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Photoionization from excited Mg atoms

T. K. Fang
Institute of Atomic and Molecular Sciences, Academia Sinica, P. O. Box 23-166, Taipei, Taiwan, Republic of China 10764

T. N. Chang
Department of Physics and Astronomy, University of Southern California, Los Angeles, California 90089-0484

~Received 7 September 1999; revised manuscript received 11 January 2000; published 18 April 2000!

We present the theoretical results of a comprehensive study of the photoionization from excited Mg atoms
in the spectral region below the MgII 3p 2P limit using aB-spline-based configuration interaction approach.
The variation of the doubly excited1,3S, 1,3P, 1,3D, and 1,3F resonance structures along the autoionization
series is discussed. The theoretical resonant energy and width, derived from the energy variation of the
scattering phase shift across each resonance, are also presented.

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

The absolute cross section ofground-statephotoioniza-
tion of a lighter alkaline-earth atom, e.g., Be and Mg,
relatively small due to the simultaneous change of electro
orbitals of two interacting outer electrons. In general,
structure profiles of the alternating broad~i.e., npns) and
narrow ~i.e., npnd) 1P resonances are fairly regular alon
the doubly excited autoionization series@1,2#. In contrast, the
spectra from thebound-excitedstates are usually dominate
by the isolated core excitation@3,4#, i.e., a one-electronDn
50 shakeupprocess of the outer excited electron followin
the excitation of the innerns core electron. The resonanc
structures could vary substantially asn increases. A change
in the sign of the Fanoq parameters@5# along the doubly
excitedsp,2n1 1P series in the He 1s2s 1S→1P photoion-
ization has been suggested recently@6#. Photoionization from
a bound-excited state also allows the possibility to stu
resonances with symmetries other than1P, which are not
accessible in a one-photon process from the ground state@7#.

In this paper, we present the quantitative results of a co
prehensive study of the photoionization from the boun
excited 3snl 1,3S, 1,3P, and 1,3D states of Mg. The theoret
ical data are calculated using aB-spline-based configuratio
interaction~BSCI! approach@8,9#. In addition to its success
ful applications to the ground-state photoionization of
and alkaline-earth atoms@4,8,10#, more recently, the near
threshold BSCI absolute photoionization cross sections f
the bound excited 1snp1P states of He have also been co
firmed experimentally@11#.

Most of the results presented in this paper are calcula
using a set of basis functions which consists of all poss
products of one-electron frozen core Hartree-Fock~FCHF!
functions @9#, including both positive and negative energ
orbitals, i.e., similar to an extended CC-CC calculation
tailed in @12#. The typical size of the extended BSCI bas
ranges up to 9000. The Hamiltonian matrix is diagonaliz
using a two-step procedure discussed in@9#. The worst dis-
agreement between length and velocity results is about
In general, length-velocity agreement is substantially be
than 5%. Only length results are presented in this paper.
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BSCI results are also consistent with other earlier availa
theoretical@2,13,14# and experimental@1,7# data.

II. RESULTS AND DISCUSSIONS

The theoretical resonant energy and width of a dou
exited state are determined in the BSCI procedure@8,9# from

TABLE I. The calculated widthsG ~in a@m#5a310m Ry) and
effective quantum numbersn for the Mg 3pnp1,3S, the 3pns and
3pnd1,3P, the 3pnp and 3pn f 1,3D, and the 3pnd and 3png1,3F
resonances converging to 3p limit. The energy difference betwee
3p and 3s limits, i.e., e3p2e3s , is 0.325 606 Ry.

