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Frozen-core model of the double photoionization of beryllium
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We calculate the ionization-exitation and double ionization cross sections of the vahskell of beryl-
lium. Our model combines a multiconfiguration Hartree-Fock expansion of the beryllium atom ground state
and a momentum space close-coupling expansion of the final ionized state. A near-complete set of negative and
positive energy pseudostates is employed to represent various singly and doubly ionized channels. The role of
the frozen ®2 core is elucidated by comparing the beryllium single and double photoionization cross sections
with those of the “hollow” helium Z? atom in which the 2 orbital is made orthogonal to the vacarg 1
orbital. The angular correlation in the two-electron continuum is studied by calculating the triply differential
cross section of Be at equal energy sharing between the photoelectrons.
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I. INTRODUCTION resonanc¢l,2]. These measurements have been analyzed in
subsequent theoretical papg-5]. However, a complete
Two-electron single-photon ionization processes includtheory of the DPI in the resonance region is still lacking
ing ionization with excitation(exitation photoionization, because of the complex nature of this process. Resonance-
EPI) and double photoionizatiofDPI) are only possible due free DPI in Ca has been measured very recd@yand this
to many-electron correlations. As such, these processes conew set of data awaits its theoretical interpretation.
stitute an ideal testing ground for various theoretical models Double ionization of Mg by electron impact has been
dealing with correlations. Most of the experimental and thestudied by El-Marjiet al. of the Maryland group with the
oretical studies of the two-electron photoionization haveview of obtaining the two-electron momentum dengify.
been peroformed so far on He. The helium atom is the simExperiments on the direct and resonant DPI of Be and Mg
plest two-electron target with no relevant structure of theare now underway at the Photon FactdB]. Theoretical
remaining H&™ ion. This considerably simplifies theoretical interpretation of the Be measurements will be the most
treatment and interpretation of experimental results. Othestraightforward since the valencs®2is very well separated
members of the helium isoelectronic sequence (", et9  from the 1s? core. Accordingly, there is good motivation for
can be treated with the same level of accuracy. Howevestudying the problem from a theoretical perspective. Here,
these targets are difficult to handle experimentally. we complement the study by Colgan and Pindzola, who used
There is another class of atomic targets, namely, thehe time-dependent close-coupling approach at a few ener-
alkaline-earth atoms, which can be treated, in some approxgies|[9], by a systematic study on a broad energy range by
mation, as two-electron systems. Indeed, a compact electrarsing the convergent close-couplit@CC) method.
core is well separated, both in the coordinate space and in In our earlier workg10,11] we applied the CCC method
energy, from the valences® shell. At relatively small pho- to describe the two-electron photoionization of the helium
ton energies the inner core electrons can be treated as “speatom and its isoelectronic sequence. In this method the two-
tators” not taking a direct part in the photoionization of the electron photoionization is treated as a two-stage process.
outer valence electrons. In this case the influence of the corehe single photoionization is followed by scattering of the
on the valence electrons can be included via the selfphotoelectron on the positive ion thus producing various sin-
consistent field and/or the polarization potential. This schemely ionized and excited as well as the doubly ionized final
is implemented to describe the single-photon one-electrostates. By employing the Hylleraas or multiconfiguration
photoionization of the valence shell in Be, Mg, and Ca. Hartree-Fock (MCHF) ground-state wave functions, the
Several attempts have been made to study the two€CC method provides a very accurate description of both the
electron ionization in the alkaline earth atoms. The fully re-total and the fully differential photoionization cross sections,
solved triple-differential cross sectigiiDCS) of the DPI of  independent of the gauge of the electromagnetic operator.
Ca have been measured in the region of the gign38@ Here we report an application of the same theoretical
scheme to the two-electron photoionization of the valence
2s? shell of the beryllium atom. The static ground-state cor-
*Electronic address: A.Kheifets@anu.edu.au; URL: http:relation in this shell is described by employing a MCHF

