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Resonant structures of overlapping doubly excited autoionization series
in photoionization of Mg-like Al 1 and Si21 ions

T. K. Fang,1 Baek Il Nam,2 Young Soon Kim,2 and T. N. Chang1
1Department of Physics and Astronomy, University of Southern California, Los Angeles, California 90089-0484

2Department of Physics, Myong-Ji University, Yong-In 449-728, Seoul, Korea
~Received 28 May 1996!

We present a quantitative study of the resonant structures of the overlapping 3pnd 1F and 3png 1F
autoionization series in the photoionization from the bound excited1D states of Mg-like Al1 and Si21 ions.
The interference, both constructive and destructive, between the contributions from individual processes cor-
responding to transitions from specific initial to final-state configurations, are examined in detail. Our calcu-
lation shows that the photoionization from higher bound excited 3sn id

1D state is dominated by the shakeup
of the outerd electron following the 3s→3p core electron excitation. For Al1, our calculation reveals the
presence of a narrow 3png 1F window resonance located on the higher-energy shoulder of its corresponding
broad 3pnd 1F resonance. Unlike the usual isolated window resonance, which is dominated by the transition
from the initial state to the continuum component of the final-state wave function, the 3sn id

1D→3png 1F
window resonance results primarily from the energy variation of the bound component, i.e., the weightednd
radial function, of the final-state wave function in the vicinity of the 3png 1F resonance.
@S1050-2947~97!07301-0#

PACS number~s!: 32.80.Fb, 32.80.Dz, 32.70.Jz, 31.25.Jf.
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I. INTRODUCTION

For anisolatedautoionization state with a resonant wid
G at resonant energyEr , the resonant structure can be d
scribed by the Fano formula@1# in terms of an asymmetry
parameterq. Qualitatively, theq parameter measures the i
terference between transitions from the initial state to
bound and continuum components of the final-state w
function. If the resonance is dominated by the contribut
from the transition to the bound component of the final-st
wave function, its correspondingq value is generally large
and the resonant feature is approximately symmetric. If
contributions from transitions to both bound and continu
components of the final-state wave function are compara
the resonant structure is asymmetric with an intermediatq
value. If the spectrum is strongly dominated by the transit
to the continuum component of the final-state wave functi
a window resonancewith zero cross section is expected e
ther at or near the resonant energyEr with q;0.

The photoabsorption spectra from thens2 1S ground state
of a divalent system~e.g., an alkaline-earth-metal atom! be-
low the np threshold usually feature two asymmetric au
ionization series, i.e., a broadnpns 1P and a narrow
npnd 1P series, due to the simultaneous change of e
tronic orbitals of two outer electrons in a double-excitati
process. Although the observed broad and narrow series
appear to overlap significantly@2#, in principle, they are
separated in energy since the outerns andnd electrons differ
substantially in their penetration to the smallerr region due
to the difference in the repulsive centrifugal force. A rece
study by Chang and Zhu@3,4# has indeed demonstrated th
these two1P series can be separated unambiguously in
photoionization originated from the bound excited states
contrast, for doubly excited autoionization series of high
orbital angular momentum, the quantum defects of the o
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electrons become increasingly smaller due to the subs
tially higher centrifugal potential barrier. As a result, th
broad and narrow doubly excited autoionization series m
overlap significantly. It is the purpose of this study to exa
ine in detail the interaction between a pair of overlappi
3pnd 1F and 3png 1F autoionization series in the photo
ionization of the Mg-like Al1 and Si21 ions.

In Sec. II, we present the result of aB-spline-based
configuration-interaction~BSCI! calculation @5,6# of the
photoionization of Mg-like Al1 and Si21 ions from their
bound excited 1D states to the strongly overlappin
3pnd 1F and 3png 1F autoionization series. For Al1, we
will identify a narrow 3p6g 1F window resonance on the
higher-energy shoulder of its corresponding bro
3s6d 1D→3p6d 1F resonance. For photoionization from
highly excited 3sn id

1D states, our calculation will show
that the cross sections in the vicinity of the neighbori
3pn8g 1F narrow resonances on thehigher-energy side of
the dominating 3sn id

1D→3pnd 1F resonance are consis
tently greater than the ones on thelower-energy side. In Sec
III, a detailed quantitative analysis of the contributions fro
individual transitions reveals that, unlike the usual isola
window resonance, the Al1 3sn id

1D→3png 1F window

TABLE I. The dominating transitions and their correspondi
transition amplitudesF f i , including bound-to-bound~B-B! and
bound-to-continuum~B-C! processes, that contribute significant
to the 1D→ 1F photoionization.