Singlet Triplet
state n G state n G

3p2 1S 1.9550 2.88@23# 3p4p 3S 2.8473 1.83@26#

3p4p 1S 3.1324 5.99@25# 3p5p 3S 3.8748 3.44@26#

3p5p 1S 4.1442 4.62@26# 3p6p 3S 4.8858 2.66@26#

3p6p 1S 5.1477 7.29@28# 3p4s 3P 2.3172 5.66@24#

3p4s 1P 2.3967 2.79@22# 3p5s 3P 3.3467 2.85@24#

3p5s 1P 3.4290 8.01@23# 3p6s 3P 4.3584 1.56@24#

3p6s 1P 4.4401 3.45@23# 3p3d 3P 2.8673 1.13@23#

3p3d 1P 3.0993 1.59@24# 3p4d 3P 3.8485 3.49@24#

3p4d 1P 4.0908 5.54@25# 3p5d 3P 4.8448 1.48@24#

3p5d 1P 5.0867 2.48@25# 3p4p 3D 2.7124 2.04@23#

3p4p 1D 2.9395 1.95@22# 3p5p 3D 3.7487 8.78@24#

3p5p 1D 3.9626 1.01@22# 3p6p 3D 4.7635 4.48@24#

3p6p 1D 4.9474 5.21@23# 3p4 f 3D 4.0277 3.98@25#

3p4 f 1D 4.0253 2.87@26# 3p5 f 3D 5.0267 3.28@25#

3p5 f 1D 5.0225 4.92@26# 3p3d 3F 2.5268 2.13@22#

3p3d 1F 3.1012 6.63@23# 3p4d 3F 3.6160 3.36@23#

3p4d 1F 4.1165 3.63@23# 3p5d 3F 4.6379 1.39@23#

3p5d 1F 5.1196 2.10@23# 3p6d 3F 5.6496 7.31@24#

3p6d 1F 6.1251 1.27@23# 3p7d 3F 6.6590 4.33@24#

3p7d 1F 7.1302 8.32@24# 3p5g 3F 5.0294 5.83@28#

3p5g 1F 5.0294 7.57@28# 3p6g 3F 6.0333 6.26@28#

3p6g 1F 6.0333 9.67@28# 3p7g 3F 7.0388 5.11@28#

3p7g 1F 7.0388 9.35@28#
©2000 The American Physical Society16-1
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FIG. 1. Mg 1,3S→1,3P photoionization from
bound excited 3sn is

1,3S states.
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the energy variation of the scattering phase shifts across
resonance.~We should note that the energy and width of
resonance can also be determined by a spline-Gale
method developed by Brageet al. @15#.! Table I summarizes
the calculated widthsG and the effective quantum numbern
of the Mg 3pn l 1,3S, 1,3P, 1,3D, and 1,3F autoionization
series converging to the MgII 3p 2P limit. Except for the
1P series, the relative energies of all autoionization se
follow the usual Hund’s rule, i.e., the triplet states lie belo
that of the singlet states in energy and the states with sm
total orbital angular momentumL lie above that of the state
with largerL. Our calculation has shown that the 3pnd 1F

TABLE II. The calculated energyE ~in Ry! for the Mg bound
excited 3sns1,3S, 3snp1,3P, and 3snd1,3D states relative to the
Mg II 3p 2P limit.

Singlet Triplet
state E state E

3s2 1S 21.66971 3s4s 3S 21.29202
3s4s 1S 21.27109 3s5s 3S 21.19448
3s5s 1S 21.18827 3s6s 3S 21.15779
3s6s 1S 21.15511 3s3p 3P 21.47206
3s3p 1P 21.34635 3s4p 3P 21.23163
3s4p 1P 21.21704 3s5p 3P 21.17290
3s5p 1P 21.16843 3s6p 3P 21.14758
3s6p 1P 21.14564 3s3d 3D 21.23040
3s3d 1D 21.24634 3s4d 3D 21.17335
3s4d 1D 21.18374 3s5d 3D 21.14800
3s5d 1D 21.15432 3s6d 3D 21.13455
3s6d 1D 21.13851
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state is located slightly above its corresponding 3pnd 1P
state. This can be attributed to the stronger mixing betw
the doubly excited 3pd series and the singly excited 3s f
series for the1F symmetry than that between the 3pd and
3sp series for the1P symmetry. This stronger configuratio
mixing is also responsible for the greater widths of t
3pnd 1F series than that of the 3pnd 1P series. In addition,
the calculated energies of the1,3S, 1,3P, and 1,3D bound
excited states relative to the MgII 3p 2P threshold are also
listed in Table II.

