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Optical and generalized oscillator strengths for valence and inner-shell excitations
on the Mg atom
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Theoretical results for the transition energies involving three Rydberg series, optical oscillator strengths
(O0Ss, and generalized oscillator strengtffSOSg for valence and inner-shell electronic excitations are
presented for the transitiondP«—X 1S,(3s—np, 2s—np, 1s—np e2p,—ns), 1S—X 1S,(3s—ns, 2s
—ns, 1s—ns), and D —X 1S,(3s—3d) in the magnesium atom. The influence of relaxation and correlation
effects on the excitation energy and OOS and GOS values is studied. For this purpose, the target wave
functions for each electronic state studied is determined independently at the Hartree-Fock and configuration-
interaction methods. The first Born approximation is used in the calculation of the GOS and the properties
between the nonorthogonal target wave functions are calculated with a biorthogonalization procedure.
[S1050-294{@7)03910-3

PACS numbd(s): 33.70.Ca, 34.80.Gs

[. INTRODUCTION Mg atom: !P—X 1Sy(2s—np, 1s—np e2pz—ns) and
1S X 15y(2s—ns, 1s—ns) with n=4—6.

A great deal of work has been devoted in the past two In order to study the influence of relaxation and correla-
decades to the study of valence excitations in the magnesiuiion effects on the excitation energy and on the optical and
atom[1—6]. Among the reasons for this effort is the interestgeneralized oscillator strengths, different levels of calcula-
related to astrophysical reseafd and the fact that the Mg tion were used. The target wave functions were determined
atom has, in the ground state, two correlated electrons in th@t the Hartree-FockHF) and CI levels, either using the
3s orbit. When one of the § electrons is promoted to an | fozen-core approximation” or allowing all the atomic or-

excited state, another kind of correlation takes place, such 44t@ls to relax for each of the excited states. The electron-
angular 3np, 3s3d, or radial 3nscorrelations, depending atom collision process was described within the frame of the

on the excitation process. This means that the correlatioﬁrSt Born approximationtFBA) [10]. The theoretical values

effects act differently for the ground and excited states. For the excitations energies, OOS, and GOS have been com-
this reason, the Hartree-Fock calculations do not predict corQ
rectly the excitation energies and the optical properties. This
makes the Mg excitation process interesting for the discus-

sion of the atomic electron correlati¢8]. The calculations of the excitation energy, optical oscilla-
Previous calculations of optical properties for valence extor strength, and generalized oscillator strength were per-
citations have taken into account the correlation by theformed using either HF or Cl wave functions expanded on a
configuration-interactioriCl) or multiconfiguration methods basis of Gaussian-type orbital&TOS. The (1%,12p,5d)/
within the frozen-core approximation, in which the same ocq 4s,3p,2d] basis of Widmarlet al.[11] was uncontracted in
cupied and virtual orbitals are used to build the ground-order to properly describe the inner-shell excitations, origi-
and excited-state wave functions. In the present work, waating an (18,12p,2d) basis. In order to describe the diffuse
have determined the excitation energy, optical oscill-excited statess, p, and d diffuse functions were added,
ator strength(OOS, and generalized oscillator strength originating the (26,13p,6d) basis set used in the present
(GOS from CI calculations with the occupied and virtual calculation.
orbitals optimized for the ground state and each of the ex- The FBA[10] was used to calculate the generalized os-
cited states. The following valence excitations were con<illator strength. In the calculations of the OOS and GOS,
sidered: P—X 1S,(3s—np), 1S—X 1S,(3s—ns), and the matrix elements between nonorthogonal wave functions
DX 15y(3s—3d) with n=4-6. were done using a biorthogonalization procedi&]. For
Very little effort has been dedicated to inner-shell excita-this purpose, unitary transformations are applied to the two
tions of the Mg atom. The calculation of inner-shell excita- sets ofN nonorthogonal molecular orbitals, turniig—1 of
tions must take into account the structural changes that occiinem orthogonal.
in all the atomic orbitals when an inner-shell electron is ex- In order to discuss the influence of different effects in-
cited [9]. For this reason, relaxation and correlation effectsvolved in the target description when a core or valence elec-
should be considered in the theoretical description ofron is excited(i.e., relaxation and electron correlatjciour
these processes. In this work these effects were taken inifferent wave functions were calculated for each excitation
account in the calculations of the excitation energy, OOSprocess and from these both the optical and the generalized
and GOS for the following inner-shell excitations of the oscillator strengths were computed. Briefly, the wave func-

ared to available experimental and theoretical results.