Transition F f i

3sn id→3se f ~B-C! ^jn i d
ur uje f&

3sn id→3pnd ~B-B, shakeup! ^x3sur ux3p&^jn i d
ujnd&

3pn i p→3pnd ~B-B! ^jn i p
ur ujnd&

3pn i f→3png ~B-B! ^jn i f
ur ujng&
433 © 1997 The American Physical Society
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FIG. 1. Photoionization cross
sectionss ~in Mb! leading to the
1F continuum from the bound ex
cited 1D states of Mg-like Al1
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resonance can be linked directly to theshakeup@4,7# of the
outerd electron following the 3s→3p core electron excita-
tion in the 3sn id

1D→3pnd 1F transition. The substantia
difference in the magnitudes of the photoionization cro
sections at energies below and above the domina
shakeup structure is due to the change from destructiv
constructive interference between the individual contrib
tions from transitions leading to the bound and continu
components of the final-state wave function.

II. RESULTS

Following the BSCI procedure outlined in@5,6#, the 1D
initial state of the photoionization is dominated by t
3sd, 3pp, and 3p f configuration series and the1F final
state is dominated by the 3s f, 3pd, and 3pg configuration
series, or, schematically given by

\v1H 3sd 1D ~bound!
3pp 1D ~bound!
3p f 1D ~bound!

J→H 3s f 1F ~continuum!
3pd 1F ~bound!
3pg 1F ~bound!

J .
~1!
s
g
to
-

The total transition amplitudeF f i
t is the sum of transition

amplitudesF f i corresponding to all individual contributing
processes. For the1D→1F photoionization of a Mg-like ion,
the total amplitudeF f i

t is dominated by contributions from
four processes listed in Table I. The one-electron orb
function xn l is normalized to unity. The weighted one
particle radial functions, i.e.,je f for the outgoingef photo-
electron andjn l for the bound electron representing th
bound component of the 3pn l 1F resonance, are defined b
an expression similar to Eq.~50! of Ref. @6# or Eq. ~10! of
Ref. @5#. Similar to our recent photoionization calculation
@4,8#, aB-spline basis with a total number of 120 splines
larger is employed to represent the outgoing photoelect
Approximately 5000 or more basis functions are included
our calculation. The length and velocity results typica
agree to 3–4 % or better. Only the length results are p
sented.

Our calculated photoionization cross sections from fo
lowest bound excited1D states of Al1 are shown in Fig. 1.
The photoionization from 3p2 1D state leading to the highe
-

FIG. 2. Photoionization cross
sectionss ~in Mb! leading to the
1F continuum from the bound ex
cited 1D states of Mg-like Si21

ion.
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3pnd 1F states is primarily determined by the one-electr
3p→nd transition. The strong initial-state mixing betwee
the 3p2 and 3s3d configurations is reflected by the near-ze
3p2 1D→3p3d 1F resonance due to the near cancellat
between the destructive interference of ~i! the direct
3p→3d transition from 3p2 to 3p3d configurations and~ii !
the shakeup of the 3d electron following the 3s→3p core
electron excitation from 3s3d to 3p3d configurations. In

TABLE II. The calculated widthsG ~in a@m#5a310m Ry! and
effective quantum numbersn for the 3pnd and 3png 1F reso-
nances converging to the 3p limit. The energy differences betwee
3p and 3s limits, i.e., e3p2e3s , are 0.490 624 Ry and 0.652 43
Ry for Al1 and Si21 , respectively.