lIrsphysse.anu.edu.auask107 wave function in which the 4 core is frozen. The dynamic
"Electronic address: |.Bray@murdoch.edu.au; URL: http:correlation in the two-electron continuum is represented by a
/lyin.ph.flinders.edu.au/igor.html momentum space close-coupling expansion, obtained from a
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CCC calculation for electron-impact ionization of BeThe TABLE I. Asymptotic photoionization cross section ratios (%)
target space is spanned by a set of negative- and positiv&f various two-electron targets.
energy pseudostates that diagonalize the Hamiltonian of the

positive B€ ion. The lowest, in energy, target state repre- He He* Be
sents the frozen atomic corelin the case of beryllium MCHF15  MCHFS ~ MCHF13
The photoelectron wave function is calculated in the Hartree- I=0,...,4 1=0,...,2 1=0,... .4
Fock field of this frozen core. Target expansion orbitalsn=1, ..., 5n=2,..., 3 n=2,..., 5
To elucidate the_ rolle o_f the froz_en core we c;alcul_ate the Rin=1 92 9071
twg—electron photoionization of a simpler target in which the 2 4.7978 91.6062 94.9201
1s® shell screens thé=4 charge of Be to th&@=2 of He. 3 0.5970 6.1847 50933
We call the resulting system the “hollow”$® helium. Un- ' ' '
. L > . . 4 0.1988 0.4805 0.3961
like the autqlonlzmg 2 state. of the real helium atom, in t-he 5 0.0919 0.1483 0.1205
irrlmgj)lllosvzv SI’;](zIIIL.Jm the 2s state is made orthogonal to the miss- 6 0.0504 0.0674 0.0543
In addition to the total cross sections of the two-electron ! 0.0308 0.0370 0.0296
photoionization we also calculate the triply differential 8x 0.0202 0.0228 0.0181
double photoionization cross section at equal energy sharing R 1.7587 0.3660 0.3709
between the photoelectrons. We apply a Gaussian ansatz 0
the squared double photoionization amplitu@®rrelation
facton and compare the Gaussian width parameters of the Be R*— On _Cn
and He atoms. "ottt !
The rest of the paper is organized as follows. In the next 0=
section we give a detailed description of the MCHF ground
states of Be and “hollow” He. In Sec. Ill we present the . C—E Ch
CCC formalism as applied to the frozen-core beryllium. Sec- R — o ‘ _ n 2.3
tion IV contains our results for the total and differential ot ‘ ’ '
photoionization cross sections. 0= ; Cn

whereo, is the partial EPI cross section, and ==, _ o,
and ¢ " are the total single and double photoionization
We assume the S coupling scheme and make the follow- cross sections. Here we follow notations of R¢fst,15 and
ing configuration-interaction expansion of thé& ground defineR, as the ratio of the partial to thetal cross sections
state: whereaR is defined as the ratio of the doublegimglecross
sections. Results foR;, and R” are shown in Table I. For
comparison, we also show the corresponding results for the
Wo(ry,r)= 2, Coildni(ry) én(ra):1S).  (2.1)  ground-state He and the “hollow”£helium in which the 2
nl orbital is made orthogonal to the missing brbital. The
asymptotic photoionization cross section ratios are quite
Only diagonaln|? terms are included in Eq2.1) as is Cl_ose for Be and the hol!ow_ He_. In the following sectipns we
always the case for the MCHF ground-state. This is so beWI” see that other phot0|o_n|z_at|_on results are also qL_ute close
cause a HF ground state is stable with respect to the ondor these two targets. This |n_d|cates a relatively minor role
electron—one-hole exitations and the first nonvanishing corPlayed by the frozen < core in the two-electron photoion-

II. MCHF GROUND-STATE

rection should be of the two-electron—two-hole type. ization of the valence & shell of Be.
The coefficients in the MCHF expansi@R.1) are found
by using themcHF computer codé€12]. The number of terms lll. CCC FORMALISM

in the MCHF expansion is increasing until we are satisfied
with the accuracy in terms of the energy and, more impor-
tantly, the asymptotic EPI and DPI ratios. As was shown b
Dalgarno and Stewarft13] these ratios can be calculated

