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Photoionization of Mg and Ar isonuclear sequences
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Photoionization of the 2s inner shell of several atomic systems belonging to the Mg (Z=12) and Ar
(Z=18) isonuclear sequences (Mg, Mg>*, Mg®*, Ar, Ar%*, Ar®*) is investigated using the relativistic random-
phase approximation and also the relativistic random-phase approximation modified to include the relaxation
of atomic core. Comparison of results obtained using these two approximations reveals an important effect of
relaxation, namely, that inner-shell photoionization, particularly for neutral atoms and low-charge ions, can be
quite sensitive to the removal of outer electrons, contrary to what is generally believed.
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I. INTRODUCTION

Photoionization of multiply charged ions is of interest as a
test of the formalism that accounts for electron correlations
and relativistic effects. Studies of atomic systems in iso-
nuclear or isoelectronic sequences are of particular interest in
this regard since they enable a systematic evaluation of the
evolution of both the resonances and the background (non-
resonant) cross sections [1]. Such studies are of great impor-
tance to assess theoretical data generated for their applica-
tions in fusion plasmas, in tokamaks, and in astrophysics
[2-4]. Due to the ease in handling that argon offers, it has
been used for magnetically controlled fusion plasmas as well
as for the mitigation of tokamak plasma disruptions [5,6]. Tt
is nevertheless difficult to produce high enough density
beams of multiply charged ions, and hence only a relatively
small number of experimental measurements for such sys-
tems are available [7,8]. Recently, measurements on the
photoionization of the outer shells of isonuclear sequences
have been reported for Xe [9], Cs [10], Ba[11], and Fe [12].
In addition, a number of theoretical calculations of the
photoionization of inner shells of isonuclear sequences for O
[13], Fe [14], and Hg [15], based on the Hartree-Slater and
Dirac-Slater methods, as well as Mg and Ar [16] using the
relativistic random-phase approximation (RRPA) have also
been reported. These theoretical investigations led to the
conclusion that removal of electrons from outer shells has no
effect on the photoionization of inner shells except for a shift
in thresholds to higher values. This is on account of the fact
that the spherically averaged outer charge density exerts no
force at any point in the interior region; it only changes the
potential by a constant amount. Accordingly the energy de-
pendence of the cross section, as a function of photon energy,
does not change even if the ionization thresholds do of
course change. This classical analysis which takes account of
the time averaged static charge distribution however might
break down when relaxation is taken into account; the relax-
ation of the atomic core that takes place when electrons are
removed was not included in the earlier theoretical studies.
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These relaxation effects however have been shown to play an
important role in the photoionization of inner shells of vari-
ous neutral atoms [17,18], so it seems reasonably likely that
relaxation affects ionic photoionization as well. Investigation
of the relaxation effects on photodetachment cross sections
of intermediate inner shells of the negative ions CI~ and Br~
[19] using RRPA with relaxation (RRPA-R) demonstrated
that for these ions, relaxation effects are of considerable im-
portance.

In the present work, we address the following question:
how do inner-shell properties vary with the removal of outer-
shell electrons when the relaxation of atomic core is ac-
counted for? Only in the case of potassium isonuclear se-
quence have there been reported measurements for the
neutral atom [20] and the singly charged ion [21], but the
errors in these measurements are rather too high to arrive at
unambiguous conclusions. This experimental situation only
underscores the importance of theoretical investigations.

To address this issue, in this paper we report a study of
inner-shell photoionization on some members of the Mg
(Z=12) and Ar (Z=18) isonuclear sequences using the
RRPA-R formalism which includes both relaxation of the
atomic core and significant aspects of electron correlation,
along with regular RRPA for comparison. Applicability of
the RRPA and the RRPA-R is unfortunately limited to closed
shell systems, so we have considered only these members of
the isonuclear sequences.

II. THEORY

Details of the RRPA and the RRPA-R can be found in
respective works by Johnson et al. [22] and Radojevi¢ et al.
[23]. In the present work, all dipole channels are included for
the Mg isonuclear sequence; this insures that the length and
velocity forms of the dipole matrix elements are exactly the
same in the RRPA calculation. For the Ar case, the channels
arising from ls ionization are omitted. Since these channels
are so far removed energetically from the others, the RRPA
results remain gauge invariant, i.e., length and velocity forms
of the dipole matrix element are equal. The RRPA-R, on the
other hand, is not gauge invariant, so some disagreement
between length and velocity forms is expected. The focus of
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the present work is on extracting some general features re-
garding the effects of relaxation, so only the geometric mean
of the length and velocity forms of the RRPA-R results is
presented since it has been suggested that the geometrical
mean is more accurate than length or velocity form individu-
ally [24].

