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Applicability of a nonrelativistic asymptotic description of high-energy photoionization
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We show that while high-energy photoionization cross sections converge to their asymptotic forms only at
relativistic energies, the leading deviation from the asymptotic energy dependence of nonrelativistic photoion-
ization cross sections at high energy is the same for all cross sections. This factor can be obtained explicitly,
and only asymptotic forms are needed for the remainder at high nonrelativistic energies. Since the factor is
common, ratios of photoionization cross sections reach their asymptotic values at much lower energies than the
cross sections themselves. Results are presented both in independent-particle approximation as well as includ-
ing correlation effects, which modify the asymptotic behavior, especially for light elements or outer shells.
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[. INTRODUCTION indeed reaches an asymptotic form in the nonrelativistic re-
gime (which will afterwards change, at relativistic energies
In this paper we investigate the high-energy behavior of We begin in Sec. Il by reviewing the results for the
cross sections for single photoionization of atomic systemsasymptotic behavior of nonrelativistic high-energy photoion-
We find that a nonrelativistic asymptotic approach is not inization cross sections. We also note the slow convergence of
itself adequate for calculation of high-energy photoionizationPhotoionization cross sections to their asymptotic forms. In
cross sections, which converge to their asymptotic forms>ec. Il we analyze at the IPA level the approach to
only at relativistic energies. However, in contrast to cross asymptotic behavior. The leading correction to the
sections, the ratios of cross sections reach their asymptot@symptotic amplitude, which is exponentiated, is of the order
forms, except for the lightest elements, such as hydrogen an@Z/p [8] (we use atomic units is the nuclear charge anm
helium, at much lower energies. This is because a commot$ the momentum of the photoelectjoThe Stobbe factor
explicit Coulombic-like factor(Stobbe factor characterizes [9], common for all subshells, cancels in the ratio of photo-
the leading deviations from asymptotic nonrelativistic energylonization cross sections, explaining why ratios converge to
dependence of all photoionization cross sections at high er@symptotic behavior much faster than the cross sections
ergies. This fact allows us to explain recent experimentathemselves. In Sec. IV we go beyond independent-particle
measurement$l,2] of photoionization cross-section ratios approximation, confirming that correlations change the
utilizing asymptotic nonrelativistic results. Utilizing these asymptotic behavior of all cross sections with nonzero angu-
asymptotic ratios together with the Stobbe factor, the crosir momentum quantum numbeérHowever, we show that
sections may be predicted with good accuracy. In our discughe leading correction to the asymptotic behavior of the cross
sion of this behavior, we may go beyond independentsections is still determined by the Stobbe factor &g. Con-
particle approximation(IPA) and also include the conse- sequently the asymptotic ratio of our subshell photoioniza-
quences of electron-electron correlations, which modify thdion cross sections calculated in the nonrelativistic approxi-
asymptotic behavior of the ratios. mation is in good agreement with the experimental results
There had been a general beligf that for largew photo-  [1,2].
ionization can be described within the framework of IPA.
However, recent experiments of Diasal. for the L shell of Il. ASYMPTOTIC BEHAVIOR OF THE
neon[1] and theM shell of argon[2] gave results in dis- PHOTOIONIZATION CROSS SECTION
agreement with IPA predictions. Examining the results, it o o )
was found that correlation effects persist for transitions from IThe nonrelativistic dipole IPA photoionization amplitude
subshells with orbital quantum numbers 1. These results Pni for a state with quantum numbersln) is
were obtained in considering the asymptotic nonrelativistic | R
behavior of the cross sectiofg—6]. It may, however, be D =(¥,lg(F)|¥n) 1)
objected that the nonrelativistic asymptotic behavior is in
fact not reached in the nonrelativistic regime, so that it iswith single-particle wave functionéoutgoing electron 'V,
irrelevant and only of academic intergsee contrary argu- and(initial bound electronW,;. The indexi denotes the IPA
ments in[6]). Indeed, comparing resulfg] obtained in the case. The operat@(r) describes the dipole electron-photon
IPA with the corresponding nonrelativistic asymptotic pre-interaction. The amplitudé,, depends on the forrtiength,
dictions, we confirm that for the energies of the experimentsyelocity, or accelerationchosen forg(r) if the wave func-
(and well beyonyg these cross sections are far from tionsW, andV¥, are approximate, not exact eigenfunctions.
asymptotic. But in this paper we wish to point out that, inIn this section we consider the nonrelativistic range of pho-
fact, the slowly convergent behavior can be identified andon energiesc?>w>1,,, wherel,, is the photoionization
explicitly factored out. The remaining high-energy behaviorenergy(c= 137 in atomic units, which we use in this paper
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Within the IPA framework each electron can be consid- 1 1¢%
ered as moving in a common effective self-consistent field.
Since near the origin this field has a nuclear point Coulombic
behavior, the asymptotic behavigre., the lowest-order term  8x10
in an expansion in powers @ ') of the partial photoion-
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ization cross section is known to pH8] 6:40% 1 26/S