State

Al1 Si21

n G n G

3p3d 3.0883 5.6829@22#

3p4d 3.9952 3.2936@22# 3.8681 3.2717@22#

3p5d 4.9226 1.6098@22# 4.8146 9.9168@23#

3p6d 5.8834 7.5604@23# 5.7858 3.4150@23#

3p7d 6.8546 4.3188@23# 6.7610 1.2386@23#

3p5g 5.0194 3.7750@25# 5.0283 5.8501@25#

3p6g 6.0125 3.4866@25# 6.0273 5.2279@25#

3p7g 7.0035 2.6504@25# 7.0269 4.2412@25#

FIG. 3. Photoionization cross sectionss ~in Mb! leading to the
1F continuum from the bound excited 3s6d 1D state of Mg-like
Al1 and Si21 ions.
contrast, the photoionization from the 3s3d 1D state is
dominated by the strong 3p3d resonance resulting from th
constructiveinterference between these two transitions. F
photoionization from higher 3sn id

1D states, the spectra ar
largely dominated by the shakeup of the outerd electron
following the 3s→3p core electron excitation. The presen
of a noticeable 3p3d 1F resonance in higher 3snd 1D spec-
tra further manifests the initial-state mixing between t
3sd and 3pp configuration series. The mixing between th
3sd and 3pp configurations is also responsible for the var
tion in oscillator strengths observed recently in the inn
shell excitation of Mg-like Al1 and Si21 @9#.

For Si21 ion, the 3p3d 1D state isplungedbelow the first
ionization threshold. The calculated photoionization cro
sections from four lowest bound excited1D states are shown
in Fig. 2. Comparing with the Al1 spectra, the energy sepa
rations between the 3pnd 1F and 3png 1F resonances are
greater. For the broad 3pnd 1F resonances, the smallq ~i.e.,
nearwindow resonance! characteristic with zero cross se
tion at or near the center of the resonance is more promin
than what appears in the Al1 spectra.

Qualitatively, the peak cross sectionsmax of a resonance
should be inversely proportional to its resonant width@1,10#.
Unlike the 1D→1F resonant spectra in Mg@11#, smax of the
narrow 3png 1F autoionization series of the Mg-like Al1

and Si21 ions are generally small in spite of their sma
widths, which are two to three orders of magnitude sma
than the 3pnd 1F series~see, e.g., Table II!. In addition,
from the 3a5d 1D spectra of both Al1 and Si21 shown in
Figs. 1 and 2, the cross sections on the higher-energy sid
the dominating 3p5d 1Fpeak is greater than the ones on t

FIG. 4. The 3s6d 1D→3p6l 1F photoionization of Mg, Al1,
and Si21 .
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FIG. 5. The Al1 3s6d 1D
→1F photoionization near the
3p6d and 3p6g 1F resonances
and the individual contributions
F f i to the total transition ampli-
tude F f i

t from processes listed in
Table I. Also given is the prob-
ability densityr3s f, defined by Eq.
~79! of Ref. @6# or Eq.~10! of Ref.
@5#, for the 3s f ionization channel.
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lower-energy side. This is also illustrated in the 3s6d 1D
spectra shown in Fig. 3. The calculated cross sections
the narrow 3p7g 1F resonance on the higher-energy side
the dominating 3p6d 1F peak is substantially greater tha
the ones near the narrow 3p5g 1F resonance on the lower
energy side. Also, the broad 3p7d 1F resonance on the
higher-energy side is clearly characterized by a near-zeq
parameter.

Detailed resonance profiles of the dominati
3s6d 1D→3p6d 1F shakeup structures of Mg, Al1, and
ar
f

Si21 are compared in Fig. 4. For Mg, the outer 6d orbital,
which is subject to a slightly more screening by the inners
electron due to a substantial mixing between the 3p6d and
the background 3se f channel, does not penetrate as much
the smallerr region as the outer 6g orbital. As a result, the
Mg 3p6d 1F resonance is located at the higher-energy s
of the 3p6g 1F resonance. As the nuclear chargeZ increases
along the isoelectronic sequence, the nuclear Coulomb
traction eventually dominates over the small difference
mutual screening between outer and inner electrons du
-

