PHYSICAL REVIEW A VOLUME 55, NUMBER 1 JANUARY 1997

Resonant structures of overlapping doubly excited autoionization series
in photoionization of Mg-like Al * and SP* ions
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We present a quantitative study of the resonant structures of the overlappird) '8 and Jvg 'F
autoionization series in the photoionization from the bound exci@dstates of Mg-like Al and Sf* 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@®'D state is dominated by the shakeup
of the outerd electron following the 83— 3p core electron excitation. For Al our calculation reveals the
presence of a narrowpd.g F window resonance located on the higher-energy shoulder of its corresponding
broad 3vd F 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,sthel 3D —3pvrg 1F
window resonance results primarily from the energy variation of the bound component, i.e., the wetjhted
radial function, of the final-state wave function in the vicinity of the:® 'F resonance.
[S1050-294P@7)07301-0

PACS numbse(s): 32.80.Fb, 32.80.Dz, 32.70.Jz, 31.25.Jf.

[. INTRODUCTION electrons become increasingly smaller due to the substan-
tially higher centrifugal potential barrier. As a result, the
For anisolatedautoionization state with a resonant width broad and narrow doubly excited autoionization series may
I'" at resonant energl, , the resonant structure can be de-overlap significantly. It is the purpose of this study to exam-
scribed by the Fano formulil] in terms of an asymmetry ine in detail the interaction between a pair of overlapping
parametey. Qualitatively, theq parameter measures the in- 3prd 'F and 3vg 'F autoionization series in the photo-
terference between transitions from the initial state to thdonization of the Mg-like A" and St* ions.
bound and continuum components of the final-state wave In Sec. I, we present the result of B-spline-based
function. If the resonance is dominated by the contributiorconfiguration-interaction(BSCI) calculation [5,6] of the
from the transition to the bound component of the final-statd?hotoionization lOf Mg-like Al and Sf* ions from their
wave function, its corresponding value is generally large boundl excited “D States to. the strongly overlapping
and the resonant feature is approximately symmetric. If theéP»d “F and 3vg °F autoionization series. For Al we

- . - l .
contributions from transitions to both bound and continuumill identify a narrow 36g “F window resonance on the
igher-energy shoulder of its corresponding broad

components of the final-state wave function are comparabln%1 6d 1D 3p6d 1F F hotoionization f
the resonant structure is asymmetric.with an intermedja}tg h%hly e;itepd 20d rltla:)sosr][:?ecse. ou?rcglc%gt(i)g:%vliﬁnsh?vy
value. If the spectrum is strongly dominated by the transmor‘;[hat the Cross selctions i thé vicinity of the neighboring
to the continuum component of the final-state wave functiongpv,g IF narrow resonances on thegherenergy side of
a window resonancevith zero cross section is expected ei- the dominating 8v,d *D—3pwd 'F resonance are consis-
o —_ I

ther at or near the re_sonant enelt@,ywnzqu 0. tently greater than the ones on tlogver-energy side. In Sec.

The photoabsorption spectra from the” “Sground state ;3 detailed quantitative analysis of the contributions from
of a divalent systente.g., an alkaline-earth-metal atpive-  jngividual transitions reveals that, unlike the usual isolated

low the np threshold usually feature two asymmetric auto-yindow resonance. the Al3sv:d 1D 3pwg F window
ionization series, i.e., a broadpvs P and a narrow ' '

nprd P series, due to the simultaneous change of elec- o N ] ]
tronic orbitals of two outer electrons in a double-excitation ~ ABLE I. The dominating transitions and their corresponding
process. Although the observed broad and narrow series m{gnsition amplitudesFy; , including bound-to-boundB-B) and
appear to overlap significanti§2], in principle, they are oundlto-colntlnuum(l_?,-c;) processes, that contribute significantly
separated in energy since the outsrandvd electrons differ to the 'D— ' photoionization.

substantially in their penetration to the smalteregion due

to the difference in the repulsive centrifugal force. A recent Transition Fii

study by Chang and Zh{8,4] has indeed demonstrated that 3sy;d— 3sef (B-C) (€,.dlr|€e)
these two'P series can be separated unambiguously in th@sy,d—3p»d (B-B, shakeup (X3S|r|)('3p><§vid|§yd)
photoionization originated from the bound excited states. InBpy,p—3pvd (B-B) (&plrlésa)
contrast, for doubly excited autoionization series of highersp,.f—3pvg (B-B) (éuif|r|§ug>