In the RRPA-R calculation, two sets of discrete state or-
bitals are used as compared to the RRPA calculation in which
only one set is used. In RRPA-R, one set of orbitals consists
of the ground-state self-consistent field Dirac-Fock (DF) or-
bitals of the atomic system and is used as the unperturbed
initial state. The corrections to the matrix element arising
from ground-state correlations in both RRPA and RRPA-R
are calculated using these unperturbed orbitals. The second
set is that of the relaxed orbitals which are also calculated
self-consistently (DF) but after placing a hole in the particu-
lar subshell. The potential generated using these relaxed or-
bitals is used for the calculation of excited (continuum) or-
bital in the RRPA-R calculation [23].

We denote the transition matrix element between the
ground state and an excited state as

<\I,f|D|\I,0> = 7< ¢E|d| ¢l>,

where W, is the N-particle initial-state wave function, W is
the excited-state (continuum) wave function constructed
from (N—1) core electrons and one excited (continuum) or-
bital ¢, ¢; is the single particle ground-state wave function
of the active electron, and D:Efildi and d; are the many
particle and single particle dipole operators, respectively.
The factor vy is the overlap between the (N—1)-particle states
constructed from unrelaxed and relaxed ground-state orbit-
als. In the RRPA, the overlap factor y=1 since we use a
single set of orbitals for both initial and final (N—1) core
electrons. On the other hand, since two sets of normalized
wave functions are used in the RRPA-R, 7y is always less
than unity. This tends to decrease the RRPA-R cross section
compared to that of the RRPA, but there are other factors to
be considered, as discussed below. In the present work, re-
laxation effects arising from photoionization of the 2s sub-
shell of the Mg and the Ar isonuclear sequences are consid-
ered.

Absolute values of the DF eigenvalues are the threshold
energies in the RRPA calculations. For the RRPA-R calcula-
tions, the difference between the total energies calculated
self-consistently for the relaxed ion with a hole in the sub-
shell considered and the ground state of atom or ion (AEgqp
energies) is used for the thresholds. The Oxford multicon-
figuration Dirac-Fock (MCDF) code [25] was used to calcu-
late all of the unperturbed ground-state orbitals and eigenval-
ues. The DF, AEg.r, and available experimental thresholds
are given in Table I for the Mg sequence and in Table II for
the Ar sequence. One sees that for inner shells AEg-r ener-
gies agree substantially better with experiment than DF
thresholds. The subshells for which AEg-; energies agree
better with experimental values are also the subshells where
relaxation effects play an important role [18].
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TABLE 1. Theoretical and experimental photoionization thresh-
olds (in a.u.) for subshells of Mg, Mg?*, and Mg®*.

Atom or ion Subshell DHF AEgcr Experiment”
Mg Lsypn 49.12668  48.20395 48.174
2512 3.78014 3.59600 3.550
2p1pn 2.28829 2.07972 2.126
2p3n 227673 2.06920 2.116
3512 0.25334 0.24320 0.281
Mg Isy), 49.86479  49.05508
2812 4.49649 4.39769
2p1n 3.01335 2.89667
2p3pn 3.00174 2.88602
Mg8* Isin 60.59634  60.42977
2812 11.91711  11.90639

aReference [17].

III. RESULTS AND DISCUSSION

The results of our RRPA and RRPA-R calculations for the
cross section for 2s photoionization of Mg, Mg?*, and Mg®*
are shown in Fig. 1(a), with a magnified view of the region
above the Mg®* 2s threshold given in Fig. 1(b); the vertical
solid lines are the DF thresholds and vertical dotted lines are
the corresponding AEq, thresholds. It is observed that the
RRPA results for Mg and Mg?* are essentially equal. The
removal of the 3s electrons has no effect on 2s photoioniza-

TABLE II. Theoretical and experimental photoionization thresh-
olds (in a.u.) for subshells of Ar, Ar®*, and Ar®*.

