions. This implies that the TDCC calculations support the
above conclusion too—despite inappropriate comments by
the authors focusing on the similarities between the two tar-
gets. The term of electron-electron correlations embodies all
physical effects occuring in multielectron systems and that
cannot be described within the independent-particle HF ap-
proximation. They cannot be identified with any specific
We have presented the first nonrestrictive HRM-SOW calterm in the multielectron Hamiltonian, and, in particular,
culation of the DPI of an alkaline earth-metal atom, namelythey cannot be identified with the electron-electron interac-
Be. Fully integrated, singly, doubly, and triply differential tion term2i<jri‘jl. To get the proper picture of the relation
cross sections are shown, which exhibit only a weak gaugbetween these two notions one has to remind oneself that the
dependence. The calculated ICSs are sligthly too large at thdF approximation takes a full account of the electron-nuclei
two lowest energies where the measurements have been pérteraction and a large but incomplete account of the
formed[11], yet they fall within the experimental error bars electron-electron interactions. Electron-electron correlation
at higher energies. The entire set of computed cross sectiorsfects can thus be viewed as those effects of the electron-
is in reasonable agreement with the other recent theoreticalectron interactions that baffle any independent-particle de-
data[12,13. This agreement is all the more remarkable thescription.
more different the different theories used: CCC, TDCC, and The next problem is how to estimate electronic correla-
HRM-SOW which have little in common indeed beyond thetions quantitatively.
use of the same four-dimensional basis of bipolar harmonics. The answer is clear for bound states where the correlation
Moreover, the valence-only descriptions of Be are also vergnergy, defined as the difference between the total energy
different in each case: the effective core potential is a homand its HF approximation, provides a global measure of
made pseudopotential in TDCC, a frozen-core HF potentiathese effects. It was used in Sec. Il to characterize the
in CCC, and an empirically adjusted model potential takerstrength of correlations in the initial states of He and Be.
from the literature in HRM-SOW. Also, the valence-only Note in passing that the effect of correlations is to lower the
ground-state wave functions of Be that enter the various cakotal energy with respect to the HF limit by minimizing the
culations result from very different computational schemeselectron-electron repulsion, so that strong correlations mean
relaxation in imaginary times on a two-dimensional radialweak electron-electron interactions.
grid in TDCC, MCHF in CCC, Cl in HRM-SOW—and they The correlation energy introduced above cannot be de-
lead to ground-state energies of different accuracies lyindined for continuum states. One could then consider the DPI
within 102 a.u. of the experimental value in TDCC and ICS 0", which is well known to be particularly sensitive to
within 102 a.u. in HRM-SOW, for instance. The relative correlations, as an alternative candidate. However, the mea-
stability of the DPI results with respect to such importantsure provided would be biased by the sensitivity of this
variations in the computational approaches, as well as witlgquantity to the correlations in the initial bound state. The
respect to the change of gauge in the HRM-SOW and CC@ouble to single photoionization ratie’* /o™, that is sensi-
cases, gives credit to the resulting picture of Be, which aptive to other effects than the correlation ones due to the

APPENDIX: ELECTRONIC INTERACTIONS
AND ELECTRONIC CORRELATIONS

VI. CONCLUSION

042709-10



DIRECT DOUBLE PHOTOIONIZATION OF THE . .. PHYSICAL REVIEW A 67, 042709 (2003

presence of the single-ionization cross sectianfortiori radial and angular correlation anglesespectively, and by
does not provide a proper alternative either. The quantitiethe use of the width parameté&rto evaluate angular corre-
which are used here to characterize correlations in the corations quantitatively. Yet we acknowledge that this measure
tinuum are the dependences of the wave function on the cobf the correlations has never received fully satisfying formal
lective variablesae and #,,. They can be used in bound justifications. To our knowledge indeed, mathematically
states as well. This approach is consistent with the physicaigorous and physically convenieaharacterization of a two-
intuition. It is also well established by common practice, aselectron independent particle wave function, or, conversely,
evidenced by the current characterizationcofand 6,, as  of a two-electron correlated wave function, is still lacking.
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