orbital angular momentum, the quantum defects of the outer
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resonance can be linked directly to thleakeud4,7] of the  The total transition amplitud&}; is the sum of transition
outerd electron following the 8—3p core electron excita- - amplitudesF; corresponding to all individual contributing
tion in the 3»,d "D—3pvd “F transition. The substantial processes. For théD— !F photoionization of a Mg-like ion,

difference in the magnitudes of the photoionization CroSShe total amplitudeF!, is dominated by contributions from

sections at energies below and above the dominatin listed in Table . Th lect bital
shakeup structure is due to the change from destructive t%ur processes listed in lable [. 1he one-electron orbita
unction y, is normalized to unity. The weighted one-

constructive interference between the individual contribu-~"" ] k - '
tions from transitions leading to the bound and continuumparticle radial functions, i.e£ for the outgoingef photo-

components of the final-state wave function. electron and¢,, for the bound electron representing the
bound component of theg®| 'F resonance, are defined by
Il. RESULTS an expression similar to Eq450) of Ref.[6] or Eq. (10) of

Ref. [5]. Similar to our recent photoionization calculations
[4,8], a B-spline basis with a total number of 120 splines or
larger is employed to represent the outgoing photoelectron.
Approximately 5000 or more basis functions are included in
our calculation. The length and velocity results typically
agree to 3—4 % or better. Only the length results are pre-

Following the BSCI procedure outlined [5,6], the 1D
initial state of the photoionization is dominated by the
3sd, 3pp, and Ff configuration series and th&F final
state is dominated by thes3, 3pd, and 3 g configuration
series, or, schematically given by

3sd D (bound 3sf F (continuum sented.
fiw+4 3pp D (bound } —{ 3pdF (bound ;. Our calculated photoionization cross sections from four
3pf D (bound 3pg F (bound lowest bound excitedD states of At are shown in Fig. 1.
(1)  The photoionization from 82 1D state leading to the higher
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TABLE II. The calculated widthd” (in a[ u]=aXx 10* Ry) and
effective quantum numbers for the 3pnd and 3ng'F reso-
nances converging to thepdimit. The energy differences between

3p and 3 limits, i.e., e3p— €35, are 0.490 624 Ry and 0.652 434
Ry for Al and Sf', respectively.

Al* St
State v r v r
3p3d 3.0883 5.682P-2]
3p4d 3.9952  3.293p-2] 3.8681  3.2712]
3p5d 4.9226  1.6098-2] 4.8146  9.9168-3]
3p6d 5.8834  7.560B-3] 5.7858  3.4150-3]
3p7d 6.8546  4.3188-3] 6.7610  1.2386-3]
3p5g 5.0194  3.7750-5] 5.0283  5.85005]
3p6g 6.0125  3.486B-5] 6.0273  5.2270-5]
3p7g 7.0035  2.650B-5]  7.0269  4.241p-5]

3pvd F states is primarily determined by the one-electron
3p—wvd transition. The strong initial-state mixing between
the 3p? and 33d configurations is reflected by the near-zero
3p? 'D—3p3d 'F resonance due to the near cancellation
between the destructive interference of (i) the direct
3p—3d transition from 32 to 3p3d configurations andii)

the shakeup of the @8 electron following the 83— 3p core
electron excitation from &d to 3p3d configurations. In
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FIG. 3. Photoionization cross sectioagin Mb) leading to the
IF continuum from the bound exciteds8d D state of Mg-like
Al* and St* ions.
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FIG. 4. The 36d 'D—3p6l 'F photoionization of Mg, Af,
and Sf'.

contrast, the photoionization from thes® 'D state is
dominated by the strong@3d resonance resulting from the
constructiveinterference between these two transitions. For
photoionization from higher $v;d 1D states, the spectra are
largely dominated by the shakeup of the outeelectron
following the 3s— 3p core electron excitation. The presence
of a noticeable p3d F resonance in highers3:d 1D spec-
tra further manifests the initial-state mixing between the
3sd and 3p configuration series. The mixing between the
3sd and 3 p configurations is also responsible for the varia-
tion in oscillator strengths observed recently in the inner-
shell excitation of Mg-like Al and Sf* [9].

For S?* ion, the 33d *D state isplungedbelow the first
ionization threshold. The calculated photoionization cross
sections from four lowest bound excité® states are shown
in Fig. 2. Comparing with the Al spectra, the energy sepa-
rations between the@®d 'F and 3vg 'F resonances are
greater. For the broadddd F resonances, the small(i.e.,
near window resonance characteristic with zero cross sec-
tion at or near the center of the resonance is more prominent
than what appears in the Alspectra.