A. Transitions betweenS and P states

Figure 1 shows that the Mg1,3S→ 1,3P photoionization
spectra from bound excited 3sn is

1,3S states are dominate

FIG. 2. Mg 3s5s 1S→1P photoionization. The cross sectio
near the 3p4s 1P resonance on the longer wavelength side~i.e.,
lower energy side! is greater than the one near the 3p6s 1P reso-
nance on the shorter wavelength side.
6-2
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PHOTOIONIZATION FROM EXCITED Mg ATOMS PHYSICAL REVIEW A 61 052716
by the shakeupof the outern is electron following the 3s
→3p core excitation. For the 3sns 1,3S→3p(n61)s 1,3P
~i.e., DnÞ0) transitions, Fig. 2 shows that the cross sect
on the lower-energy side is greater than that on the hig
energy side. This feature is similar to the 3snd 1D→3p(n
61)d 1F and 3snp 1P→3p(n61)p 1D photoionization
~see, e.g., Figs. 3 and 9 in@4#! due to a change in the inter
ference pattern fromconstructiveto destructiveacross the
dominantDn50 transition. Figure 3 shows that theq values
of the 3P resonances on the lower-energy side change f
negative to positive along the autoionization series as
energy increases to the higher-energy side across the d
nant 3s5s 3S→3p5s 3P peak. A breakdown of individua

FIG. 3. The sign change of theq values of the3P resonances
along the autoionization series in Mg 3s5s 3S→3P photoioniza-
tion.
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contributions to the total transition amplitudesFt
f i for the

photoionization from the3s5s 3S state near the 3p4s 3P and
3p6s 3P resonances detailed in Fig. 4 shows thatFt

f i is
dominated by the 3ss→3ps shakeup process. As the energ
increases from the 3p4s 3P resonance to the 3p6s 3P reso-
nance, the net effect due to contributions from other p
cesses is to change the relative positions between the ze
Ft

f i and the minimum of the square of the amplitudeA of the
oscillating radial function that represents the outgoing io
ized electron. A similar feature has also been reported
cently in the He 1s2s 1S→sp,2n1 1P photoionization
along the 2n1 autoionization series@6#.

Although there are no experimental1,3S→1,3P photoion-
ization data from the excited states that can be compa
directly to the theoretical BSCI results presented in Fig.
the theoretical spectrum from the ground state compares
well with the observed data. In addition to the excelle
theory-experiment agreement shown in Ref.@10# for the first
few doubly excited resonances above the first ionizat
threshold, Fig. 5 shows a good agreement between the B
result and a recent absolute cross-section measureme
higher energy@16#. As the theoretical peak cross section
the 3p5s 1P resonance is slightly higher than the measu
value, the discrepancy between theory and experimen
somewhat larger on the higher-energy shoulder near 11
nm.

Except for the 3p2 1S state, the widths of all 3pnp 1,3S
states are relatively small~i.e., 0.1–1 meV or less!. As a
result, the resonance profiles of the 3sn i p

1,3P→3pnp 1,3S
photoionization spectra are very difficult to resolve in det
as shown in Fig. 6. A closer look at the more detailed spe
I
s

FIG. 4. Breakdown of individual contribu-
tions to the total transition amplitudesF f i

t for the
photoionization from 3s5s 3S state near the
3p4s 3P and 3p6s 3P resonances. See Table
and Figs. 5 and 7 of@4# for the detailed processe
corresponding to the bound-to-bound~B-B! and
bound-to-continuum~B-C! transitions.
6-3
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of a number of selected resonances given in Fig. 7 sh
that the 1,3P→1,3S photoionization is also dominated by th
Dn50 shakeupof the outerp electron following the 3s
→3p core excitation.

B. Transitions betweenP and D states

Figure 8 shows that the Mg 3sn i p
1,3P→3pn l 1,3D pho-

toionizations are similarly dominated by theshakeupof the
outer n i p electron following the 3s→3p core excitation.
One of the most interesting features in the1P→1D photo-
ionization spectra is the presence of a very broad reson
located across the first ionization threshold. This broad re
nance corresponds to a 3p2 1D state diluted in a 3sd1D
series@14#. Figure 9 shows clearly that the probability de
sity rjnp

for the 3pnp1D state, estimated from the weighte

radial functionjnp @defined by Eq.~10! of Ref. @8# or Eq.