Il. THEORETICAL METHOD
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TABLE I. Excitation energies of the magnesium atom. TABLE Il. OOS for the 3—np, excitation in the magnesium
atom.
AE (eV)
00Ss

Valence Expt.
excitation HF-FC CI-FC HF-RE CI-RE value¢! Excitation HF-FC CI-FC HF-RE CI-RE  Expt. value
3s—3p, 4.19 4.25 3.90 4.25 4.4 3s—3p, 22033 1.7550 2.0133 1.7866 18687
3s—4p, 5.52 5.98 5.29 5.96 5.8 3s—4p, 0.3234 0.1146 0.3093 0.1252 0.180107
3s—5p, 6.36 6.79 6.18 6.78 6.6 3s—5p, 0.2545 0.0593 0.3346 0.0720 0.0%B02Z
%Referencd1]. “Referencd24].

bReferencd 17].

‘Referencd 18].

tions used resulted from the following calculations.
(i) The HF-FC is a Hartree-Fock calculation in which the

atomic orbitalg AOs) optimized for the ground state are also . RESULTS
used for the excited state, that is, a frozen-dgi@) descrip- A. Effects of relaxation and correlation on the excitation
tion. energies and O0OS

(i) The HF-RE is a Hartree-Fock calculation with the o ) o
atomic orbitals for the ground and excited states indepen- 1. Valence-shell excitations: Optical excitations

dently optimized, that is, a description where the orbitals are In order to discuss the influence of relaxation and corre-
allowed to relax. In order to obtain the local minimum of lation effects on the excitation energy, Table | shows the
energy related to a particular core electron excited state, thesults obtained with the four different types of calculations
following procedure was used. During the calculation we dofor valence excitations, compared with the experimental re-
not allow the simultaneous variation of the following orbit- sults. Very few changes occur between the HF-FC and
als: 1s and 3, 2s and 3, 1s and 45, 2s and 4. They are  HF-RE results where the differences between these calcula-
alternatively frozen and optimized up to the convergence ofions refer basically to relaxation effects. One concludes that
the wave function. After convergence they do not changeelaxation effects are not important in the determination of
when simultaneously optimized. the excitation energy for valence excitations. On the other
(iii ) The CI-FC is a Cl calculation with single and double hand, comparing the HF-RE and CI-RE results, where the
excitations based on the HF-FC orbitals. The occupiediifferences refer to correlation effects, one observes that
atomic orbitals optimized for the ground state of the targethese effects play an important role.
are used to generate the improved virtual orbitdlgO0s) The importance of the correlation effects for these excita-
[13] for both the ground and excited state. tion processes was already expected once the magnesium in
The IVOs are determined in the self-consistent field ofthe ground state possesses two electrons on gherBital
N—1 electrons, wherd\ is the number of electrons of the firmly correlated. This double occupacion comes to an end as
neutral target. The virtual space for the Mg atom in thewe excite one of these electrons. These effects have been
ground and excited states was formed with 21 IVOs(d@f),  discussed extensively in the literaty@5-§.
Px(4), Py(4), PA4), dyy(3), dyx(3), dy(3), dya(3), and Table Il shows the OOS values for the-3np(*S-!P)
d,»(3) symmetries. The IVOs were calculated independentlyexcitation process at various levels of calculation. The dif-
for each series of excitation process corresponding to a paference between the HF-FC and HF-RE results shows that,
ticular Rydberg series. In this sense, nine different set ofor OOS values, the inclusion of relaxation effects is impor-
IVOs were determined to be related to the ground state, thtant.
1p—X 15y(3s—np, 2s—np, 1s—np e2pz—ns) and It is interesting at this point to mention the work of Chang
1S X 15,(3s—ns, 2s—ns, 1s—ns) Rydberg series, and [3], where these effects were analyzed within the frozen-core
the 'D—X 1S,(3s—3d) excited state. This calculation approximation at HF and CI levels. This work emphasizes
takes into account correlation effects directly and relaxatiorthe importance of correlation effects for both the excitation
effects indirectly. energy and the OOS calculations. Nevertheless, this work
(iv) The CI-RE is a single and doub{8D) ClI calculation  considered only orthogonal target wave functionihin the
with the atomic orbitals and 1VOs for the ground and excited
states being independently optimized. The HF-RE orbitals TABLE 1. Inner-shell excitations energiesp2—ns in the
are used to build the IVOs of each Rydberg series. The Virmagnesium atom.
tual space is formed with the same number of virtual orbitals

used in the CI-FC calculation. This calculation takes directly AE (eV)

into account both correlation and relaxation effects. -
In the determination of the excitation energies, 0OS, andnner-shell Theoretical