o (w)=ano TP 1+0(w 12 , 2 F ’ ’ /

(@)= ap [1+0(w )] N N A H
where the coefficient, is independent of. [t LN ’ Sy
In IPA the photon interacts with and is directly absorbed 240° ;\‘, /\;/~ _ e

by an atomic electron, which is ejected in a continuum state,* L <. == =
while the other atomic electrons do not change their states - Tt i
However, going beyond IPA, one can see another mechanisr 0 e T ——_————
for photoionization. Instead of interacting with alj state, 10° 10" 102 108
the photon can interact with an(l') state, being absorbed photon energy (keV)
and creating a hole in that state. Then the knocked-out elec-
tron can push ann() electron into thei§’l’) hole by elec- FIG. 1. Cross sections for transitions frons 2s curves and

tron impact, again leaving a() hole and a continuum state. 2_p 2p curvgs _subshells of Ne obtained in the relat_ivistic IPA
[Note that this second step takes place at distances of tf{i® barn multiplied by powers of kel Dashed-dotted lines are used
order of the size of the Bohm(1’) orbit, rather than at the for cross sections multiplied by the facter’? for photoionization

: : . . of the 2s subshell, and by the factes®? for photoionization of the
mall distan which the high-ener h rpti '
Eroiesi Sotzcﬁgss at ch the high-energy photoabsorpt orgp subshellw in keV). Dashed lines are used for the cross sections

. . . 24! d %%, (w) divided by the Stobbe factoB(&)
Recently it was realizefil,2] that, forl =1, at high ener- ¢ oas(@) an 2p y
gies the second mechanism changes the behavior of t gs/S and /S curves [Eq. (7)] (and divided by a factor of 10 for

Brvenience i tatipThe ratiooh(w)/ wo! in kev 1
photoionization cross section from that given by Ef). ml:}:/igl?le%ngs Td%rzszﬂoi\;: wit?]r: ;%‘EES(';:]L_Q’UZ"(“’) (in ke

This can be understood by considering the asymptotic behav-
ior of the amplitudeg5,6]. The full photoionization ampli- |+ o ever i :

X j is ans state, the second term in E@) hasp
t“del,q)né (be%/ondhlPA) can be ﬁesprlbed Ias ?] sufr.n of tge asymptotic behavior for any atom with at least a partially
amplitudes for the two mechanisms. In the first-orderg ey s sypshell in the initial state. Thus, while for-0 the

random-phase_approximation with exchar@@AE) [3] for IPA asymptotic resulf2) is correct, forl >0 Eq.(2) should
the Coulomb interaction between atomic electroNgr) be changed t65,6]

=1/|F1—T5,|, the full amplituded,, is

o (p.iIVIk,i)=(p.ilVIi.k){KIg(M]j)
Pu=Pp+ 2 E—E—w+io

—9/2

(@)= B ¥ 1+0(0 )] (4)