The photoionization cross section, as a function of the
hoton energyw, corresponding to a particular bound elec-
tron state of the ionized target is given byL6]

solely from the ground-state wave function through the over- A2
lap integrals oj(w)=—— > J 3k, (W) (kp) | D] Wo)[?
m;
Cnt[(@nd 8(r2) | To)P, cox(Wol 8(ra)|Po)l?. (2.2 X d(w=E+Ey), (3.3)
wherec=137 is the speed of light in atomic units.
In the above expressiof, is the one-electrons orbital of The dipole electro magnetic operatbrcan be written in
the singly ionized atom. The asymptotic DPI and EPI ratiosone of the following forms commonly known as length, ve-
are then given by locity, and acceleration:
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Dr=w(21+ 22),

=V, + Vs, (3.2

- Z|lzy 1z
DV:—(—3+ y
@\ry rz

with the z axis chosen along the polarization vector of the
photon. We used all the three gauges in our previous calcu-
lations on He[10,17,11. However, the acceleration gauge
cannot be used with the presently employed frozen-core
model. This gauge enhances the small distances from the
nucleus where the excitations from the core” khell are
important. These excitations cannot be accounted for in the
frozen-core model.

The dipole matrix element entering E®.2) is calculated
as

<q'1(7)(kb)|p|q’0>

Cross-section (Mb)

PHYSICAL REVIEW A 65012710

cccv —
RIRPAE — |
TD ---

50 100 150 200
Photon energy (V)

FIG. 1. Photoionization cross section of Be leaving thé Bmn

in the ground state. The CCC calculation in the velocity and length
gauge is shown by the thick solid and dotted lines, respectively. The
calculations by Radojeviand Johnsof21] (labeled as RJin the
random-phase approximation with exchan¢®PAE) and the
Tamm-Dancoff approximatiofirD) are shown by the thin solid and

— <kE,7)j |D|W o) dotted lines, respectively.

'S i 4 (K IITIKEO) KA DI )
i .

E—e—¢€+i0

Wi(r/p)=

{1—exd —(r/p)™},

and ay is the static dipole polarizability of the core. For the

(3.3  case of the B& ion there is no need to usé’®, and so we
N 0. However, the polarization potential would have to
Here the channel wave functigik|j| is the product of a be included for heavier atoms such as Mg and Ca.

Setad

one-electron target orbital; W|th energye; and a(distorted

The contribution from the final channe({’j| is sepa-

Coulomb outgoing WaVG(6 (kp) with energyey. Like in  rated into single and double ionization according to the en-
the case of helium, the target orbital is generated with thergy of the e, which are positive for the double ionized
asymptotic charge being two, and the asymptotic charge seqfhannels and negative for the singly ionized channels. We
by the Coulomb wave is one. also ensure that for the negative-energy-state cross sections,
The square-integrable basis set of the target sialess  contributions to the ionization-plus-excitation cross sections
obtained by diagonalizing the target Hamiltoniély in @  are multiplied by the projection of the state onto the true

large LaguerrdSturmian basis of sizeN

target discrete subspace as is done for electron-impact ion-

N N N ization [19]. The fully differential DPI TDCS is calculated
(emlHtlen)=€n Smn- (34 from the same dipole matrix eleméBi2), but without inte-

The target Hamiltonian is defined as

Z Z
=i:21<r<i+vi>=i§1

gration over the momentum of the one photoelectron. Details
of the TDCS calculation are presented elsewh@as.
The number of the statés in the Laguerre badi3.4was
_ EV_2+V_FC+ V_pol) . (35 increased until satisfactory convergence is achieved. In prac-
2 ' tice, our calculations were performed with-20target states

wherel = . Imax is the angular momentum of the target

The nonlocal frozen-core Hartree-Fock potentif is gen-  orbital andl max=5. Higher values of thé,,,, are required for
erated by performing a self-consistent-field Hartree-Fock calge than for He because of a larger radial extent of the target
culation[18] for the ground state of the Bé ion, orbitals. To get convergence in the TDCS even highgr,

=7 was necessary.