FIG. 5. Comparison between theoretical BSCI ground state
photoionization cross sections and the most recent photoabsor
spectrum by Yih@16#.
05271
s

ce
o-

~50! of Ref. @9## based on our BSCI calculation, is relative
small and varies smoothly as energy decreases. For Mg,
atomic transition which involves a1D state ~i.e., either a
bound excited 3sn id

1D state or a resonant 3pn8p 1D state
in the continuum! is affected strongly by the strong configu
ration mixing between the 3sd and 3pp series@17,18#. The
lack of a localized resonance feature is just one such
ample.

Experimentally, the 3pn(>4)p 1D resonances were no
observed in the two-photon ionization spectra from t
Mg 1S ground state in spite of a definitive identification
the overlapping doubly excited 3pnp 1S and 3pn f 1D auto-
ionization series@19#. Theabsenceof the 3pnp 1D series in
the observed1S→1D two-photon ionization spectrum i
consistent with the result of an earlier theoretical estimat
~see, e.g., Fig. 1 in Ref.@10#!. In fact, based on our calculate
3s3p 1P→3pn l 1D spectrum shown in Fig. 8, we may con
clude that the near zero transition rate near the 3pnp 1D
window resonances is responsible for the absence of
3pnp 1D series in the two-photon ionization spectra.

Another example which manifests the strong 3sd23pp
configuration interaction can be found in the 3sn id

1D
→3pn l 1P photoionization spectra shown in Fig. 10. Unlik
the 3sn id

3D→3pnd 3P photoionization, which is clearly
dominated only by theDn50 shakeupprocess of the outerd
electron following the 3s→3p core excitation, the
3sn id

1D→3pnd 1P spectra are dominated by both th
3sn id

1D→3pn id
1P ~i.e., Dn50) shakeupprocess and the

3sn id
1D→3s(n i21)d 1P ~i.e., Dn521) shakedownpro-

cess. The large transition amplitudes for theDn50 and
21 transitions result directly from a substantial overlap b
tween the initialn id and the finaln8d orbitals, which can be

g
ion
FIG. 6. Mg 1,3P→1,3S photoionization from
bound excited 3sn i p

1,3P states.
6-4
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FIG. 7. Mg 1,3P→1,3S photo-
ionization spectra near 3pnp1S
resonances from selected boun
excited 3sn i p

1,3P states.

FIG. 8. Mg 1,3P→1,3D photoionization from
bound excited 3sn i p

1,3P states.
052716-5



th
s
m

l

of

,

m

es
ng

iled
n
e
si-
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attributed, in turn, to a large negative quantum defect of
d orbitals of the 3sn id

1D series. Our BSCI calculation ha
shown that the respective effective principal quantum nu
bers of 2.66, 3.57, and 4.51 for the 3s3d, 3s4d, and
3s5d 1D initial states differ from the effective principa
quantum numbers of 3.10, 4.09, and 5.09 for the 3p3d,
3p4d, and 3p5d 1P final states only by about 0.5, instead
a value close to 1.0. As a result, the rates of theDn50 and
Dn521 transitions are comparable as shown. In addition
small mixture of the 3pn8d component in the 3pn8s 1P state
is responsible for the strong 3sn id

1D→3p(n i21)s 1P tran-
sition due to the proximity of the effective principal quantu
numbers of the 3p4s, 3p5s, and 3p6s 1P states~i.e., 2.40,
3.43, and 4.44, respectively! and that of the initial 3sn id

1D
states.