Note that forl =1 the functional dependence is not changed,

(3)  but the value of the coefficient is modified: the IPA breaking
. . ) . . ) effects result in the differenced(,— «,|) between the coef-
with summation over all intermediate single-particle st&tes ficients of Egs.(2) and (4). For|>1 the functional depen-
and over bound statgswith quantum numbersn(1’'m’),  dence orw is altered. The ratios of cross sections of angular
with i the single-particle bound state with quantum numbersyomentd >0 are independent a$, unlike for the IPA result
(nlm), which is photoionized. Ik belong's to the continupm Eq. (3). The ratioRg, = [ o @)/ 1 ()]~ w, as in the IPA
the summation should be replaced by integrafitwe infini-  case but the coefficient ab is different. This explains the
tesimal parametes shifts the singularity into the complex (esyits presented ifL], where the slopes of the curves cal-
plane and in this way defines the contour of integratidine ¢ jated in IPA and RPAE are different.
second term of this equation gives the IPA breaking contri- The first corrections to the asymptotic behaviors of the
bution to the amplitude. We suppress here all many-electrofatrix elements(1) and (3) are smaller than the leading
indices in the full many-electron wave functions except foriarms by only factors of ordetr/p. This implies a slow
those that involve the active electrons. _ _ convergence of the cross sections to their asymptotic values.

In the high-energy limit, the denominator in E€) is |y Fig. 1 we show(dashed-dotted lingsesults for the cross
small only for high-energy intermediate states for which  sections for neon obtained in the relativistic IPA approxima-
momentumk~ (|p|=v2w—(Z/n)?). This means that the tion [7], multiplied by the factors”’? for photoionization of
exchange matrix element®,j|V|i,k) are at least of order the 2s subshell and by the factas®? for photoionization of
1/p smaller than the direct matrix elemefyt,j|V|k,i) [10].  the 2p subshell. Note that for low elements relativistic and
The denominator associated to the leading electron-electromtardation effects are small at low energies, so that one
Coulombic matrix elemengp,j|V|k,i) contributes a factor might have expected an initially flat behavior of the curves,
1/p to the asymptotic behavior of the second term of 8.  corresponding to Eq$2) and(4). In both cases, however, we
for any intermediate sta{®,6]. Since the IPA matrix element see that this does not occur. The actual energy dependence is
factor (j|g(f)|k)~p~ 72D [Eq. (2)], which is ~p~ "2  due to the slow convergence of cross sections to their non-
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relativistic asymptotic forms at lower energies and due tdeads to a faster convergence of the ratios of the photoion-

relativistic and retardation effects at higher energies; no reization cross sections to their asymptotic form. We see in

gime exhibits nonrelativistic asymptotic behavior. Fig. 1 that the ratio of these cross sections in fact converges
In the following section we discuss this slow convergencemuch more rapidly(divided by w to remove the asymptotic

of the IPA photoionization cross sections to their asymptoticenergy dependence, it is flat already below 10 kehticat-

behavior at high photon energies, obtaining explicit expresing additional cancellation of common factors.

sions for the slowly convergent factors. We also show that The Stobbe facto8(¢£) determines the behavior of cross

the ratios of cross sections reach their asymptotic values aections only at very high energigs>wZ (wé<1). For

much lower energies than the cross sections. In the findbwer energies, largen, or for heavier atoms the terms of

section we extend this discussion to the non-IPA case, wheorder 2 play an important role in the behavior of the photo-

correlations are included. ionization cross section},(»). The preasymptotic energy
dependence of the cross sectiah|(w) is primarily deter-
Ill. THE STOBBE FACTOR mined by the generalized Stobbe factor