Z 3 ,|(PJ )|2
el = r +2¢J§e:c a =] )¢ s IV. RESULTS
A. Total EPI and DPI cross sections
- (e L0 (M) @u(1") ", (36 _ '
e r—r| P : We test our model by first calculating the ground-state
‘ single photoionization cross section. This cross section cor-
Polarization potential responds to the Beion being left in its ground-states.
Our results in the length and velocity forms are shown in
VPl )= — argl2r* We(r/p), Fig. 1. Ir(1 the same figure we also show the calculations of
Radojevicand Johnsoi21] (labeled as RJin the random-
where phase approximation with exchanRPAE) and the Tamm-
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and MCHF-13 ground states were used for He and Be, re-
spectively, as indicated in Table I. We note that the length-
form calculation with a MCHF-type ground-state is not reli-
able. Our calculation on HEL7] with a far more accurate
Hylleraas-type ground state agreed well with the MCHF cal-
culation in the velocity form. The length form appeared to be
significantly off. So, of the two markedly different results in
Fig. 3 we favor the velocity form calculation. Qualitatively,
and even quantitatively, the DPI ratio in Be is similar to that
in He. A certain scaling should be applied to the photon
energy scale as the DPI threshold is markedly different in
both these target&9 eV in He and 27 eV in BeAgain, as

in the case of the EPI ratios, the asymptotic DPI ratio for Be
is of purely academic interest as the frozen-core model loses

FIG. 2. Velocity gauge calculation of the cross section ratios ofjts validity much earlier than the asympototic ratio can be
the ionization with excitation to the total photoionization cross sec-regched.

tionR,=o,/(c"+0o*™") in Be (solid line) and the hollow helium
(dotted ling. The asymptotical ratio®;; for variousn in Be are

indicated by arrows.

B. Triple-differential DPI cross section

Much more detailed description of the DPI porcess can be

Dancoff approximation(TD). These calculations are avail- achieved when the fglly-diﬂ‘erential, rather than an inte-
able in a smaller photon-energy range closer to the sing|egrated, cross section is _me_asure_d or calculated. It has been
ionization threshold. Where a comparison can be made, offemonstrated very convincingly in the case of [28]. Al-
results are close to those of Radojesitd Johnson. h ) = - -
A more complex, truly two-electron process is the ioniza-1S quite similar(see Fig. 3, we demonstrate here that the
tion with excitation in which the Be&ion is left in an excited
statenl,n>2. We show our results for the ionization excita-
tion in Fig. 2 in the form of the cross section ratié,
=o,/(c"+o" ) forn=3, ... 6. Theasymptotical ratioR;;

calculated according to formul@.3) and listed in Table | are
indicated by the arrows. The cross section ratios flatten
photon energy above 200 eV and approach quite closely th
asymptotic values. Of course, one should bear in mind that
the frozen-core model is most accurate at photon energi
below the third ionization potential, i.e., below 180 eV for
Be. So, approaching a correct asymptotic limit only indicates

an internal consistency of our model.
In the same figure we show analogous ratios calculatetiere angle9,, 6, are counted from the polarization axis of
for the “hollow” helium. Calculation for the velocity form
only are shown for both targets as the length form is veryrameterA absorbs the DPI constant and the width parameter
close. We see that qualitative behavior of the EPI ratios i9,, defines the width of the Gaussigd.l) at the half
similar in Be and the “hollow” helium, especially at larger maximum.
photon energies. This again indicates a passive role of the We select the escape energy of the two photoelectrons at
1s? core, which only serves to shield the excessive charge df0 eV. In the case of helium this is a widely studied energy

the nucleus.

g
es @ _ _
d40,d0,dE, Aex;{ 41n2 p

though the DPI cross section ratio in ground-state He and Be

fully resolved TDCS of these two targets are quite different.
We choose the equal energy sharing kinemdtg¢s E.

In this case a simple Gassian ansatz can be applied to the

TDCS[23]. We assume the coplanar geometry in which the

two photoelectrons are detected in the plane perpendicular to

a%irection of the photon that is fully linearly polarized. The

DCS is then given by the formul@4]

(7= 612)?