FIG. 6. The energy variations
near the Al1 3p6d and 3p6g 1F
resonances for~i! the weighted
final-state radial functionj6d and
~ii ! the oscillating functionje f for
the outgoing photoelectron, de
fined by an expression similar to
Eq. ~50! of Ref. @6# or Eq. ~10! of
Ref. @5#.
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FIG. 7. The Al1 3s6d 1D
→1F photoionization near the
3p5l and 3p7l 1F resonances and
the individual contributionsF f i to
the total transition amplitudeF f i

t

from processes listed in Table I.
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the configuration mixing and, as expected, the 3p6d 1F
resonances for Al1 and Si21 plunge below the 3p6g 1F
resonances.

III. DISCUSSIONS

A detailed breakdown of individual contributions toF f i
t ,

shown in Fig. 5, from the four processes listed in Tabl
indicates a strong dominance of the bound-to-bound shak
process in the Al1 3s6d 1D→3p6l 1F photoionization. The
3p6d and 3p6g 1F resonances can also be identified by t
local minima in the probability densityr3s f for the 3s f ion-
ization channel. Whereas the 3p6g configuration accounts
for nearly 100% of the probability density of the narro
3p6g 1F resonance, the mixing between the 3pd and 3s f
configuration series is substantial~i.e., 30% or more for the
3s f series! for the 3p6d 1F resonance. The cross sectio
near the 3p6g 1F window resonance, shown in detail from
the figure on the right, reaches a zero at the resonance d
the sign change ofF f i

t , or, equivalently, the sign change i
F f i corresponding to the bound-to-bound shakeup proc
Since the weighted radial functionj6d corresponding to the
3p6d 1F resonance is the only energy-dependent part of
shakeup amplitude, i.e.,jnd in ^x3sur ux3p&^jn i d

ujnd&, the
sign change inF f i can only result from the energy variatio
of j6d in the vicinity of the 3p6g 1F resonance. The radia
functions j6d , representing the final-state 6d electron, to-
gether with the oscillating functionsje f which represent the
outgoing photoelectron, are plotted in Fig. 6 at energ
across the 3p6d and 3p6g 1F resonances. At the 3p6g 1F
resonance, i.e., atEr50.379 975 Ry, the energy-depende
amplitudes of bothj6d andje f reach a minimum. Similar to
the sign change of the oscillating functionje l due to the
I
up

to

s.

e

s

t

rapid increase of the scattering phase shift by a total op
across the resonance~see, e.g., Fig. 2 of Ref.@4#!, the sign of
j6d corresponding to the 3p6d

1F resonance is also reverse
as energy increases across the narrow 3p6g 1F resonance.
In addition, as expected, the oscillating functionsje f on the
opposite sides of the 3p6d and 3p6g 1F resonances a
e50.370 222 Ry ande50.381 146 Ry are nearly identica
except an increase of the scattering phase shift by a tota
2p across both 3p6d 1F~at Er50.375 065 Ry! and
3p6g 1F ~at Er50.379 975 Ry! resonances.

For Mg, a similar breakdown of the contributions toF f i
t

from individual process near the 3p6g 1F resonance shows
that the dominance of the shakeup process remains. H
ever, a slight shift in the zero inF f i

t from the minimum in
r3s f has led to a strongly asymmetric resonant structure.
Si21 , the 3p6g 1F is sufficiently separated from th
3p6d 1F resonance. As a result,F f i

t is no longer dominated
by a single process.

Figure 7 presents a detailed breakdown of individual c
tributions to the total transition amplitudeF f i

t from the four
processes listed in Table I for the Al1 3s6d 1D→1F photo-
ionization near the 3p5l and 3p7l 1F resonances. Unlike
the strong Dn50 transition ~e.g., 3s6d 1D→3p6d 1F
photoionization!, the transition amplitude is no longer dom
nated by the bound-to-bound shakeup process involving
6d electron due to a substantially smaller overlapping in
gralOnn i