GOS for the HF-FC and HF-RE calculations a HF wave®Xcitation  HF-FC  CI-FC  HF-RE CI-RE  valué

function was used for the ground state; for the CI-FC andy, _ 45 5957 5825 5388 53.72 54.80

CI-RE calculations a CI-SD wave function was used for th%pz_}58 6085 5963 5521 55.99 56.27
ground state. By means of this procedure, we try to make g °_ ¢ 6129 6029 5578 56.56 56.77
balanced representation between the ground and excit@é)Z

stateq 14]. ®Referencd4].
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TABLE IV. OOS for the 2p,— ns excitations in the magnesium TABLE VI. OOS for the Is— np, excitations in the magnesium

atom. atom.

00Ss 00s
Inner-shell Inner-shell
excitation HF-FC CI-FC HF-RE CI-RE excitation HF-FC CI-FC HF-RE CI-RE
2p,—4s 0.0082 0.0165 0.0281 0.0232  1s—3p, 0.0025 0.0022 0.0233 0.0207
2p,—5s 0.0034 0.0039 0.0071 0.0087 1s—4p, 0.0013 0.0001 0.0016 0.0017
2p,—6s 0.0074 0.0013 0.0064 0.0074 1s—5p, 0.0022 0.0011 0.0011 0.0010

frozen-core approximatiorand was not able to separate the ihe excitation process about 26 eV higher than the nonor-

relaxation and correlation _effects independently. In this,thogonal one, about three times the ionization potential of
sense, once the CI calculations of the frozen-core approxine valence electrons.

mation include indirectly relaxation effects for the excited

state, it was concluded that correlation effects were essential

to calculate the OOS values correctly. The present work  B. Final results for excitation energiesAE and OOS
shows that for the calculation of OOS values both relaxation Table VII reports the final CI-RE results for the excitation

and correlation effects are important. energies and OOS compared with the available theoretical

and experimental results for thes-3:np excitation process

and Table VIII for the other process considered in the present
The excitation energies at various levels of calculationsvork. The differences between the available experimental

are presented in the Table lll compared with experimentalalues for the 3—np, OOS prevent one from assessing the

results. Comparing the HF-FC and CI-FC results with thecorrectness of the theoretical results, also divergent in some

HF-RE and CI-RE results, one observes that relaxation efeases, particularly for thes3-3p, excitation.

fects must be included carefully. In this sense, one cannot |t is interesting to note that all the calculations at the

use for inner-shell excitations predictions obtained with theHartree-Fock{17—19 level show OOS values too high in

valence-shell studies, where a CI-FC calculation has beemagnitude. As all the previous calculations use the frozen-

able to recover partially the relaxation effects. This has beegore approximation, the differences between the OOS

observed in other studig45,16 and shows that for inner-

shell excitations it is important to work with independent sets  taABLE viI. 00S for the 35— np, excitation in the magnesium

of atomic orbitals for the ground and excited states. Consesiom.

quently, the atomic orbitals used in the construction of the

ground-state CI wave function are not orthogonal to thosevalence shell CI-RE ~ Experimental Theoretical value

used for the excited state. The difference between the HF-RE excitation value

and CI-RE results in Tables | and Il show that correlation

effects for inner-shell and valence excitations are similar in

2. Inner-shell excitations from r=2 orbitals

1.3821.4231 .67

importance. Table IV presents the OOS results. ComparingS— 3P: 1.7866  1.861.67 1.7672.10
the HF-FC and HF-RE results, we notice that for inner-shell 1.8371.78 1.9171.73
excitations both relaxation and correlation effects play an 1.8% 1.72".78
important role. 1.66%,2.36
1.7¢ 1.73%1.72M".56"

3. Inner-shell excitations from 1s orbitals 0.092%0.099"

Table V presents the excitation energies and Table VI théS—4P: 0.1252 0.18 0.164%0.1%°
OOS at various levels of calculation. As expected, relaxation 0.107 0.3490.129

effects have a greater influence on this excitation process. 0.125,0.147

The CI-FC calculation was not able to account for the relax- 0.11670.114

ation effects, demonstrating that in this case it is necessary to 0.02370.02%'

work in the frame of nonorthogonal orbitals. This table 3s—5p, 0.0720  0.055p.0227 0.041%0.026

shows that the orthogonal HF calculation presents a value for 0.08790g036°
0.02
TABLE V. Inner-shell excitation energiesst>np in the mag-

nesium atom. *Referencd9]. 'Referencd 33].
bReferencd 31]. KReferencd 23].
AE (eV) °Referencd 24]. 'Referencd 34].
Inner-shell dReferencd 32]. mReferencd 35].
excitation HF-FC CI-FC HF-RE CI-RE *Referencd5]. "Referencd30]
1s—3p, 132951  1326.46  1303.69  1303.25 Referencd19]. °Referencd 36].
1s—4p, 1332.16  1329.63  1307.65  1307.86 °Referencg20]. PReference 18].
1s—5p, 133275  1329.94 130856  1308.80 'Referencd17]. Reference 37].