Atom or ion  Subshell DHF AEgcr Experiment”
Ar s 119.1268  117.9349 117.814
251 124116 12.02490 11.944
2p1 9.6319 9.2048 9.2156
2p3 9.5471 9.1232 9.1366
351 1.2865 1.2285 1.0767
3p1 0.5954 0.5467 0.5857
3p3n 0.5878 0.5399 0.5797
Ar®t Isin 123.4968  122.6561
2512 16.5568  16.4259
2p1 13.7724  13.6030
2pan 13.6863  13.5190
351 4.5008 4.4941
Ar¥t Lsy) 125.5325  124.7761
251 18.3993  18.3155
201 15.6738  15.5595
2pan 15.5868  15.4743

Reference [18].
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FIG. 1. (a) Photoionization cross sections for 2s subshell of Mg,
Mg?*, and Mg?*: the vertical solid lines are the DF thresholds and
dotted lines are the corresponding AE gy thresholds given in Table
1. (b) Magnified view of (a).

tion at the RRPA level other than a mere shift of the thresh-
old toward higher energy [16]. On the other hand, for Mg®*,
where 2p electrons have been removed (electrons of the
same principal quantum number as the subshell of interest),
aside from the shift of threshold to higher energy, the 2s
cross section is very significantly larger than for Mg and
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Mg?*, as discussed previously [16]. This increase is a result
of the decrease in screening resulting from the removal of the
2p electrons so that the 2s electrons “see” a more attractive
field, i.e., an increased effective charge. This then causes the
cross section to increase, since the photoionization cross sec-
tion in the threshold region increases with charge, as a
simple hydrogenic argument shows [13-16].

The RRPA-R results are seen to exhibit a rather different
phenomenology. First of all in the RRPA-R results, there is a
significant difference between the 2s cross sections for Mg
and Mg2+, in contrast to the RRPA results. The removal of
the 3s electrons clearly has a significant effect on 2s photo-
ionization when relaxation effects are considered over and
above the increase in the threshold energies. As expected, the
relaxed Mg 2s cross section decreases compared to that of
unrelaxed result because the overlap factor y<<1. There is,
however, a competing effect that in fact causes an increase in
the Mg?* cross section. This competing factor arises from the
relaxed orbitals which are more tightly bound than the unre-
laxed orbitals which, in turn, causes the field “seen” by the
photoelectron in the inner region to be more attractive than
the unrelaxed orbital field, i.e., the effective charge seen by
the photoelectron is larger in the relaxed case. This then
causes the cross section in the relaxed case to increase for
reasons discussed above. Clearly, however, for neutral Mg,
the overlap effect is much more important than the field ef-
fect since the relaxed cross section decreases relative to the
unrelaxed.

For Mg2+, on the other hand, the relaxed cross section is
seen to be larger than the unrelaxed. The overlap effect is
much reduced in this case compared to neutral Mg, owing to
the removal of 3s electrons which were the major contribu-
tors to the overlap effect for neutral Mg. The field effect is
also reduced, but not nearly as much as the overlap effect so
that the field effect is larger than the overlap effect in this
case.

For Mg, where the electrons from the 2p subshell are
also removed, the RRPA-R results show clearly that removal
of electrons from another subshell with the same principal
quantum number changes (increases) the cross section of the
given subshell significantly, just as in the RRPA result. Fur-
thermore, for Mg and Mg?*, the RRPA and the RRPA-R
cross sections differ from each other, but in the case of Mg8+,
both methods give essentially equal values. This is due to the
fact that rearrangement effects are strong only when there are
spectator electrons in the same shell as the active electrons or
in outer subshells so that the spectator wave functions are
significantly altered by an inner-shell vacancy. For Mg*®
photoionization, the 2s vacancy is in the outermost subshell,
and rearrangement effects are quite unimportant.

RRPA and RRPA-R calculations for 2s photoionization of
Ar, Ar®*, and Ar®* have also been performed and are shown
in Fig. 2(a) with a magnified view in Fig. 2(b). The RRPA
results all lie on essentially the same curve, apart from the
shift of thresholds, as shown earlier [16]; this is, of course,
expected since only n=3 electrons (3p and 3s) are removed
in these ions. For neutral argon, the RRPA-R 2s photoioniza-
tion cross section curve is lower than the RRPA result, as in
the Mg case, since y<<1 and the overlap effect is most im-
portant here. But the relaxed cross section exhibits a rather
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FIG. 2. (a) Photoionization cross sections for 2s subshell of Ar,
Ar®*, and Ar®*: the vertical solid lines are the DF thresholds and
dotted lines are the corresponding AEgq thresholds given in Table
II. (b) Magnified view of (a).

different spectral shape near threshold, as compared to the
unrelaxed cross section, indicating that field effects are im-
portant here as well. The relaxed cross section first increases
little bit above the threshold, a small shape resonance, indi-
cating that the photoelectron “sees” a rather different field
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than in the unrelaxed case. The fact that the spectral shapes
of the relaxed and unrelaxed results are so different is a bit of
an anomaly. The shape resonance is a result of the competi-
tion between the Coulomb attraction and the centrifugal re-
pulsion so that a small change in the Coulomb attraction can
lead to a large change in the effective potential [26]. This is
evidently what occurs in the relaxed case.