— H 2

We use the result of the analytic screening thedty,12] Si(§=II'(1=i§)|"exd — m&+4farctaié/n)]  (8)
that in the limit of high energies IPA photoionization is de- of Eq. (6), which includes the normalization factd¥(&),
termined at small distances, i.e., by the Coulombic behavior.e., one is still neglecting the energy dependence in the poly-
of the wave functions near the nucleus. In the asymptoti;iomial P, (£2/n?) and that due to screening. The factor
nonrelativistic case, screening enters only in the change ifT(1—i&)|?=2n¢/(e™—e ™) differs from 1 by terms of
the normalizatiorN! of the bound-state wave function order 72£%/6; these start being important already fpr

o)~ (NDZ(NP) 205 (), (5)  <=xz/\6 (7?¢%/6=1). The arctangent term&arctang/n)

in the exponential is of order&/n, and for smalln<3 it

whereNY is the normalization of the bound state of the hy- . : :
drogenlike atom. The screening corrections due to waveS" play an even more important role than the corrections in

_. 2 . g
function shapegand normalization of the continuum wave- [T(1-i&)|". Note tha_tSn(g) IS common for all transitions
function shapesare, however, important at lower. from the same atomic shell, since it does not depend. on

H H 712 | 9/2 |
For the point-Coulomb case the full nonrelativistic dipole Pivided by this factore ™o34(w) andw™“o,(w) converge

photoionization cross sections,(w) were initially obtained to their asymptotic forms much faster than the cross sections
for the K, L shells[9] and then for theM, N shells[13]. In themselves or the cross sections only dividedsb§) of Eq.

general they can be written in the form () [Fig. 2(a)]: . . .
oS (w) = const< N2(£) P, (£2/n?) The remaining second-order corrections are smaller in
n

their effect than those that are included in the expression for
X exd —2mwé+4éarctaié/n) o~ 2T (6)  S,(€) [EQ. (8)]. For light atoms(or inner shells of heavier
atoms, these remaining effects are important only at ener-
gies lower than a few ke\(but note, this is the region of
energies for which experiments are now availablEhese
remaining corrections are of two types. First of all, there are
the polynomial ratio®,,,(£2/n?) in the Coulombic cross sec-
Eon (5). Being of orderé£?/n? their influence on the cross
Sections is less than the effect of f&parctang/n)] and the
corrections inT'(1—i¢)|? in Eq. (8). In Fig. 2b) we show
that the influence of the polynomial ratid®,s(£2/2%)
=1+3(&/2)%[1+(&2)?] for 2s and P,,(£°/2%)=1
+8(&/2)/13[1+ (&/2)?] for 2p on the cross sections in Ne is
weaker and only affects convergence below a few keV.
When screening in the potential at small distances
_ characterized by an expansion in powers ahe remaining
S(§) =exp(— &) @) second-order corrections will be characterized by the coeffi-
we will call the Stobbe factor, recognizing the original Cou- cients of this expansion, which depend on the screening. Ac-
lombic calculation of Stobbf9] in which it was obtained; it cordingly [11,17 screening contributes to the photoioniza-
is independent oh, I. Thus the leading correction to the tion cross section through the normalization of the initial
asymptotic behavior of the cross sectiomﬁ(w) is deter- bound and continuum state wave functions, as well as in
mined by a factor of orderré, which is common for all corrections to the reduced matrix element, which vanish as-
transitions from all atomic subshells. ymptotically. One part of these screening corrections, already
In Fig. 1 we show the scaled cross sectionspresent asymptotically, comes from the screening effects on
o0 ()/S(£) and w¥%h (0)/S(£) for Ne, which reach  the bound-state normalization factaX;)® in Eq. (5). One
their asymptotic behavior at high, but still nonrelativistic, can show that the screening effect due to the change in the
energiegabove 10 keY. However the remaining energy de- normalization of the initial bound and continuum state wave
pendenceD(£?) is still important at most nonrelativistic en- functions can largely be taken into account by shifting the
ergies. The cancellation of the Stobbe fac8g) in ratios  Coulombic ¢ values in NiI to their physical valuest,,

whereé=Z/p andN(§) is the normalization of the Coulom-
bic continuum wave function, i.eN?(&)=|TI"(1—i¢&)|%e™.
The polynomial ratioP,(£2/n?) depends weaklythrough
the coefficients of the powers @) on the orbital quantum
numberl of the initial state.