iReferencd22].
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TABLE VIII. Final results for the excitation energied E) and

optical oscillator strength$6009 of the processes considered in GOS 3s->3p J_iié"é
this work.* denotes an optically forbidden excitation process and —A-Q-FC
**x denotes no experimental results available to our knowledge. 13'@%
Transition AEc.re (€V) AE ey (V) CI-RE O0S ]
3s5—3p, 4.25 4.4%4. 38 1.7866
3s—4p, 5.96 5.8 0.1252 .
3s—5p, 6.78 6.6 0.0720
3s—4s 4.50 5.3%.39 * .
3s—5s 6.30 6.4 * 1
3s—6s 6.87 6.9 * 05 - 5
35s—3d7 5.90 5.75%5.75% *
2p,—4s 53.72 54.8054.799 0.0232 00+ suse
2p,—5s 55.99 56.2756.28 0.0087 1
2p,— 65 56.56 56.7756.7¢ 0.0074 oot oot 01 1 ks

56.8 (@) k(aw)
2s—3p, 91.72 *k 0.0657 GOS 3s->3p -0 HFFC
2s—4p, 96.18 ok 0.0025 R
2s5s—5p, 97.11 *k 0.0016 P . i : - 7- CHFC
2s—4s 94.65 o *
2s—5s 97.07 *k * R
2565 97.64 xx * o o g |
1s—4s 1306.29 ok * o
1s—5s 1308.77 *k * @
1s—6s 1309.35 *k * G
1s—3p, 1303.25 ok 0.0207
1s—4p, 1307.86 ok 0.0017
1s—5p, 1308.80 *k 0.0010
%Referencd1]. 0.001 0.01 01 1 10
PReferencd 38]. (b) k¥au)
‘Referencd4].
dReferencd 22]. FIG. 1. Generalized oscillator strengt8OS as a function of
‘Referencd39]. k? for the (a) 3s—3p, and(b) 3s—4p, transitions in the Mg atom.

obtained with HF wave functions are probably due to theity for non-frozen-core calculations. Unfortunately, there are

different basis set used. no experimental results for the OOS of inner-shell excitation
The OOS values of Martin and Zalubgl, Amusiaet al. processes.

[20], and Clark, Csanak, and Abdall48] were determined

with correlated wave functions. The calculations of Amusia C. Effects of relaxation and correlation on the GOS

and Cherepko\21] used the random-phase approximation

with relativistic effects to determine the target wave func-

tions within the frozen-core approximation and the calcula-

tions of Froese FishdE] used the multiconfigurational self-

consistent field method within the frozen-core approximation

to determine the target wave function.

Figure 1 shows the results for the GOS as a function on
the squared transferred momentleh at various levels of
calculations for the valences3- 3p, together with the avail-
able theoreticall2] results. Figure 2 shows the results for the
GOS as a function of the squared transferred momeritim

One observes good general agreement among our b % various levels of calculations for the valence—34p,
results, that is, with the CI-RE wave functigim which re- excitation and Fig. 3 for the inner- shel*¢;2a3pz excitation.
laxation and correlation effects between valence and cor&he transferred momenturk is defined ask=k—K, k
electrons are included the theoretical results of Froese being the momentum of the incident electron akndlhe mo-
Fisher[5], and the experimental results of Lundihal.[22], mentum of the scattered electron. Figure 4 shows the differ-
Wiese, Smith, and Mileg23] and Smith and Liszf24]. ential cross section at 1 keV impact energy as a function of

