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Electronic correlation in the shake-up process in atomic doubly excited asymmetric states
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The effects of the electronic correlation in the shake-up process of atomic doubly excited asymmetric states
have been investigated by using a nondegenerate perturbative method. It is shown that the overlap spectrum
and the recently observed abnormal spectrum can be described by the same theoretical framework. The
guantitative intrinsic relation between the well known overlap formula and the electronic correlation has been
revealed analytically. The scope for applying the overlap formula has been discussed. The shake-off process
has also been discussed as a continuum case of the shake-up process. It is shown that the escape electron in a
shake-off process of a higherstate or with a higher escape energy tends to increase its angular momentum.

PACS numbgs): 31.25.Jf, 32.70.Cs, 32.80.Fb, 31.15.Md

[. INTRODUCTION take place only when the outer electron is closed to the inner
electron.

The dielectronic correlation plays the central role in un- Recently, abnormal types of spectra were observed in the
derstanding the electronic correlations in a complex atomshake-up process of highdoubly excited asymmetric states
While the two electron atoms serve as the prototype for thén strontium([8], which show different structures from the
investigation of the dielectronic correlation, other complexoverlap spectrum and reveal the importance of the electronic
atoms with more than two electrons exhibit generally lessorrelation in the excitation process. In this paper we pro-
influence by the dielectronic correlations, because the extrBose to study the electronic correlation effect in the shake-up
electrorfs) tends to reduce the importance of the dielectronicProcess in a perturbative way, and to figure out the quantita-
correlation. On the other hand, the effect also makes it podive intrinsic relation between the electronic correlation and
sible to treat the correlation in a perturbative way by meanghe overlap integral for the overlap spectrum. It will be
of the multipole expansion of the dielectronic correlation.shown that the abnormal types of spectra and the overlap
This method will be used in this paper to study the dielec-Spectrum can be expressed in a unified way within the same
tronic correlation in doubly excited asymmetric states oftheoretical framework. In Sec. Il, we will describe the theo-
alkali-earth atoms. retical description for the shake-up process. In Sec. lll, we

For alkali-earth atoms, most of the experimental investi-Will discuss the scope for applying the overlap formula and
gations of the electronic correlation were performed on thdhe shake-off process.
asymmetric statedNLnl(N<<n) by means of the isolated-
core excitation(ICE) technique through laser excitation Il. THEORY
[1-8]. In the ICE description of the excitation process, only
the inner electron is acted on by the photon dipole operator, For simplicity, we ignore the electronic correlation effects
while the outer electron may be shaken from the initial Ry-in the initial state for the ICE process and assume that the
dberg orbit into another Rydberg orbit or remains un-electronic correlation in the final state is weak. The spin-
changed. The spectrum related to this scheme is called tharbit coupling will not be included in our discussion, while it
ICE spectrum. The process excluding the trivial case whershould be considered in application and is easily done. The
the outer electron orbit remains unchanged is usually calletine broadening effects due to the interaction between dis-
the “shake-up” process. A typical type of spectrum for the crete and continuum energy levels will not be accounted for
shake-up process is the so-called “overlap” spectrum. Baseth our discussion. We will use a nondegenerate perturbative
on a phenomenological description for the overlap spectrungonfiguration interactioiCl) method to study the electronic
the outer electron is simply “projected” from an initial Ry- correlation. This method is particularly feasible for high-
dberg orbit to a final Rydberg orbit. This description is in- asymmetric state¢planetary statgs However, the physical
deed a brief summary phenomenologically according thenechanism discussed here is also expected to hold for other
framework of MQDT. Although MQDT can reproduce most doubly excited asymmetric states with strong electronic cor-
of the observed spectra, it does not give us any hint in physrelation. Only one photon excitation process will be consid-
ics by which to understand how the outer electron is forcedered here. Multiphoton excitation processes can be derived
into a different orbit in the excitation process. From the in-based on the one-photon case.
tegral for the “projection,” it can be found that the outer part  In our discussion, we will use the wave functiom$L() of
of the outer electron wave function in the configuration spacelkali-earth iongalkalilike) as the wave functions of the in-
[9] dominates the line strength in the overlap spectrum. Iher electron and the hydrogen wave functions$, (n>N, |
looks as if there is no effect from electronic correlation in the>1) as the wave functions of the outer electron to describe
excitation process. This fact seems in contradiction to theéhe asymmetric atomic state for the unperturbeatrelation-
wave packet experiment0] where the shake-up process canfree) case. The only influence of the+2core taken into
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account is that it removes thalegeneracy of the inner elec- for the transition probability in the shake-up process from an
tron, so that the ionic energy leveld_ in our discussion are initial state NgLgngly to a final statesN;Linlg(Ng;N;
nondegenerated, which thus allows the application of nonde<ng;n). The wave function of the outer electronly) is a
generate perturbation theory. Atomic units will be used un-QDT type channel wave function. Equati@f) is a good

less otherwise specified. approximation when the outer electron experiences vanish-
ing electronic correlation in most of its time. This condition
A. Electronic correlation in the shake-up process implies |o<ng;n, for which a good approximation for the

