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Photoionization of the Be isoelectronic sequence from the ground and the 'S bound excited states
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Theoretical photoionization spectra below the 2p threshold of the Be isoelectronic sequence from the

ground and a few selected 'S bound excited states are calculated using a B-spline-based configuration-
interaction approach. The resonant structures of the doubly excited autoionization series following pho-
toionization from different initial states are analyzed in detail in terms of various initial- and final-state

multielectron interactions. In addition, our calculation has shown that the resonant widths vary

smoothly as functions of the effective principal quantum number v along the autoionization series and

approach approximately an expected v dependence as v increases.

PACS number(s): 32.80.Fb, 32.80.Dz, 31.20.Tz, 32.70.Jz

I. INTRODUCTION

Recent development of ion sources, using sophisticated
ion trap techniques [l] and accelerator-based technology
such as the electron-beam ion source [2] and electron-
beam ion trap [3],have opened up the possibility for a de-
tailed study of atomic transitions of atomic ions under a
more controlled environment. A more advanced applica-
tion of the synchrotron radiation using insertion devices
has further extended the continuum light source into a
shorter wavelength region for a more elaborate experi-
mental study of atomic ions [4]. On the application side,
detailed studies of atomic processes in plasmas have
shown that many atomic transitions are strongly affected
by the multistep processes involving resonances dominat-
ed by multiple excitations. For instance, in high-
temperature low-density plasmas, the electron-ion recom-
bination is dominated by the radiative electron capture
represented by

e + A+ t'+ (ct)~A+t'(p v)**~A+ (at, P)*+A'
c,o

where an incoming electron is captured by an atomic ion
of a net effective nuclear charge Z,~=p+ 1, with its outer
electron represented by an electronic configuration a. A
photon of energy Ace is emitted from a doubly excited in-
termediate state dominated by an electronic configuration
(p, v) of an ion with Z,it= p, leaving the final ion of same
charge Z,&=p in an excited state represented by an elec-
tronic configuration (ct,P). Theoretically, the inverse of
this process represents the photoionization from a bound
excited state to a spectral region dominated by doubly ex-
cited autoionization states embedded in the continuum,
such as the strongly energy-dependent resonant struc-
tures of a divalent atom (e.g., an alkaline-earth atom with
two interacting valence electrons outside a closed-shell 'S
core) above its first ionization threshold.

For a light alkaline-earth atom, nearly all of the doubly
excited states are located near or above the first ioniza-
tion threshold and embedded in the one-electron ioniza-
tion channel. For heavier alkaline-earth atoms, the mu-

tual screening between the two simultaneously excited
electrons of a doubly excited state becomes less complete
than the screening experienced by the outer electron due
to a radially separated inner electron of a singly bound
excited state. Consequently, some of the doubly excited
resonant states move below the ionization threshold and
mix substantially with the singly excited states. The close
proximity in energy between the singly and doubly excit-
ed bound states often alter the characteristics of the sing-
ly excited bound state through configuration mixing,
leading to a significant energy shift and a noticeable
redistribution of oscillator strengths (or radiative lifetime)
involving the singly excited bound state [5]. Similar to
the heavier alkaline-earth atoms, doubly excited states
are also found to locate below the ionization threshold
along the isoelectronic sequence of lighter alkaline-earth
atoms, as the effective nuclear charge p increases even
when p is considerably smaller than the one for a heavier
alkaline-earth atom. As a result, the isoelectronic se-
quence of a light alkaline-earth atom represents an alter-
native but less complex system for a detailed study of
multielectron interactions in photoionization from corre-
lated bound excited states.

Physically, the interaction strength between the bound
and continuum components of the state wave function of
a doubly excited state is measured by the resonant width
I, which also determines the nonradiative decay rate of
an autoionization state. For an autoionization state of a
divalent atom, representing a doubly excited (n, l, vl, )

+'I.z bound component embedded in a singly ionized
(nsel) +'LJ continuum background corresponding to
an ionized I electron of energy e, the resonant width I
can be estimated approximately in terms of the Coulomb
interaction between the bound and continuum com-
ponents, i.e.,

((n;l;vlo) +'LJ
~

~(nseI) 'L~)1

~&2

Following the standard quantum defect theory, ' the v
dependence of the resonant widths I of a (n, l, vl, )

+'I.z doubly excited autoionization series is approxi-

1050-2947/95/51(1)/374(7)/$06. 00 51 374 1995 The American Physical Society



51 PHOTOIONIZATION OF THE Be ISOELECTRONIC SEQUENCE. . . 375

mately given by the v dependence of the one-electron ra-
dial function of the vl, orbit, if the range of the effective
interaction ro is small. As a result, I approaches a v
dependence as v increases along the autoionization series
[gl.

