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Photoionization from excited Mg atoms
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We present the theoretical results of a comprehensive study of the photoionization from excited Mg atoms
in the spectral region below the Mg3p 2P limit using aB-spline-based configuration interaction approach.
The variation of the doubly excited®s, *°P, D, and *%F 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 numbgs): 32.80.Fb, 32.80.Dz, 32.70.Jz, 31.25.Jf

[. INTRODUCTION BSCI results are also consistent with other earlier available
theoretical[2,13,14 and experimentdl1,7] data.

The absolute cross section gfound-statephotoioniza-
tion _of a lighter aIkaIine-earth atom, e.g., Be and Mg, is_ Il. RESULTS AND DISCUSSIONS
relatively small due to the simultaneous change of electronic
orbitals of two interacting outer electrons. In general, the The theoretical resonant energy and width of a doubly
structure profiles of the alternating brodice., nprs) and  exited state are determined in the BSCI proced@r8] from
narrow (i.e., nprd) P resonances are fairly regular along
the doubly excited autoionization serids2]. In contrast, the TABLE I. The calculated width$’ (in a[ #]=aXx10* Ry) and
spectra from théound-excitedstates are usually dominated gﬁecéiygpqusnt;om numc?ear:; f?[ ;ge M% Cﬂﬁn%l'? thg %)HS flaf::d
by theisolated core excitatiof3,4], i.e., a one-electron v pnd>*P, the 3pnp and Jpnf D, and the pnd and Jpng™
=y0 shakeupprocess of the outer excited electron following 'esonances converging t@3imit. The energy difference between
the excitation of the innens core electron. The resonance 3P and 3 limits, i.e., €3, €35, is 0.325606 Ry.
structures could vary substantially asncreases. A change
in the sign of the Fan@ parameterg5] along the doubly
excitedsp,2n® P series in the He 42s'S—'P photoion-
ization has been suggested recefly Photoionization from  3n215 19550 2.88-3]  3p4p3S 2.8473 1.8p—6]
a bound—excm_ed state als_o allows the poss_lblllty to StUd)épAfplS 3.1324 5.9p-5] 3p5p3S 3.8748 3.48-6]
resonances with symmetries other th&R, which are not 3p5plS  4.1442 4.6p—6] 3p6p3S 4.8858 2.6p—6]
access!ble in a one-photon process fr_om. the ground [sthte 3p6plS 5.1477 7.20-8] 3p4s3P 23172 5.6p—4]

In th|§ paper, we present the quantitative results of a com3p4slp 23967 2.7p-2] 3p5s°P  3.3467 2.85-4]
prehensive 1st3udy1 gf the pigotomnlzatlon from the bound'spsslp 34290 8.01-3] 3p6sP 4.3584 1.5 4]
excited nl*°S, ~°P, and D states of Mg. The theoret- 1 3
. . . . . 3p6s P 4.4401 3.4p-3] 3p3d~°P 2.8673 1.1B—3]
ical data are calculated usingBaspline-based configuration 3p3dlP 30993 150—4 3pdd®P 3.8485 3404
interaction(BSCI) approacH8,9]. In addition to its success- P . ' SB=4] P 3 : 4B=4]
ful applications to the ground-state photoionization of He3ID40I lP 4.0908 5.54-5] 3p5d3P 4.8448 1.48-4]
and alkaline-earth atorris},8,10, more recently, the near- <P>d 1P 50867 2.4B-5]  3p4p 3D 2.7124  2.08-3]
threshold BSCI absolute photoionization cross sections fromP4P lD 29395 1.956-2]  3p5p 3D 3.7487 8.78-4]
the bound excited dnp'P states of He have also been con- gp:p 13 i-gi?i é-gg:_ g §p2?3g j-gggi ;‘-gg_g
firmed experimentally11]. pop - S p : 9P~