L overlap integral in Eq(6) is [7]
For an ICE spectrum from an initial stabLonglg to a

final stateNLnl, in the absence of the electronic correlation, 2\Jvng sinar(v—ny)
we have (nglolvlg)= SR (7
w(ve—ng)
n:no,
I D) where v=n*. It can be found that the overlap formula re-
=1y,

flects the electronic correlation only through the energy shift

L=Lyx1 of the level, while Eq(4) shows that the observed resonance
is a result of the perturbation from the individual configura-

for the observable resonance. The observed lines are idention. We will show quantitatively in the following the intrin-

cal to the ionic lineNyL,—NL. We assume only one line sic relation between them.

will be observed in this case in order to simplify our discus- From Eq.(2) we know that the main contribution for Eq.

sion. The case of multiple line@lifferent N,L) can be ob- (4) arises from the inner part of the outer wave functibe.,

tained by summing the contributions from each line. Due tofrom smallr..). For the final statéN;Lnly with Io<ng;n,

the electronic correlation, Eql) is not always valid for all Equation(4) can be approximated to

resonances. We label the final state satisfying ED. 3

N;L.nglo. The intensity of this resonance will not be dis- Co~ 2(n/ng)

cussed here. From the perturbation theory, other observed . 1/n3—1/n?

resonances foNLnl should be due to the perturbation be-

tweenNLnl andN;L;nglo. The perturbation arises from the The approximation is based on the fact that the inner part of

electronic correlation which can be expressed by means dhe energy-normalized wave function is almost the same for

the spherical harmonics, i.e., the outer electron in two orbitsly and ngly. On the other

hand, the perturbative energy shift bf;L,nl, due to the

(N1L4nlo|SINgL1nlg). (8)

1 rk electronic correlation is
—=> —1 Pr(cosbyy). (2
f2 k=o r>+ r—n
AEM=(NiLinlo|SINsLynlg)=—-. 9)
Explicitly, the electronic wave function for a final state n
NLnl can be written as From Egs.(8) and(9), we have
W=[NLnl)+cyNiLinglo)+ -, (©) 2\nng(v—n)
D (10
can—n<N1Llnolo|S|NLnl). (49 substituting Eq(10) into Eq. (5), we obtain approximately
No the same result as the overlap formula from Esand(7),

_ _ . ~ since|sinm(v—ng)|=|m(v—n)| and (¥?>—n3)=(n?—n3), ow-
Here Sis the perturbation between the two configurations,ing to the weak perturbatior] 4 E(M| < 1/v3).
which may include the direct perturbation and the cross-term

perturbation mediated by other configuratioﬁﬁé is the en- 2. NL#N;,L, or/and I#1,
ergy difference between the perturbing states. The observed For these cases the overlap formula adopts an MQDT
line strength folNLnl is form
P~ |ca(NoLo|F|NsL4)|2. (5) PyCT~p,P, (11)
wherep,, is the percentage ¢N,L,vl,) mixed into|NLnl),
B. Line strength for the overlap spectrum pn<<1. In perturbation theoryp, can be expressed as
1.NL=N1L1, |=|0 1
.. . — i 2
Before deriving the line strength for the overlap spectrum Pn= Z |E<N1L1" ol SINLNI“. (12)
I

from Eq. (5), let us recall the widely used overlap formula

The summation can be also extended to include the contri-
Po~[{NoLo|r|N1L1){nglo| vl o)|?, (6)  bution from the continuum state. Here we discuss only the
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case whergNLnl) is located between two Rydberg states ' ' ' ' '
|N1L1mlo_> and |N1L1(m+. 1)ly) so that we can apply the 1.04 —e-s-e—e-o-22 tt':m_‘:::
perturbation theory for discrete states, im<v<<(m+1), 1 A / '\\ E
where v denotes the effective principle quantum number of 0.8 / / S g
an independent electron scaled in fhgL,vly) channel for ] v N\ T vy ]
the INLnl) state. Forlg<ng;m, we can apply an approxi- 06- / / . \ N
mation similar to that made in E48). We have = e
(no/i )3/2 ) 0.4 +\+
pn=2> | ——=—(N;Linglo|SINLnI)|?. (13 ] / / i S, ]
! Ei / X Tt
0.2 / e
Substituting Eqs(6), (7), and(13) into Eq.(11), we have T v + \\\x 1
0.0 . . . X Y
T . 2 5 10 15 20 25 30
2 \/ﬁsm w(v—"ng)
PQAQDTN|Cn<N0|—o|r|N1Ll>|22 22 ' n
i m(v—i%)
(14 FIG. 1. Comparison of the oscillator strength from the perturba-

tive calculation with that from the overlap formula in the case of
wherec, is given by Eq(4). This result is approximately the quadrupole perturbation fddL=N;L,, n,=16 and different, I,.
same as Eq(5) since the summation in E¢14) is closed 1,=2,5,8,10,12,15 for the curves from the top to the bottom sequen-
to 1. tially. A value ofx, closed to 1 indicates a good approximation of