On the other hand, the resonant profile, which is often
expressed qualitatively by the Fano formula [6] in terms
of an asymmetry parameter q, measures the interference
between transitions from an initial state to the bound and
continuum components of the final-state wave function.
Unlike the resonant width I, which is independent of the
initial state of a transition, the q parameter may, and
often does, vary significantly for transitions starting from
different initial states. In general, the q value is large and
the resonant structure is approximately symmetric if the
spectrum is dominated by the contribution from the tran-
sition to the bound component of the final-state wave
function. If the contribution from transitions to both
bound and continuum components of the final-state wave
function is comparable, the resonant profile is asym-
metric with an intermediate q value. If the spectrum is
completely dominated by the transition to the continuum
component of the final-state wave function, a near-zero
cross section, or a window resonance, is expected either
near or at the resonant energy E„with q -0.

One of the main purposes of this paper is to study in
detail the variation of the resonant structure of individual
doubly excited autoionization states resulting from pho-
toionization originated from different initial states along
the Be isoelectronic sequence. We are able to link the
structure profile to the configuration mixing in the initial
and final states of the photoionization by identifying the
dominating transition of individual electron. In addition,
we will verify the v dependence of the resonant widths
I along the autoionization series as v increases for the Be
isoelectronic sequence.

II. THEORETICAL PROCEDURE

Our calculation employs a B-spline-based
configuration-interaction method for the continuum
(CIC) [9,10]. Briefiy, all state wave functions, which
represent both bound and continuum states, are ex-
pressed in terms of a finite L basis set constructed from
8-spline-based frozen-core Hartree-Fock (FCHF) one-
particle orbital functions g [11,12]. The FCHF orbital
functions y are confined in a sphere of radius R and sub-
ject to a Coulomb potential corresponding to a positive
charge of Z —2 asymptotically for a Be-like ion of nu-
clear charge Z. Following the usual convention, all one-
particle orbital functions y start with positive values at
r =0 in the present calculation. A parametrized long-
range dipole core-polarization potential is also included
to account for the intrashell core excitation and the inter-
shell core-valence interaction [10,13]. Following the CIC
procedure detailed elsewhere [9,10], an outgoing I elec-
tron with momentum k is represented by an oscillating
numerical function g,I(r), which is matched at a finite but
large r against an asymptotic expression [14]

k
g, I (r) g(r)

1/2

sin[/(r)+5, ], (3)

where Z,z=Z —3 is the effective nuclear charge experi-
enced by the ionized electron, and 5c is the Coulomb
phase shift [9,10]. An accurate representation of the con-
tinuum component of the state wave function by a discre-
tized basis set depends critically on the matching between
the calculated radial function g,l(r) and the asymptotic
expression given by Eq. (3) over an extended r with a con-
stant amplitude A.

At energy close to the doubly excited autoionization
state, the scattering phase shift 5& increases rapidly by a
total of ~. The phase shifts at a set of closely populated
energy eigenvalues E across the resonance are obtained
by repeating our calculation at slightly varied values of
R. The energy E„and the width I of the resonance are
determined by a least-square fit of the phase shifts to the
usual expression [15,16]

5~(E)= g a;E'+tan I /2
E„—E (5)

Finally, the photoionization cross section (in unit of a o )

can be expressed in terms of the oscillator strength foal
for absorption by the simple relation

4~+
kA

where a is the fine structure constant and foal is calculat-
ed numerically following the same procedure for the
bound-bound transitions given elsewhere [9,10,17].