Most of the results presented in this paper are calculate@P4f ‘D 4.0253 2.87-6]  3pSf°D 5.0267 3.2B-5]
using a set of basis functions which consists of all possibl@p5f'D  5.0225 4.9p—6]  3p3d°F 2.5268 2.1B—2]
products of one-electron frozen core Hartree-F¢eRHP  3p3d'F  3.1012 6.6B—3]  3p4d°F 3.6160 3.36-3]
functions[9], including both positive and negative energy 3p4d'F 4.1165 3.6B—3]  3p5d°F 4.6379 1.3p-3]
orbitals, i.e., similar to an extended CC-CC calculation de-3p5d'F 5.1196 2.10—3] 3p6d°F 5.6496 7.31—4]
tailed in[12]. The typical size of the extended BSCI basis3p6d'F 6.1251 1.2f—3] 3p7d3F 6.6590 4.3B—4]
ranges up to 9000. The Hamiltonian matrix is diagonalized3p7d*F 7.1302 8.3p—4] 3p5g°%F 5.0294 5.88—8]
using a two-step procedure discussed9h The worst dis-  3p5g'F 5.0294 7.57—-8]  3p6g°F 6.0333 6.25—8]
agreement between length and velocity results is about 5%8p6gF 6.0333 9.6F—8] 3p7g3F 7.0388 5.11-8]
In general, length-velocity agreement is substantially bettegp7glF 7.0388 9.35-8]
than 5%. Only length results are presented in this paper. The
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the energy variation of the scattering phase shifts across eastate is located slightly above its correspondingy8 1P
resonance(We should note that the energy and width of astate. This can be attributed to the stronger mixing between
resonance can also be determined by a spline-Galerkithe doubly excited Bd series and the singly exciteds8
method developed by Brag# al.[15].) Table | summarizes series for thelF symmetry than that between thep@ and
the calculated width§ and the effective quantum number  3sp series for the!P symmetry. This stronger configuration
of the Mg 3pvl %S, 1P, 13D, and 1°F autoionization mixing is also responsible for the greater widths of the
series converging to the Mg3p 2P limit. Except for the  3prdF series than that of thep®d 1P series. In addition,
!p series, the relative energies of all autoionization serieshe calculated energies of the’S, %P, and **D bound
follow the usual Hund's rule, i.e., the triplet states lie belowexcited states relative to the Mg3p 2P threshold are also
that of the singlet states in energy and the states with smalldisted in Table .

total orbital angular momentuin lie above that of the states

with largerL. Our calculation has shown that the 3 F A. Transitions betweenS and P states

Figure 1 shows that the Mg *S— 1P photoionization

TABLE II. The calculated energ (in Ry) for the Mg bound  gpectra from bound exciteds3;s %S states are dominated
excited 3ns'3S, 3snp!®P, and Bnd*D states relative to the

Mg it 3p 2P limit. 2800 [TV

Singlet Triplet 2o | e Nraon ¥ e
state E state E 2000 2 " " ]
3s21s ~1.66971 34s3S —1.29202 5 1600 3 + e NN ]
3s4s's —1.27109 35s°%S —1.19448 = o N fsset ]
3s5sls —1.18827 365  —1.15779 R e e E
3s6s'S —1.15511 33p°P —1.47206 soo [ »A Mo wse | aose
3s3p P —1.34635 24p%P  —1.23163 F e
3s4p 1P 121704 35p3P 117290 el e / 3
3s5p P —1.16843 36p 3P —1.14758 S ——— i,

1 3 0.00 0.05 010 0415 0.20 0.25 0.30

3s6p P —1.14564 33d D —1.23040 PHOTOELECTRON ENERGY (Ry)
3s3d 1D —1.24634 34d 3D —-1.17335
3s4d D —1.18374 35d°D —1.14800 FIG. 2. Mg 35sS—!P photoionization. The cross section
3s5d 1D —1.15432 36d°D —1.13455 near the P4s’P resonance on the longer wavelength side.,
3s6d D —1.13851 lower energy sideis greater than the one near thp P reso-

nance on the shorter wavelength side.
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S IR R SR B IR | BB contributions to the total transition amplitudEé' for the
- Mg 3s5s %S TO °P y photoionization from the§bs *S state near the $4s P and
ol PHOTOIONIZATION 3pss || 3paa ] 3p6s 3P resonances detailed in Fig. 4 shows tlﬁét is
i ” ] dominated by the 8s— 3ps shakeup process. As the energy
= :A:uv e ] N, ] increases from the s P resonance to the@®s 3P reso-
= 02 10" . nance, the net effect due to contributions from other pro-
v [ °w: o ] cesses is to change the relative positions between the zero in
[ e e oo e ™ oo ] F{" and the minimum of the square of the amplituslef the
or apsd 3pés ] oscillating radial function that represents the outgoing ion-
[ 3pas I i ized electron. A similar feature has also been reported re-
N U AVH Y cently in the He %2s!S—sp2n® P photoionization
000 005 010 015 020 025 0.30 along the 2" autoionization seriegs].
PHOTOELECTRON ENERGY (Ry) Although there are no experimentafS— 3P photoion-