(cosf; +cosb,)2.

172
4.7

light, the mutual angle i9,,=|6,— 6,|. The magnitude pa-

partition that we adopt for Be also. While detailed compari-

In Fig. 3 we show the double-to-single photoionizationson of the TDCS calculated by the CCC and TDGQite-
cross sections ratio for Heeft pane) and Be(right panel
calculated in the length and velocity gauges. The MCHF-13Pindzola[9], here we concentrate on an overview.

‘o' (%)

2

G

0 1 1
200 400

Photon energy (eV)

600

dependent close-couplingnethods are given by Colgan and

FIG. 3. The double-to-single photoionization
cross section rati®R=o2*/o" in He (left pane)
and Be(right pane). Calculations are performed
for selected photon energies and results are
shown by the closed and open circles for the ve-
locity and length gauges, respectively. The solid
— lines are to guide the eye. The asymptotic value

L -

100 200
Photon energy (eV)

300 R* from Table | is indicated by an arrow.
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In Fig. 4 we show the TDCS at the full angular range ofthe ground-state ionizatiom, /(¢* + o2*) are presented for
the two photoelectron®,,6,. The contour plot is used in Be and the “hollow” He 2 in which the radial orbital & is
which the areas of a larger cross section are indicated bgnade orthogonal to that of the emptg &hell.
darker shades of gray. Conventional plots of the TDCS at a Despite similarity of the total cross sections, the TDCS in
fixed escape angle of one of the photoelectrons can be pr&e and ground-state He are quite different. Our calculations,
duced as vertical or horizontal cuts across our threeat the excess energy &=20 eV shared equally between
dimensional3D) plots, and are found to be in good agreee-the photoelectrons, show considerably smaller Gaussian
ment with those obtained from the TDCC meth®d. width in Be than in He. This can be interpreted by employing

In our 3D representation the TDCS has a characteristiéhe arguments of Cvejanovand Reddisti26]. They noted

shape of four islands separated by deep valleys. These vdPat the strength of the angular correlation in the two-
leys are formed due to the nodal lines along which @os electron continuum depends on the time spent by the photo-

+c0s6,=0. This forbids the two-electron escape along theglectrons in the so-called Coulomb zone where they follow

straight lines 6,= 0,= +180°. In addition, the Gaussian the Wannier trajectory. Stronger angular correlation in Be

term in Eq.(4.1) strongly suppresses the parallel emission afheans a larger spatial extend of the Coulomb zone that is not

. _ : : surprising given a large electron radius of the Be atom. Inci-
:?)ethc:ala(lj%gggfél i Seébzgﬁlgédghy?;éhg a-ll—J[s)ginp;&:Fae r?lg:tgilar dentally, a recent nonresonant measurment of the DPI TDCS

Looking at the TDCS plots in Fig. 4, we see that this width isin Ca [6] also indicates quite a small correlataio_n .Width'
markedly different in Be and He. In,deed if we fit our calcu- probably even smaller than that of Be. A poor statistical ac-

lated TDCS with the Gaussian ansédz1) we get the width curacy of the Ca data prevents us from making a quantitative
estimate.

parameters of 90 a}nd 6.8 fqr He and Be, respectively. Our results for both the total and fully differential cross
Much smaller Gaussian width in Be means much stronger

i L . sections of the DPI of Be agree well with another nonpertur-
angular correlations. This difference cannot be attributed to a_ - . )

. ative calculation by Colgan and Pindz¢#, who used the
different photon energy scale. The excess energy of 20 e ime-dependent close-coupling approach. Detailed compari-
takes us relatively further from the DPI threshold in Be thanson bet\F/)veen the two calcuplatignspiz resénte d in their s er
in He. Away from the threshold the width is expected to P Paper.

row as was confirmed by many studiese, e.g., Ref25]) In the future we plan to extend our frozen-core model to a
9 y y €0 ' heavier and stronger polarizable Mg and Ca atoms. This

would require inclusion of the polarization potential both in
V. CONCLUSIONS the ground and final state.
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