For Ar®*, the relaxed cross section is somewhat above that
of the relaxed neutral 2s cross section; the relaxed cross sec-
tion is also slightly above its unrelaxed counterpart. This
occurs because the large 3p overlaps are absent and the re-
laxed field seen by the photoelectron is slightly stronger, as
in the Mg?* case. For Ar®*, the pattern continues. Relaxation
thus enhances the Ar%* and Ar®* 2s cross sections due to the
stronger field seen by the photoelectron, as discussed earlier
in the case of Mg>*

Finally, note that, if the field effect is ignored, to a good
approximation the total subshell photoabsorption cross sec-
tion (as opposed to photoabsorption leading to a particular
final state) would not change owing to the removal of an
outer-shell electron even if relaxation effects are considered.
This can be understood by considering a simple case of a
three-electron system such as Li in the 15?25 state, looking at
the photoionization of a 1s electron, and comparing with Li*
where the 2s electron has been removed.

The 1s photoionization matrix elements, including relax-
ation (apart from various constants and antisymmetrization),
are given by (1s|1s.){(2s|2s,)(1s|d|ep) for Li, where the 2s
shell is occupied, and by (1s|1s.)(1s|d|ep) for Li*, where the
2s electron has been removed; the subscript f mdlcates final
state relaxed orbitals. Since the overlap integral (2s|2s7)="y
<1, when relaxation effects are considered the matrix ele-
ment for Li is smaller than the matrix element for Li* by that
factor of . The respective cross sections are proportional to
the absolute squares of the matrix elements. For Li* then, the
cross section goes as [(1s|1s)|*[(1s|d|ep)*. For Li, if the
total 1s photoabsorption cross section is considered, this total
s cross section, summed over all possible 2s excitations, is
proportional to |<1s| lsf>| [(1s|d|ep)|*=r 2|<2s|nsf)|2 How-
ever, 2;,|(2s|nspP == [(2s|nsp|*=1 since (25|15 =0,
SO that the cross section is  proportional to
[(1s| 1sp[*[(1s|d|ep)|*, exactly the result seen for Li*. This
simple example shows that, even taking relaxation into ac-
count, if the field effect can be ignored, to a good approxi-
mation the total subshell photoabsorption cross section re-
mains constant as a function of photon energy except for the
shift of threshold to higher energy.

IV. CONCLUSIONS

Using studies of the 2s photoionization cross section of
several members of the Mg and Ar isonuclear sequences as a
model, it has been revealed that inner subshell photoioniza-
tion cross sections do not lie on a single curve as a result of
removing outer-shell electrons when relaxation effects are
considered. The deviations are particularly strong for neutral
atoms and lowly charged ions, i.e., near the neutral end of
the isonuclear sequence. The relaxation introduces two ef-
fects as compared to unrelaxed calculations: overlap of re-
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laxed and unrelaxed orbitals which tends to lower the cross
section, along with an increase in the cross section owing the
fact that the escaping photoelectron experiences a more at-
tractive field resulting from more compact final state orbitals.
It is also shown that in many cases, the total subshell photo-
ionization cross sections (summed over all excitations of the
passive electrons) might lie along the same curve despite the
removal of outer-shell electrons. It would be very useful to
test these ideas experimentally.

ACKNOWLEDGMENTS

We are very grateful to Professor W. R. Johnson for sus-

PHYSICAL REVIEW A 80, 053416 (2009)

tained help in these studies and for the use of the primary
codes employed in the present work. This work has been
partially supported by the Department of Science and Tech-
nology, Government of India and an international grant
jointly sponsored by the Department of Science and Technol-
ogy (India) and the National Science Foundation (USA).
V.R. was supported in part by the Ministry of Science of the
Republic of Serbia through the Project No. 141029. In addi-
tion, V.R. acknowledges the support of IIT-Madras for the
hospitality during his visit when this work was carried out.
S.T.M. also acknowledges the partial support of Division of
Chemical Sciences, DOE.

[1] J.-M. Bizau, J.-M. Esteva, D. Cubaynes, F. J. Wuilleumier, C.
Blancard, A. C. La Fontaine, C. Couillaud, J. Lachkar, R. Mar-
moret, C. Rémond, J. Bruneau, D. Hitz, P. Ludwig, and M.
Delaunay, Phys. Rev. Lett. 84, 435 (2000).