5^jn i d
ujnd& between the weighted radial function

of the initial and final d electrons. In fact, for the
3s6d 1D→3p5l 1F photoionization, the cross sections ne
the 3p5g 1F resonance is substantially reduced due to ade-
structive interference between the bound-to-bou
3s6d→3p5d shakeup process and the bound to continu



ss

e

r-

t

th

nc

ity

nt
a

ct

tion

pli-

s the

ely
-to-
in

bu-

the

a
m
is

s be-
ove

n
-

x

438 55FANG, NAM, KIM, AND CHANG
3s6d→3se f direct transition. On the other hand, the cro
sections near the 3s6d 1D→3p7g 1F photoionization is
clearly enhanced due to aconstructiveinterference between
the bound-to-bound 3s6d→3p7d shakeup process and th
bound-to-continuum 3s6d→3se f direct transition.

The energy variation of the transition amplitudeF f i of the
bound-to-bound 3sn id→3pnd shakeup process is dete
mined by the overlapping integralOnn i

between the weighted
radial functions of the initial and finald electrons. Following
our earlier discussion, the integralOnn i

changes its sign a

the 3png 1F resonance due to the sign change of
weighted final-state radial functionjnd ~see, e.g., Fig. 6!. Our
calculation has also shown that the final-state radial fu
tions jnd expands slowly outwards as energy increases~see,
e.g., Fig. 8!. Except for theDn50 transition, the overlapping
integralOnn i

is generally small due to the quasiorthogonal
between the initial- and final-state weighted radiald func-
tions. In fact, it changes sign at an energy close to the ce
of the 3pnd 1F resonance. In other words, whereas for
Dn50 transition, the transition amplitudeF f i for the bound-
to-bound shakeup process changes sign onlyoncenear the
3png 1F resonance,F f i is expected to change signtwice for
all DnÞ0 transitions, i.e., first near the 3pnd 1F resonance,
then at the 3png 1F resonance. In contrast, for the dire

FIG. 8. Comparison of the weighted final-state radial functio
j5d and j7d near the Al1 3p5d and 3p7d 1F resonances, respec
tively, with the weighted initial-state radial functionj6i d . The over-
lapping integrals betweenjnd and jn i d

are given by Onn i
5^jn i d

ujnd&. The weighted radial functions are defined by an e
pression similar to Eq.~50! of Ref. @6# or Eq. ~10! of Ref. @5#.
e

-

er

bound-to-continuum 3sn id→3se f transition, the transition
amplitudeF f i5^jn i d

ur uje f& always changes its signtwiceas

the photon energy increases across the 3pnd and 3png 1F
resonances due to the sign change of the oscillating func
je f as the scattering phase shift increases byp for each reso-
nance~see, e.g., Fig. 6!.

As a result, the relative sign between the transition am
tudes, corresponding to the bound-to-bound 3sn id→3pnd
shakeup process and the bound-to-continuum 3sn id→3se f
direct transition, reverses as the energy increases acros
dominating shakeup structure~see, e.g., Fig. 7!. And, the
autoionization profiles shown in Fig. 3 changes complet
due to the reversal of the interference between the bound
bound and the bound-to-continuum contributions shown
Fig. 7. In addition, at energies near the broad resonance~e.g.,
the 3p7d 1F resonance shown in Fig. 7! above the dominat-
ing shakeup structure, the additional constructive contri
tion due to the bound-to-bound 3sn id→3pnd shakeup pro-
cess does not change the overall qualitative features of
total transition amplitudeF f i

t from the bound-to-continuum
3sn id→3se f direct transition. Consequently, similar to
photoionization dominated by a direct bound-to-continuu
transition, the broad 3pnd 1F resonance on the higher side
characterized by a near-zeroq parameter shown in Figs. 3
and 7. The substantial change in the resonance feature
tween the autoionization states at energies below and ab

s

-

FIG. 9. Photoionization cross sectionss ~in Mb! leading to the
1D continuum from the bound excited 3sn i p

1P states of Mg atom.
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the dominating shakeup structure is not limited to t
1D→ 1F photoionization. In fact, similar feature is als
found in photoionization leading to a lower angular mome
tum state, such as the Mg 3sn i p

1P→ 1D spectra shown in
Fig. 9.
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