Approximately 15 configuration series (a total of over
1300 configurations) are included in the initial- and final-
state wave functions in the present B-spline-based CIC
calculation. For the S initial state, it is equivalent to a
15-state close-coupling calculation. For the 'P final state,
the present calculation approximates a ten-state close-
coupling calculation.

III. RESULTS AND DISCUSSIONS

A. Photoionixation spectra

Figure 1 represents the photoionization spectra from
the ground state of Be-like B II,

Crier,

N rv, O v, and F vI
(i.e., Z,&=2—6). Similar to the Be I and C III spectra re-
ported recently [18], the ground-state photoionization is
dominated by the narrow 2pnd 'P and the q-0 type
2pns 'P resonances. The 2s S threshold (i.e., the first
ionization threshold) of N iv, 0 v, and F vI ions are indi-
cated by the solid square in Fig. 1. Both 2z S and 2p P
thresholds, listed together with the 2s 'S ground state in

where 6& is the scattering phase shift due to the short-
range interaction, E= —,'k, and g and P are functions of r.
As r ~R, g~k, and

kr + ln(2kr) — +5
Zeff Im.

k
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metric 2pnd 'P resonant series. This is also illustrated by
the photoionization spectra of the B II ion shown in Fig. 4
from its 2p 'S and 2s3s 'S states with a 2p mixing of
54% and 40%, respectively.

For higher 2sns 'S bound excited states with a small

2' mixing, the photoionization spectra is dominated by
the 2s —+2p one-electron inner shell excitation followed

by the shake-up of the outer ns electron. This is similar
to the two-electron excitation of the core electron studied
elsewhere [21]. Figure 5 represents the photoionization
dominated by the 2sn (4—6}s 'S to 2pn (4—6)s 'P shake-
up process of the BII ion. Unlike the 2s3s 'S spectrum
shown in Fig. 4, the 2pnd 'P structures are barely visible
in the 2sn (4—6}s 'S spectra due to the small 2pnp mixing,
i.e., approximately 2.5%, 1.3%%uo, and 1.0% in the 2s4s 'S,
2s5s 'S, and 2s6s 'S states, respectively. Theoretically,
for transitions with nearly constant oscillator strengths,
the peak cross sections of .the resonant structures are in-
versely proportional to the resonant widths I [22]. Since
I is approximately proportional to v, the peak cross
section should approach a v dependence as the effective
principal quantum number v increases along the 2pns 'P
autoionization series if the oscillator strength is close to a
constant. The fact that the peak cross sections of the
2pn ( )4)s 'P resonances shown in Fig. 5 increase approx-
imately as v supports quantitatively that the
2sn ( )4)s 'S to 2pn ( )4)s 'P photoionization is indeed
dominated by the one-electron 2s~2p excitation fol-
lowed by the shake-up of the outer ns electron.

For a transition from an initial state with a medium
2pp mixing, the peak cross section of a 2pnd 'P resonance
is usually fairly modest (e.g., -50 Mb or less) in compar-
ison to the larger peak photoionization cross section (e.g.,
100 Mb or, often, substantially larger) from an initial
state with a larger 2pp mixing. This is illustrated by the
2pnd 'P resonances in the NIv 2s4s 'S photoionization
spectrum shown in Fig. 6. (The N lv 2s4s 'S state is ap-
proximately an 83.4% 2s4s and 16.5% 2p3p mixture. ).
In contrast, the peak cross sections for the 2pnd 'P reso-
nances in the 2p3p 'S spectrum are significantly larger
due to a 22% 2s4s and 77.8% 2p3p mixture in the
2p3p 'S state. The N Iv 2s5s'S photoionization spectrum

TABLE II. The efFective principal quantum number v and the resonant widths I' (in
a [ —b]=a X 10 Ry) of selected doubly excited 2pvs P autoionization series of the Be isoelectronic
sequence below the 2p P threshold. The listed v is derived against the 2p P threshold listed in Table I.
State

2p 3$
2p4s
2p 5s
2p6s

Be
3.81[—2]
1.24[ —2]
5.54[ —3]
2.98[—3]

2.4076
3.4106
4.4100
5.4043

State

2p4s
2p Ss
2p6s
2p 7$
2p8s

B+
1.82[—2]
8.11[—3]
4.35[—3]
2.60[—3]
1.68[—3]