It should be noted that Eq13) is not valid for some the overlap formula.

special final statee.g.,L=L;*=1,1=13%x1) withn~ng or .
n=m;m+ 1, becauséN;L,il o|SNLnI) has a minimum for formula. Here we present numerical examples to show the
those states arourid=n due to the orthogonal properties of evolution from the overlap to the abnormal spectrum for the

the matrix elements in hydrogen wave functi¢Bsl1]. For ~ excitation of a single channgN;Linlg). The penetration
that case the overlap formula is not valid. between the inner and outer wave functions will complicate

our calculation. We assume there is no penetration between

two electrons. As a result, the monopole perturbation in Eq.
It has been known that the inner part of the outer electrori2) is excluded. Thus there are two main types of perturba-

wave function dominates the electronic correlation with thetions which can cause the shake-up excitatiof\afL1nl,),

inner electron and this correlation can be reflected throughe., the quadrupole perturbatidgfor L,#0) and the cross-

the phase shift in the outer part, which is referred to here aterm dipole perturbatiofi8].

“propagation.” For an overlap spectrum it can be said that

the propagation is “undistorted” so that the overlap formula, 1. Quadrupole perturbation

which considers the oqtgr part only,_can reproduce the spec- grom Egs.(4) and (8), we have

trum well. The prerequisite for applying the overlap formula,

C. Line strength for the abnormal spectrum

as discussed above, is the approximation made inN&ar pa (nglol 3nlg) 2
(13), and in the MQDT case with some additional require- Xq=—=|(ng/m)¥222— % (15)
ments forn. Furthermore, for applying the MQDT type of 4 pa (nlo|1/r3|nlg)

overlap formula, the two channe|&;L,ily) and [NLnl)
should be degenerated in the energy region concerned. 9 js given by Eq.(5) and PY is given by the overlap for-
other cases, the propagation of the electronic correlation tghula. When the overlap formula holdg,~ 1. Otherwise the

the outer part is said to be “distorted.” The respective specapnormal spectrum will be observed. Figure 1 gives the val-
trum is called here an “abnormal” spectrum compared to the,es ofx, as a function of for various|, with ny=16.

overlap spectrum. In some cases, a modified overlap integral
based on a dynamic potential can well reproduce the abnor- 2. Cross-term dipole perturbation
mal spectrunj3]. Generally for an abnormal spectrum, there
is no phenomenological formula such as the overlap formula.
The line strength should be calculated from ES). as al-
ready done in Ref8].

Similar to Eq.(15), we have

dd

Xdd= Saqq =
Py

Thgn
n /n)3/2 0
(Mo,

: (16)

Ill. DISCUSSION
A. Overlap spectrum or abnormal spectrum? where

The criterion for distinguishing the overlap and the abnor- il o[ 1r2In’ 1) (n" 17| 15 2l
mal spectrum has been given in the above discussion. From 1 _ z (i A 0 .
the approximations made in Eq8) and(13), it can be seen " n | Enn '
that lowd states are more feasible for applying the overlap 7

i=ng,n.
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FIG. 2. Similar to Fig. 1, but for the case of cross-term dipole
perturbation. A value okyq4 closed to 1 indicates a good approxi-

mation of the overlap formula. 10 AR
. . AAAAAAAAAAAAAAAAAAAAA

Here E,,, is the energy difference betwe¢N,L,nly) and 3
[N'L'n’l”). We assume the main dipole perturbation is from > 1 T
[N'L'n’l") for [N1Linlg) (I'=1%1). The summation of’ A
includes the contribution from the continuum states. To fur- 0.0.0-0-0-0-0-0-0-0-0-0-0-0-0-0|

. . . . . . 0.1 ...,000" 4
ther simplify our discussion, we assume the main contribu- 000®
tion in Eq. (17) arises from those states witlk, (b)
~EnyL, N (the energy difference between the ionic states 0.01
[N;L1) and|N’L’)). Then Eq.(17) can be reduced to 0.0 0.4 0.8

¢ (in atomic units)
. 4 o FIG. 3. The ratio of the probabilities of the escape electron with
Tin= (ilo|2r¥nlg); i=ng,n. (18 an angular momenturiy+2 andl, in the shake-off process of the