ization data from the excited states that can be compared
FIG. 3. The sign change of thgvalues of th3e3P resonances  girectly to the theoretical BSCI results presented in Fig. 1,
along the autoionization series in Mgs3s°S—~P photoioniza- e theoretical spectrum from the ground state compares very
tion. well with the observed data. In addition to the excellent
theory-experiment agreement shown in R&0] for the first
by the shakeupof the outery;s electron following the 3  few doubly excited resonances above the first ionization
—3p core excitation. For the $s3S—3p(r+1)s'3p threshold, Fig. 5 shows a good agreement between the BSCI
(i.e., Av#0) transitions, Fig. 2 shows that the cross sectiorresult and a recent absolute cross-section measurement at
on the lower-energy side is greater than that on the highetigher energy16]. As the theoretical peak cross section of
energy side. This feature is similar to the:@ 'D—3p(»  the 3p5s'P resonance is slightly higher than the measured
+1)d!F and ZvplP—3p(r=1)p!D photoionization value, the discrepancy between theory and experiment is
(see, e.g., Figs. 3 and 9 [4]) due to a change in the inter- somewhat larger on the higher-energy shoulder near 112.5
ference pattern frontonstructiveto destructiveacross the nm.
dominantA »=0 transition. Figure 3 shows that tevalues Except for the 'S state, the widths of all gvp 13S
of the P resonances on the lower-energy side change fronstates are relatively small.e., 0.1-1 meV or le3s As a
negative to positive along the autoionization series as theesult, the resonance profiles of theigp 1*P—3prp 135
energy increases to the higher-energy side across the donghotoionization spectra are very difficult to resolve in detail
nant 35s3S—3p5s3P peak. A breakdown of individual as shown in Fig. 6. A closer look at the more detailed spectra
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and Figs. 5 and 7 d#] for the detailed processes
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15 T T

T T T T T (50) of Ref.[9]] based on our BSCI calculation, is relatively
i Mg ground state small and varies smoothly as energy decreases. For Mg, any
o= expt. photolonization ; atomic transition which involves dD state(i.e., either a

T esd i ©apss bound excited 8v;d 1D state or a resonantpd’p 1D state

] in the continuum s affected strongly by the strong configu-

] ration mixing between thesdd and Jop series[17,18. The

] lack of a localized resonance feature is just one such ex-
ample.

Experimentally, the Br(=4)p D resonances were not
observed in the two-photon ionization spectra from the
Mg 1S ground state in spite of a definitive identification of

FIG. 5. Comparison between theoretical BSCI ground state Mghe overlapping doubly excitedpdp 'S and 3pvf 'D auto-
photoionization cross sections and the most recent photoabsorptidanization serie$19]. The absenceof the 3pvp 'D series in
spectrum by Yih16]. the observed!S—D two-photon ionization spectrum is
consistent with the result of an earlier theoretical estimation

of a number of selected resonances given in Fig. 7 showsSee: e.9., Fig. 11in Ref10]). In fact, based on our calculated
that the P — 135 photoionization is also dominated by the 3S3P “P—3p»l "D spectrum shown in Fig. 8, we may con-

Av=0 shakeupof the outerp electron following the 3  clude that the near zero transition rate near tipe[8'D
—.3p core excitation. window resonances is responsible for the absence of the

3pvp D series in the two-photon ionization spectra.
Another example which manifests the strongd3-3pp
configuration interaction can be found in thesi3d ‘D
Figure 8 shows that the Mg s3;p **P—3p»l *D pho- . 3pul !P photoionization spectra shown in Fig. 10. Unlike
toionizations are similarly dominated by tiseakeupof the  the 3sy,d 3D —3pvd 3P photoionization, which is clearly
outer v;p electron following the 3—3p core excitation. dominated only by thé v=0 shakeupprocess of the outet
One of the most interesting features in the—'D photo-  electron following the 3—3p core excitation, the
ionization spectra is the presence of a very broad resonan@,,d *D—3pvd P spectra are dominated by both the
located across the first ionization threshold. This broad resossy,d *D—3pw;d P (i.e., Av=0) shakeugprocess and the
nance corresponds to gp3'D statediluted in a 3sd'D  3sy,d D —3s(»;—1)d 1P (i.e., Av=—1) shakedowrpro-
S?rieS[l‘ﬂ. Figure 9 shows clearl)_/ that the probablllty den- cess. The large transition amplitudes for the=0 and
sity p¢, for the 3pnpD state, estimated from the weighted —1 transitions result directly from a substantial overlap be-
radial functioné, [defined by Eq.(10) of Ref.[8] or Eq.  tween the initialv;d and the finalv’d orbitals, which can be
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FIG. 9. The probability densitpgnp for the 3pnp?D state. FIG. 11. The sign change of tleevalues of the®P resonances