3.6014
4.6003
5.5995
6.5994
7.5994

State

2p 5$

2p6s
2p 7$

2p 8s
2p9s

C2+

9.57[ —3]
5.09[—3]
3.07[ —3]
1.99[—3]
1.36[—3 ]

4.6943
5.6930
6.6930
7.6925
8.6925

2p 5s
2p6s
2p 7$
2p8s
2p9s

N3+

1.08[—2]
5.82[ —3]
3.46[ —3]
2.23[—3]
1.53[—3]

4.7515
5.7509
6.7506
7.7503
8.7501

2p6s
2p7$
2p 8s
2p9s
2p 10s

4+

6.24[ —3]
3.78[ —3]
2.42[ —3]
1.65[ —3]
1.18[—3]

5.7900
6.7896
7.7896
8.7894
9.7894

2p 7$
2p 8s
2p9s
2p 105
2p 11s

F5+

4.01[—3]
2.58[—3]
1.77[—3]
1.26[ —3]
9.33[—4]

6.8180
7.8180
8.8177
9.8177

10.8177

2p 7$
2p 8s
2p9s
2p10s
2p11s

Ne +

4.21[—3]
2.73[—3]
1.86[ —3]
1.34[ —3]
9.89[—4]

6.8396
7.8395
8.8393
9.8394

10.8393

2p 8s
2p9s
2p 10s
2p 11s
2p 12s

Na'+
2.85[—3]
1.95[—3]
1.40[ —3]
1.04[ —3]
7.88[—4]

7.8562
8.8561
9.8561

10.8561
11.8560

2p 8s
2p9s
2p 10s
2p11s
2p 12s

Mg+
2.94[ —3]
2.02[ —3]
1.45[ —3]
1.07[ —3]
8.18[—4]

7.8696
8.8696
9.8695

10.8695
11.8695
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TABLE III. The effective principal quantum number v and the resonant widths I' (in
a [ b—]=a X 10 Ry) of selected doubly excited 2pvd P autoionization series of the Be isoelectronic
sequence below the 2p P threshold. The listed v is derived against the 2p P threshold listed in Table I.

State

2p 3d
2p4d
2p5d

2p 51
2p6d
2p 7d
2p 8d
2p9d

2p 71
2p 8d
2p9d
2p10d
2p 111

Be
2.80[—5]
2.05[—5]
1.41[—5]

N3+

2.31[—3]
1.35[ —3]
8.49[ —4]
5.69[—4]
4.00[ —4]

Ne +

1.22[ —3]
8.03[ —4]
5.61[—4]
4.06[ —4]
3.03[—4]

3.0978
4.0962
5.0952

5.0495
6.0469
7.0454
8.0443
9.0436

7.0248
8.0241
9.0235

10.0231
11.0229

State

2p 31
2p4d
2p 51
2p6d
2p 7d

2p6d
2p 7d
2p 8d
2p9d
2p 10d

2p 71
2p8d
2p9d
2p 101
2p 111

B+
2.53[—3]
1.28[ —3]
7.14[—4]
4.37[—4]
2.82[ —4]

~4+
1.62[ —3]
1.02[ —3]
6.73[—4]
4.76[—4]
3.43[—4]

Na+
1.26[ —3]
8.39[—4]
5.88[—4]
4.23[ —4]
3.18[—4]

3.0948
4.0883
5.0849
6.0832
7.0824

6.0372
7.0357
8.0349
9.0342

10.0334

7.0215
8.0207
9.0202

10.0199
11.0197

State

2p4d
2p 51
2p6d
2p 71
2p 8d

2p6d
2p 71
2p 8d
2p9d
2p10d

2p 8d
2p9d
2p 101
2p11d
2p 121

C2+

3.07[—3]
1.63[—3]
9.52[ —4]
6.05[—4]
4.06[—4]

F5+

1.80[—3]
1.12[—3]
7.34[—4]
5.12[—4]
3.73[—4]

Mg+
8.89[—4]
6.17[—4]
4.46[ —4]
3.33[—4]
2.55[ —4]

4.0687
5.0640
6.0615
7.0599
8.0588

6.0305
7.0291
8.0285
9.0278

10.0276

8.0180
9.0176

10.0173
11.0171
12.0169

represents a typical shake-up process of the Ss electron
following the 2s —+2p excitation as the 2pnp mixing in the
initial state is reduced to 3.8%.