Qualitatively, the peak cross section,,, of a resonance
should be inversely proportional to its resonant width.0].
Unlike the 'D—F resonant spectra in Mid.1], oy, Of the
narrow Prg F autoionization series of the Mg-like Al
and St ions are generally small in spite of their small
widths, which are two to three orders of magnitude smaller
than the prvd F series(see, e.g., Table )l In addition,
from the 3a5d D spectra of both Al and Sf" shown in
Figs. 1 and 2, the cross sections on the higher-energy side of
the dominating 5d Fpeak is greater than the ones on the
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lower-energy side. This is also illustrated in the6d D Si?* are compared in Fig. 4. For Mg, the outed 6rbital,
spectra shown in Fig. 3. The calculated cross sections neavhich is subject to a slightly more screening by the inngr 3
the narrow $7g F resonance on the higher-energy side ofelectron due to a substantial mixing between thé@& and
the dominating §6d 'F peak is substantially greater than the background &f channel, does not penetrate as much to
the ones near the narrowp3g F resonance on the lower- the smaller region as the outerdorbital. As a result, the
energy side. Also, the broadp3d 'F resonance on the Mg 3p6d 'F resonance is located at the higher-energy side
higher-energy side is clearly characterized by a near-gero of the 3p6g 'F resonance. As the nuclear cha@jecreases
parameter. along the isoelectronic sequence, the nuclear Coulomb at-
Detailed resonance profiles of the dominatingtraction eventually dominates over the small difference in
3s6d 'D—3p6d F shakeup structures of Mg, Al and  mutual screening between outer and inner electrons due to

€ = 0370222 Ry
e = 0.374693 Ry

€= 0376056 Ry

FIG. 6. The energy variations
©=0.378812 Ry near the At 3p6d and 36g F
resonances for(i) the weighted

= = & = 0.379720 Ry \ - i
2 = final-state radial functiortgq and
ap ap €= 0379916 Ry (i) the oscillating functior¢,; for
00 00 & = 0379975 Ry the outgoing photoelectron, de-

fined by an expression similar to
€ = 0.380028 Ry Eq. (50) of Ref.[6] or Eq. (10) of
£= 0380169 Ry Ref. [5].

£=0.381146 Ry

0 10 20 80 40 50 60 70 0 10 20 30 40 30 60 70
r (units of a ) r ( units of a,)
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the configuration mixing and, as expected, thp68 ‘F
resonances for Al and Sf' plunge below the $6g *F

rapid increase of the scattering phase shift by a totadrof
across the resonan¢see, e.g., Fig. 2 of Ref4)), the sign of

resonances. &4 corresponding to thef®d 1F resonance is also reversed

as energy increases across the narrg@@*F resonance.
In addition, as expected, the oscillating functiafs on the
opposite sides of the @d and 36g F resonances at
€=0.370 222 Ry and=0.381 146 Ry are nearly identical,
except an increase of the scattering phase shift by a total of
Wr across both p6d 'F(at E,=0.375065 Ry and
3p6g F (at E,=0.379 975 Ry resonances.

For Mg, a similar breakdown of the contributions f,
from individual process near thep8g 'F resonance shows

for nearly 100% of the probability density of the narrow that the dominance of the shakeup process remains. How-

3p6g F resonance, the mixing between thpdBand 3f  ever, a slight shift in the zero iR}, from the minimum in
configuration series is substantiak., 30% or more for the past has led to a strongly asymmetric resonant structure. For
3sf series for the 3p6d F resonance. The cross section Si¥*, the 369 'F is sufficiently separated from the
near the p6g F windowresonance, shown in detail from 3p6d !F resonance. As a resul}; is no longer dominated
the figure on the right, reaches a zero at the resonance duelty a single process.

the sign change of};, or, equivalently, the sign change in  Figure 7 presents a detailed breakdown of individual con-
F corresponding to the bound-to-bound shakeup procesgibutions to the total transition amplitude}; from the four
Since the weighted radial functiofyy corresponding to the processes listed in Table | for the ABs6d *D—*F photo-
3p6d F resonance is the only energy-dependent part of théonization near the g5 and 37! 'F resonances. Unlike
shakeup amplitude, i.e£,q in (xsslr|x3p){(é,.dlé1a), the the strong Av=0 transition (e.g., 36d 'D—-3p6d F
sign change irF; can only result from the energy variation photoionization, the transition amplitude is no longer domi-
of &4 in the vicinity of the 6g LF resonance. The radial nated by the bound-to-bound shakeup process involving the
functions &g, representing the final-statedéelectron, to- 6d electron due to a substantially smaller overlapping inte-
gether with the oscillating functiong.; which represent the 9fal Oy, =(&,,4l€,4) between the weighted radial functions
outgoing photoelectron, are plotted in Fig. 6 at energie®f the initial and final d electrons. In fact, for the
across the p6d and 36g 'F resonances. At the@®g '!F  3s6d 'D—3p5l 'F photoionization, the cross sections near
resonance, i.e., &,=0.379 975 Ry, the energy-dependentthe 3p5g 'F resonance is substantially reduced due tiea
amplitudes of bothégy and ¢ reach a minimum. Similar to  structive interference  between the bound-to-bound
the sign change of the oscillating functigf, due to the 3s6d—3p5d shakeup process and the bound to continuum