[2]J. Colgan, H. L. Zhang, and C. J. Fontes, Phys. Rev. A 77,
062704 (2008).

[3] C. E. Theodosiou, S. T. Manson, and Mitio Inokuti, Phys. Rev.
A 34, 943 (1986).

[4]J. A. Shaw, M. S. Pindzola, M. Steidl, K. Aichele, U. Harten-
feller, D. Hathiramani, F. Scheuermann, M. Westermann, and
E. Salzborn, Phys. Rev. A 63, 032709 (2001).

[5] M. Mattioli, K. B. Fournier, L. Carraro, 1. Coffey, C. Giroud,
K. Lawson, P. Monier-Garbet, M. O. Mullane, J. Ongena, M.
E. Puiatti, F. Sattin, P. Scarin, and M. Valisa, J. Phys. B 34,
127 (2001).

[6] D. G. Whyte, T. C. Jernigan, D. A. Humphreys, A. W. Hyatt,
C. J. Lasnier, P. B. Parks, T. E. Evans, M. N. Rosenbluth, P. L.
Taylor, A. G. Kellman, D. S. Gray, E. M. Hollmann, and S. K.
Combs, Phys. Rev. Lett. 89, 055001 (2002).

[7]J. B. West, J. Phys. B 34, R45 (2001), and references therein.

[8] H. Kjeldsen, J. Phys. B 39, R325 (2006), and references
therein.

[9]J. M. Bizau, C. Blancard, D. Cubaynes, F. Folkmann, J. P.
Champeaux, J. L. Lemaire, and F. J. Wuilleumier, Phys. Rev. A
73, 022718 (2006).

[10] A. Cummings, C. McGuinness, G. O’Sullivan, J. T. Costello, J.
P. Mosnier, and E. T. Kennedy, Phys. Rev. A 63, 022702
(2001).

[11]J. M. Bizau, D. Cubaynes, J.-M. Esteva, F. J. Wuilleumier, C.
Blancard, J. Bruneau, J. P. Champeaux, A. Compant La Fon-

taine, C. Couillaud, R. Marmoret, C. Rémond, D. Hitz, M.
Delaunay, N. Haque, P. C. Deshmukh, H. L. Zhou, and S. T.
Manson, Phys. Rev. Lett. 87, 273002 (2001).

[12] N. El Hassan, J. M. Bizau, C. Blancard, P. Cossé, D. Cu-
baynes, G. Faussurier, and F. Folkmann, Phys. Rev. A 79,
033415 (2009).

[13] D. W. Missavage, S. T. Manson, and G. R. Daum, Phys. Rev. A
15, 1001 (1977).

[14] R. F. Reilman and S. T. Manson, Phys. Rev. A 18, 2124
(1978).

[15] K. D. Chao and S. T. Manson, Phys. Rev. A 24, 2481 (1981).

[16] G. Nasreen, S. T. Manson, and P. C. Deshmukh, Phys. Rev. A
40, 6091 (1989).

[17] M. Kutzner, V. Maycock, J. Thorarinson, E. Pannwitz, and J.
A. Robertson, Phys. Rev. A 66, 042715 (2002).

[18] M. Kutzner, Q. Shamblin, S. E. Vance, and D. Winn, Phys.
Rev. A 55, 248 (1997).

[19] V. Radojevi¢, J. Jose, G. B. Pradhan, P. C. Deshmukh, and S.
T. Manson, Can. J. Phys. 87, 49 (2009).

[20] R. D. Driver, J. Phys. B 9, 817 (1976).

[21] B. Peart and L. C. Lyon, J. Phys. B 20, L673 (1987).

[22] W. R. Johnson and C. D. Lin, Phys. Rev. A 20, 964 (1979); W.
R. Johnson, C. D. Lin, K. T. Cheng, and C. M. Lee, Phys. Scr.
21, 409 (1980).

[23] V. Radojevi¢, M. Kutzner, and H. P. Kelly, Phys. Rev. A 40,
727 (1989).

[24] A. E. Hansen, Mol. Phys. 13, 425 (1967).

[25] I. P. Grant, B. J. McKenzie, P. H. Norrington, D. F. Meyers,
and N. C. Pyper, Comput. Phys. Commun. 21, 207 (1980).

[26] A. R. P. Rau and U. Fano, Phys. Rev. 167, 7 (1968).

053416-5