along the autoionization series in Mgs@d *D— 3P photoioniza-

attributed, in turn, to a large negative quantum defect of thélon'

d orbitals of the 3v;d 'D series. Our BSCI calculation has 3g44 3D_.3p4d 3P (i.e., Av=0) shakeuppeak are oppo-
shown that the respective effective principal quantum num
bers of 2.66, 3.57, and 4.51 for thes®l, 3s4d, and
3s5d 1D initial states differ from the effective principal
quantum numbers of 3.10, 4.09, and 5.09 for the3@,

site in sign to the ones on the higher-energy side. A detailed
breakdown of individual contributions to the total transition
amplitudesF{' is shown in Fig. 12. Again, this sign change

1o g . of the q parameters can be accounted for by a similar physi-
3p4d, and 5d °P final states only by about 0.5, instead of ., interpretation for the §s3S— 3P photoionization dis-

a value close to 1.0. As a result, the rates of Ahe=0 and ; :

Av=—1 transitions are comparable as shown. In addition, gussed earliefsee, e.g., Figs. 3 and.4
small mixture of the »’d component in the Bv’'s P state

is responsible for the strongs3,d *D—3p(v;— 1)s'P tran-
sition due to the proximity of the effective principal quantum  Our theoretical BSCI 8v;d 1*D— 3pwvl 1°F spectra are
numbers of the B4s, 3p5s, and 36s P statesi.e., 2.40, summarized in Fig. 13. For théD—>F photoionization,
3.43, and 4.44, respectivélgnd that of the initial 3v,d D again, the transitions are dominated by the=0 shakeup
states. of the outerd electron following the 83— 3p core excitation.

Figure 11 shows that thg parameters of the resonances In contrast, for the!D —1F photoionization, the 8»;d 1D

located on the lower-energy side of the dominating—3p(»;—1)d'F (i.e., Av=—1) shakedowrprocess is, in

C. °D to Y%F transitions
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fact, more prominent than thes3,d *D—3pr;d'F (i.e., 3p3d, 3p4d, and P5d*F final statesi.e., 3.10, 4.12, and
Av=0) shakeugprocess. Similar to théD — P spectra dis- 5.12, respectivelyand the 33d, 3s4d, and 35d D initial
cussed earlier, this can be attributed again to the strongtates(i.e., 2.66, 3.57, and 4.51, respectively

3sd—3pp mixing, which leads directly to a substantial over-  For the Mg Pvd F resonances, our BSCI calculation
lap in effective principal quantum numbers between thehas confirmed what we reported recerfédy that the outer
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vd electron(which is subject to slightly more screening by prehensive quantitative study on the variation of the reso-
the inner 3 electron due to a substantial configuration mix- nance profiles along the doubly excited autoionization series
ing between the Brd and the backgroundsaf channel  presented in this paper, we are able to confirm two interest-
does not penetrate as much to the smaéigion as the outer ing new features which we first suggested in Ref$and|6]

vg electron of the rglF resonance. As a result, the for limited transitions only. First, in addition to théD
3pvd !F resonance is located at the higher-energy side of~'F transition reported in Ref4], the present calculation
the 3pvg F resonance. A more detailed discussion of thehas shown that the cross section on the lower-energy side is
interference between the overlapping: @l and vg'F greater than that on the higher-energy side of the dominant
autoionization series has already been presented in[Ref. Av=0 peak, due to a change in the interference pattern from
Finally, we note that the very narronp3g *F series, with a  constructiveto destructive for transitions involving all other
resonance width of the order of a few hundred MHz, hassymmetries. Second, similar to what we reported in R&if.
been observed recently in a three-color stepwise laser excior He, a sign change in the Fargpparameter along the

tation and time-of-flight mass spectrometry experinj@®.  autoionization series in Mg has also been identifse, e.g.,
Figs. 3 and 11 The detailed quantitative estimates presented

in this study should further facilitate experimental observa-

o tions such as the one reported recently in R28).
In summary, the photoionization spectra from bound ex-

cited Mg in 3sv;/ 1°L states are generally dominated by the ACKNOWLEDGMENTS
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D. Concluding remarks
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