Note that the slow convergence of the cross section
to the exact asymptotic result EQ) is primarily due to
the product of expté) and exp—2mé+4&arctang/n)] for
small £=Z/p, where expfé) comes from the continuum
state normalization factd¥?(¢). All other factors in Eq(6)
have faster convergen&®(£2). This leading term in the de-
parture of the Coulombic cross sectiorﬁ(w) from its
asymptotic value
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1x10° ; — Ty . —— factors S, (&,) of Eg. (9) are shown for the  and 2
(@ Ne | photoionization cross sections of Ne calculated in the single-
sf . particle nonrelativistic Hartree-Fock approximation for ener-
810° I\ o 71 gies lower than 1 keV. We can see thaf”?sh(w) and
[\ ] 9%}, (w) divided by the Stobbe factors are only approxi-
6x10° |- . mately flat atw=700 eV, because of further screening ef-
i \ | fects that are not yet taken into account, but are important for
s P 2pIS 1 outer subshells at low energies.
407 \ ] We see similar behavior in the case of photoionization
\\ ~ —_ T from Ar, where photoionization from 8and 3 subshells
2¢10° 2818, R T o B ] was measuref2]. With increasingZ the cancellation effect
e T ] of the common energy dependent factors in the ratio of the
12p/S, ] cross sections manifests itself at higher energies. Since Ar is
0100 — '1;, — a much heavier atom than Ne, its asymptotic behavior begins

at much higher energies, where nonrelativistic considerations

are not valid. Our calculations, however, show that the IPA

; | | | | ; R
3:40° — - ratios o¢(w)/woy, and oz(w)/woy, are still approxi-

L () N mately flat at the nonrelativistic energies of the experiment
NS e ] (about 1 keV, in accord with Eq(2) (Fig. 3b.
£ . 28/S ] Thus we can conclude that due to the common Stobbe
2x10° Foo/s e i factor S,(€) of Eqg. (8) in cross sections for photoionization
I I 1 from subshells of givem with orbital quantum numbers
\s\ oo/S ] andl, the IPA ratio of these cross sections converges rapidly
1405 F-2P/S y_;;:_';_;:__p;;;f_—,;;;.:;;.—..w-v‘“‘f to the asymptotic valu®,,~«'~"". For different shells the
e ] ratio o, (w)/oh(w) also converges to asymptotic values
- _ . ] faster than the cross sectiofdue to the common Stobbe
o . - rla{'—ojxfﬂ factor S(¢) from Eq. (7)], although in this case it can occur
10° 10" at energies so high that nonrelativistic considerations are not
photon energy (keV) valid.
FIG. 2. (8 Cross sections™oh(w) and %2y (@) of Ne In this section we have demonstrated within IPA the ap-

obtained as in Fig. 1, divided I§(¢) [dashed 2/S and 20/S lines, plicability of asymptotic nonrelativistic ratios of cross sec-
Eq. (7)], and by generalized factoB,(¢£) [dashed-triple-dotted tiOns. However, as we saw in Sec. II, the independent-
2s/S, and /S, lines, Eq.(8)]; (b) »"%0h(w) anda,9/20'2p(w) (in particle approximation is not sufficient. Going beyond IPA,
barn multiplied by powers of keMdivided by the adjusted gener- We have already considered the case of the Hartree-Fock
alized Stobbe factoB,(£,) of Eq. (9) (thick dotted &/S,s and ~ approximation, finding similar behaviors for ratios of cross
2p/S,, lines) as well, as divided byS,(¢) [dashed-triple-dotted ~sections. In the following section we will extend our demon-
2s/S, and 2p/S, lines, Eq.(8)]. The cross sections divided by both stration of the fast convergence of ratios, showing that it

S,(£) and the polynomial rati®,¢(£2/2%) are also shown with thin  remains valid even when correlation effects are included.
dotteds andp lines for comparison. The rati@be( )/ wohy(w) (in
71 . . . . - .

keV~! and multiplied by 16) is shown with a solid line. IV. BEYOND IPA CORRELATION EFFECTS
=Z/\2(w—1,)), with I ,, the physical ionization energy. This We will now discuss how electron correlations change the
means that for given photon energy we should write the conresults. We begin by showing that at high photon energy the
tinuum normalization in terms ofé&, as N2(&n) leading correlation contributions to the RPAE amplitude,
=|['(1—i&,,)|%e™"’. Division of the cross sections given by the second term of E¢3), can be written as a
»™oh(w) andw*?0},(w) of Ne by such an adjusted gen- linear combination of IPA terms, with coefficients of order
eralized Stobbe factor p~ ! in the photoelectron momentum.