Figure 11 shows that theq parameters of the resonanc
located on the lower-energy side of the dominati

FIG. 9. The probability densityrjnp
for the 3pnp1D state.
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3s4d 3D→3p4d 3P ~i.e., Dn50) shakeuppeak are oppo-
site in sign to the ones on the higher-energy side. A deta
breakdown of individual contributions to the total transitio
amplitudesFt

f i is shown in Fig. 12. Again, this sign chang
of theq parameters can be accounted for by a similar phy
cal interpretation for the 3s5s 3S→3P photoionization dis-
cussed earlier~see, e.g., Figs. 3 and 4!.

C. 1,3D to 1,3F transitions

Our theoretical BSCI 3sn id
1,3D→3pn l 1,3F spectra are

summarized in Fig. 13. For the3D→3F photoionization,
again, the transitions are dominated by theDn50 shakeup
of the outerd electron following the 3s→3p core excitation.
In contrast, for the1D→1F photoionization, the 3sn id

1D
→3p(n i21)d 1F ~i.e., Dn521) shakedownprocess is, in

FIG. 11. The sign change of theq values of the3P resonances
along the autoionization series in Mg 3s4d 3D→3P photoioniza-
tion.
FIG. 10. Mg 1,3D→1,3P photoionization
from bound excited 3sn id

1,3D states.
6-6
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FIG. 12. Breakdown of individual contribu
tions to the total transition amplitudesF f i

t for the
photoionization from 3s4d 3D state near the
3p4s 3P and 3p6s 3P resonances. See also Fig
5 and 7 of@4# for the detailed processes corre
sponding to the bound-to-bound~B-B! and
bound-to-continuum~B-C! transitions.
on
r-
th

n

fact, more prominent than the 3sn id
1D→3pn id

1F ~i.e.,
Dn50) shakeupprocess. Similar to the1D→1P spectra dis-
cussed earlier, this can be attributed again to the str
3sd23pp mixing, which leads directly to a substantial ove
lap in effective principal quantum numbers between
05271
g

e

3p3d, 3p4d, and 3p5d 1F final states~i.e., 3.10, 4.12, and
5.12, respectively! and the 3s3d, 3s4d, and 3s5d 1D initial
states~i.e., 2.66, 3.57, and 4.51, respectively!.

For the Mg 3pnd 1F resonances, our BSCI calculatio
has confirmed what we reported recently@4# that the outer
FIG. 13. Mg 1,3D→1,3F photoionization
from bound excited 3sn id

1,3D states.
6-7
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nd electron~which is subject to slightly more screening b
the inner 3s electron due to a substantial configuration m
ing between the 3pnd and the background 3s« f channel!
does not penetrate as much to the smallr region as the oute
ng electron of the 3png 1F resonance. As a result, th
3pnd 1F resonance is located at the higher-energy side
the 3png 1F resonance. A more detailed discussion of t
interference between the overlapping 3pnd and 3png 1F
autoionization series has already been presented in Ref@4#.
Finally, we note that the very narrow 3png 1F series, with a
resonance width of the order of a few hundred MHz, h
been observed recently in a three-color stepwise laser e
tation and time-of-flight mass spectrometry experiment@20#.

D. Concluding remarks

In summary, the photoionization spectra from bound
cited Mg in 3sn i l

1,3L states are generally dominated by t
Dn50 shakeupprocess of the outern i l electron following
the one-electron 3s→3p core excitation. The only exceptio
is when the transition is substantially affected by the stro
3sd23pp mixing shown in Fig. 13. Based on a more com
n
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s
.
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d
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prehensive quantitative study on the variation of the re
nance profiles along the doubly excited autoionization se
presented in this paper, we are able to confirm two inter
ing new features which we first suggested in Refs.@4# and@6#
for limited transitions only. First, in addition to the1D
→1F transition reported in Ref.@4#, the present calculation
has shown that the cross section on the lower-energy sid
greater than that on the higher-energy side of the domin
Dn50 peak, due to a change in the interference pattern fr
constructiveto destructive, for transitions involving all other
symmetries. Second, similar to what we reported in Ref.@6#
for He, a sign change in the Fanoq parameter along the
autoionization series in Mg has also been identified~see, e.g.,
Figs. 3 and 11!. The detailed quantitative estimates presen
in this study should further facilitate experimental observ
tions such as the one reported recently in Ref.@20#.
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