Figure 7 presents a very strong 2s5s 'S to 2p5s 'P pho-
toionization of Be-like C nI. This transition is dominated
by the combined contribution of a bound-bound
2pnp~2p5s transition (or a np ~5s one-electron excita-
tion) and the shake-up of the 5s electron following the
one-electron 2s —+2p excitation. The cross section to the
2p5s 'P resonance is substantially reduced in the 2p3p 'S
photoionization spectrum, while other 2pns 'P resonances
remain strong due to a shift of the 2sns mixing in the
2p3p 'S state from 2s5s to 2sn( ~6)s configurations.
Similar to some of the spectra shown earlier, the large
2pnp mixing (i.e., approximately 24.7% according to our
calculation) in the 2s5s 'S state is responsible for the
presence of the dominating 2pnd 'P and the clearly visi-
ble 2pn ( & 6)s 'P autoionization series. We also note that
the ratios of the 2pn ( ~ 5)d 'P peak photoionization cross
sections between 2p3p 'S and 2s5s 'S spectra is approxi-
mately 2.7, which is very close to the ratio of 2.6 between
the 2p3p components in the 2p3p 'S and 2s5s 'S initial
state, i.e., 63.9% and 24.7%, respectively.

B. Resonant widths

In Tables II and III, we present the resonant widths of
a few selected doubly excited 2pns 'P and 2pnd 'P au-
toionization states of Be isoelectronic sequence below the
2p P threshold. The effective principal quantum num-
bers v, which are derived against the 2p P threshold
given in Table I, of both 2pns 'P and 2pnd 'P series for
Be-like ions up to Mg+ are also listed. Except for Be I,
the widths of the 2pns 'P series are in general a few times
to a factor of 10 greater than the widths of the 2pnd 'P

1.6
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1.0

0.8

N+s

C +2

0.6 Be 2pns 1P series
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0 3
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I [ I $ I / I

Mg+s~
Na+" =

- Ne+s

p+4
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2 3 4
I
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V

10 11 12 13

FIG. 8. The variation of the product of resonant width I and
v as a function of the effective principal quantum number v for
the 2pns 'P and 2pnd'P autoionization series of Be-like ions.
The solid curve represents a least-squares fit of the calculated I
to Eq. (7).

series. For Be I, the widths of the 2pns 'P series are over
two orders of magnitude greater than the widths of the
2pnd 'P series. Figure 8 presents the calculated resonant
widths, expressed in terms of the product of I and v as
functions of effective principal quantum number v, of the
2pns 'P and 2pnd 'P series for the Be isoelectronic se-
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quences up to Mg+ . The theoretical widths appear to
follow qualitatively the expression [8]

(7)

where a; are constants. As expected, I approaches a v
dependence as v increases along the autoionization series.
The slow increase in resonant width I for a specific
2pnl 'P resonance along the isoelectronic sequence, ex-
cept for the 2pnd 'P series of Bet, suggests a slow in-
crease of the interaction strength between the 2pnl bound
component and the 2sep continuum component of the
final-state wave function as the effective nuclear charge
Z,z increases. The small quantum defect for the 2pnd 'P
series indicates that the relative narrow 2pnd 'P series is
essentially quasihydrogenic.

ine in detail the variation of the resonant structure of
doubly excited resonance, both individually and collec-
tively in an autoionization series. The relative contribu-
tion (or the interference) between the bound-bound and
bound-continuum transitions is measured by the asym-
Inetry parameter q, which manifests itself in terms of the
degree of symmetry of the resonant profile. Except for
the photoionization from the ground state, most of the
strong transitions can be linked directly to the one-
electron bound-bound excitations with a nearly sym-
metric structure profile shown in Figs. 3 —7. In addition,
our calculation has shown that the initial-state
configuration mixing is responsible for the presence of
strong resonances such as the 2pnd 'P series shown in
Figs. 4, 6, and 7.
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