Ill. DISCUSSIONS

A detailed breakdown of individual contributions g, ,
shown in Fig. 5, from the four processes listed in Table |
indicates a strong dominance of the bound-to-bound shake
process in the Al 3s6d 'D—3p6l *F photoionization. The
3p6d and P6g F resonances can also be identified by the
local minima in the probability densitysg; for the 3sf ion-
ization channel. Whereas thg®8g configuration accounts
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&4 and &4 near the Af 3p5d and 3p7d F resonances, respec-
tively, with the weighted initial-state radial functlcﬁaid. The over- FIG. 9. Photoionization cross sectiongin Mb) leading to the

lapping integrals betweerf,q and &,4 are given by O,, 1D continuum from the bound excitecs8;p 1P states of Mg atom.
:<§Vid|§vd>- The weighted radial functions are defined by an ex-

pression similar to Eq50) of Ref.[6] or Eq. (10) of Ref.[5].

bound-to-continuum 8v;d— 3sef transition, the transition
amplitudeF ;= (¢, 4/ |€.r) always changes its sigwice as

the photon energy increases across tped®and Pvg 'F
resonances due to the sign change of the oscillating function
&.; as the scattering phase shift increasesrtdgr each reso-
nance(see, e.g., Fig.6

As a result, the relative sign between the transition ampli-
. tudes, corresponding to the bound-to-boursd;8— 3pvd
En?ggg-tt)o-tbhoeug\(jersl:d'—)gpytd sﬁr;akebur: proctehss IS dhettedr- shakeup process and the bound-to-continuigm,@— 3sef

. y . pp!“g_'” ear Vi etween the weig X €4 direct transition, reverses as the energy increases across the
radial fu_nctlo_ns of t_he initial _and final electrons. I_:ollo_wmg dominating shakeup structursee, e.g., Fig. )7 And, the
our earlier discussion, the integrél,, changes its sign at 4 iojonization profiles shown in Fig. 3 changes completely
the 3prg 'F resonance due to the sign change of thegue to the reversal of the interference between the bound-to-
weighted final-state radial functiaf)4 (see, e.g., Fig.)6Our  pound and the bound-to-continuum contributions shown in
calculation has also shown that the final-state radial funcgig. 7. In addition, at energies near the broad resonémge,
tions £,4 expands slowly outwards as energy incredse®, the 3p7d 'F resonance shown in Fig) above the dominat-
e.g., Fig. 8. Except for theA»=0 transition, the overlapping ing shakeup structure, the additional constructive contribu-
integraIOwi is generally small due to the quasiorthogonality tion due to the bound-to-bounds8,d— 3pvd shakeup pro-
between the initial- and final-state weighted radiafunc-  cess does not change the overall qualitative features of the
tions. In fact, it changes sign at an energy close to the centeotal transition amplitudé}; from the bound-to-continuum
of the 3pvd 'F resonance. In other words, whereas for a3sy,d—3sef direct transition. Consequently, similar to a
Av=0 transition, the transition amplitude;; for the bound-  photoionization dominated by a direct bound-to-continuum
to-bound shakeup process changes sign onigenear the transition, the broad8vd 'F resonance on the higher side is
3prg 'F resonancek;; is expected to change sigwicefor  characterized by a near-zegoparameter shown in Figs. 3
all Av+#0 transitions, i.e., first near thep3d 'F resonance, and 7. The substantial change in the resonance features be-
then at the ®rg F resonance. In contrast, for the direct tween the autoionization states at energies below and above

3s6d— 3sef direct transition. On the other hand, the cross
sections near the sBd 'D—3p7g 'F photoionization is
clearly enhanced due to@nstructiveinterference between
the bound-to-bound $6d— 3p7d shakeup process and the
bound-to-continuum 86d— 3sef direct transition.

The energy variation of the transition amplitue of the
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