Table VIII shows good general agreement for the excitathe scattering angle at various levels of calculations for the
tion energies between our CI-RE results and the experimensalence 3— 3p, excitation. Comparing the various levels of
tal results for several excitation process. The general agreealculations, one observes that, also for the GOS, it is impor-
ment for both the excitation energies and OOS of verytant to describe the correlation and relaxation effects cor-
distinct excitation processe¢for example, between the rectly, particularly for the inner-shell excitation process.
3s—3p, and P,—4s excitations[4]) shows that the basis Figure 1 shows that for the valence-3p, excitation pro-
of GTOs used in the present work has the necessary flexibikess, the CI-FC results for the GOS includes indirectly the
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GOS 2s->3p,, ToeRE DCS 3s->3p,, A
--A--HF-FC ----HF-RE
--7--CHFC ---- CHRE
T T T T 100.000 T T T
0.08 E 10.0004) 3
""""""""" O-- 10004, 1
VO A AR 0 . u'.‘ 1
v @ ;
@ 504 4 » R
0t 8 i 0.001 B 4
5 0,000 V‘\\E;_& 3
o :::::::“"“::"a:::"::::ﬂ::“"’*ﬂu2‘;“‘0&'88& om a :
vy . T ; . 000000013 . {,7252’:5&;5;:; ";::"5
0.001 0.01 0.1 1 10 0 10 20 30 40
(a) kXau) SCATTERING ANGLE
o eRE FIG. 4. Differential cross sectioflDCS as a function of the
--O--CLRE scattering angle for thes3- 3p, excitation in the Mg atom at 1 keV
o e impact energy.
: lision process properly. The comparison between the theoret-
) ical and experimental GOS results for electronic excitations
A . in other target$14] shows that the first Born approximation
ST g o ] properly describes the collision between the electron and the
2 ,%fﬂ M ] target for large values of impact energy, except in the neigh-
© ,xf;"'*v e ] borhood of the minimum of the GOS. The minimum of the
_Dl';;f' N 1 GOS is related to the nodal structure of the radial part of the
R @ atomic orbitals of the ground and excited states. This effect
a@“‘ i has been observed before in several different electron-impact
. - valence exqitation proceg25-29. In_pgrticular, we have
o) k%aw) shown previoushyf{25] that, at the minimum of the GOS,

FIG. 2. GOS as a function df? for the (a) 2s—3p, and (b)

2s—4p, transitions in the Mg atom.

higher-order terms in the Born expansion become important
and, consequently, the minimum is overestimated in the first
Born approximation calculations. As far as we know, this is
the first time that such a minimum has been predicted for the
inner-shell processes.

relaxation effects, a behavior discussed previously in Sec.

[l A 1 for the OOS results. This explains the agreement be-

IV. CONCLUSION

tween the present CI-RE results with the FBA results of

Robb[2] and Kim and Bagu$6], both using CI-FC target

wave functions.

Theoretical values for the excitation energy, OOS, and
GOS related to inner- and valence-shell excitations were de-

There are no experimental results for the GOS at an imtermined at four different levels of calculation for the atomic
pact energy where the FBA is expected to describe the colwave functions, with the electron-target collision process be-

--O-- HF-FC
GOS 1s->3p, --O-- HF-RE
--A-- CHFC
0.025 -y T T T R,
i """""""""" °© 0.
oo Y T V- 7 o, T
gl O
v gc’o
0,015 w i
o Wo
o} Vo
o
0.010 B
0.005
II]::::::::::::::::E::::::::::E::::::: A--R Bmmm
0.000 T T T T T
0.001 0.01 01 1 10
k{a.u)

FIG. 3. GOS as a function df? for the 1s— 3p, transition in

the Mg atom.

ing described by the FBA. The comparison of the results
obtained with the different target wave functions shows
clearly the importance of correlation and relaxation effects
on each property for each excitation process considered.

As for the excitation energy for valence-shell electronic
excitations, correlation effects seemed to be the most impor-
tant effect. For the valence excitations the orthogonal Cl cal-
culations were able to recover the minor relaxation effects
indirectly. In all cases of inner-shell excitation, relaxation
seemed to be the most important effect and orthogonal Cl
calculations did not properly account for this effect.

The present results show that one must be careful in treat-
ing the excited state. If important effects such as relaxation
and correlation are not taken into account, the ground- and
excited-state wave functions may be treated in an unbalanced
way. As a consequence, for instance, one may obtain results
in a poorer agreement with the experiment at the CI level
than at the HF level. This occurs, for instance, in the HF-FC
and CI-FC calculations.
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When a comparison between the theoretical and experihat the methodology used in the present work is sufficient to
mental results was possible, good general agreement walescribe the process considered. In this sense, they can be
found. This shows that when the frozen-core approximatiorused as reference whenever necessary.
is not used, a Gaussian basis set can be sufficiently flexible
to describe very different processes, such as the>8p,
and the 2—>3pz excitations. ACKNOWLEDGMENTS
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