EN1L1'N’L’ initial state with ny=16 due to(a) quadrupole perturbation})

cross-term dipole perturbation, according to E@4) and (22). |,
=2,5,10,15 for the curves from the bottom to the top sequentially in

Substituting Eq(18) into Eq. (16), we obtain each of the figures. Note that the ratios of the angular coefficients
By andBgyq in Egs.(21) and(22) are approximated to 1.

e
Xdd'

% (20)
Xdd'

Xda=|(

4 2 — 3
3/2<n0|0|1/r |n|0> pa EN L 'N/L/<n|0|1/r |n|0>
0 A A | = —~
ng/n) 2 (29 R o 11
<n|0|l/l’ |n|0> Pdd q 2<n|0|1/r4|n|0>

E i (lg+312) (15— 1/2)
Similarly, the application of the overlap formula requires - Naby WTLTHO 0
Xqq~1. Figure 2 gives the values af4 as a function ofn

for variously with ny=16.

Aq,dd

[3—1o(lg+1)/n?]

where A 44 is decided by the radial integrals of the inner
electron and the angular momentum coupling coefficients,
Figures 1 and 2 show that the scope for applying theand usually has the order of 1. It shows lowerases have
overlap formula strongly depends d¢p. The latter case is more cross-term perturbation characters than higleses
more feasible for the overlap formula. In both cases,n,  in the spectrum and vise versa. For higher excited orbital
seems to be more feasible thar<n, with the same|n energy of the inner electron, it is expected that the spectrum
—n,| for the overlap formula. At high-states, both cases shows more cross-term perturbation character because
show significant abnormal behaviors. Note that the trivialENlLl,N,L/ becomes smaller.
casen=ng is not included in our discussion. A real spectrum
is composed from the constructive or destructive interference

3. Discussions

B. The shake-off process

of the two perturbations. From Eqd5), (16), (18), and(19) An important extension for the shake-up process is the
the relative amplitude of the two perturbations can be apshake-off process, where the outer electron is shaken into a
proximated as continuum orbit. Previous descriptions for the shake-off pro-
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cess ofN;L,el) frequently assumeld=1, as an extension of different| as a function ofe with the approximations oB,
the overlap formula, which seems contradictory to the well~1 andBgyy~1. Bothy, andyyq increase with increasing
known tendency that the escaped electron increases its angor € for the energy range shown in Fig. 3. It is evident that
lar momentum. Indeed, for the monopole perturbation casefor highd or high escape energy states, the escape electron in
I=l,. For higher-pole perturbations, it is not always satis-the shake-off process prefers to have an angular momentum
fied. Here we will present numerical examples to study theof 15+ 2. By comparingy, andygq, it can be seen that the
effects of the higher-pole perturbations in the shake-off proquadrupole perturbation, compared to the cross-term pertur-
cess of|N;L,el) for an atomic system without penetration. bation, is more likely to increase the angular momentum of
Similarly to the shake-up process, the shake-off process ithe escape electron. Similarly to the shake-up process, a real
due to the perturbations of the quadrupole term or/and thehake-off process for a nonpenetrating system is a result of
dipole cross term. Three possibilities foarelo—2, 19, I the constructive or destructive interference of the two pertur-
+2. The shake-off process tg— 2 is negligible compared bations.
to the other processes. The ratio of the probabilitiedyto

+2 andl, can be expressed as IV. CONCLUSION

Pd,, (nglo| 3] (1 +2)>‘2 The above d_isc_ussion has pr_ovided a convenient way to
=0 :‘ 0’0 0 (21)  predict the excitation structure in the shake-up process for

a Pﬁo T (nolo| 13 el ) ‘ atomic doubly excited asymmetric states with weak elec-

tronic correlation. By revealing analytically the quantitative

for the quadrupole perturbation and intrinsic relations between the overlap formula and the elec-
tronic correlation, it is shown that the overlap spectrum and
Pf'od+2 (nolo|1/r*e(l o+ 2))‘ 2 the abnormal spectrum can be described quantitatively by the

Ydd=—gq = | Pdd 2 (22 same theoretical framework. The criteria for applying the

Pl (Nolol 1/rlelo) | overlap formula are given quantitatively. In the cases of

) strong electronic correlation, we expect that those criteria
for the cross-term perturbation, wheBg and Byq are the il hold.

ratios of the angular momentum coupling coefficients and
usually have the orders of 1. A similar approximation as in
Eg. (19) has been made foryq. It should be noted that for
L,=0, there is no quadrupole interaction. The shake-off pro- This work was initiated while the author was visiting the
cess to|NLel) with L#L, can be treated in a similar way. Max-Born-Institut, Berlin, supported by the Alexander von

Figure 3 shows calculateg, andyyq based on the for- Humboldt Foundation. The hospitality of U. Eichmann and
mula given by Nikitin and Ostrovsky12] for np=16 and W. Sandner is greatly appreciated.
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