Su( &) =Pu(&|T(1—i&y) |2 exd — m(2E— &) To obtain these_leading terms at high energy, we neglect

the exchange matrix elemefy, j|V|i k) in Eq.(3) and write

[VIK,i)(Kg(M)]])
k_EJ_(U+|5 ’

+4¢&arctarié/n) ] 9

[which includes also the polynomial ratios coming from the
Coulombic cross section of E¢)| makes them flatter even
at low energies. In Fig. (®) we show this for the cross sec- wherej is the single-particle bound state with quantum num-
tions for neon obtained in the relativistic IP&]. Note also  bers @'I'm’), andi is the bound state with quantum num-
that the ratioohe(w)/ wob,(w) is approximately flat already bers @Im).
by an energy of about a few keV. The main contribution to the sum ovkecomes from con-

In Fig. 3(@) the results of division by the generalized Sto- tinuum states with high momenta Since the final electron
bbe factorsS,(§) of Eq. (8) and adjusted generalized Stobbe momentumg is also large, the wave functionis, and¥ , in

D= Dy + D, (P, (10
K E
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d3f

fIE—(p-f)+id]
(13

106_v--v|-'-'|""|""|""|"". 1 .f‘»
L @) Ne ; An|ynr|/:WJ‘<nl|el 'r|n/|,>

3 2s/S 5

For largep the coefficients are of order @/ An explicit
expression forAp, ,/;» was obtained if14]. Since for the
transitions froms states the first IPA matrix element in Eq.
(12), ®},~p ™, and the second term has at legst®?
asymptotic behavior, for=0 the asymptotic result for the
e o ic? photoionization amplitude is the same as the IPA result of
~_—~—_—— RPAE | Eq. (2). For any atom with at least a partially filledsubshell
10t b e in the initial state, for transitions from states with 0, the

0.4 0.5 06 0.7 0.8 09 1 asymptotic behavior of the cross sectiang(w) are deter-

photon energy (keV) mined by the part of the second term of the amplit(@ in
which |’=0. If only correlations with thes-statel’=0 are
significantan|(w)~ahs(w)/p and we get the asymptotic be-

N b ] .
0.9 F_ s ((Hi) Ar ] havior of Eq.(4).

08 E E For our purpose, however, what is important is that, ac-
' \ cording to Eq(12), the asymptotic behavior of the photoion-
07 F . ization amplitude is determined by the common Stobbe fac-
06 E_nzs(RpAE, ] tor s(g) of Eq. (7). Thus, as in the IPA case, these cross
F—— —— - — —— — — 3 sections, which have the same common factor as for
05 | E 0':1, J[(w), are only slowly convergent to asymptotic values. In
04 En=2 @R E the case of =1 both terms in the amplitudgl2) are of the
— o same order, and both involve the same common Stobbe fac-
03 Fmeney — — 3 tor in their amplitudes. Fok=0 the IPA term is dominant,
o2 Bowasdy e oo owsfose s oo v ivoliey ] again with the same Stobbe factor.
065 07 075 08 08 09 095 1 Since correlations are bigger for electrons of the same
photon energy (keV) shell we can assume that the interaction between the atomic
FIG. 3. (a) The cross sections for Ne in the Hartree-Fock ap-€lectron and the ionized electron is not altered by the bound
proximation, divided by generalized factd®,(¢) of Eq. (8)  €lectrons of another shell, and in Ed2) can include only
(dashed-triple-dotted S, and /S, lines) and the adjusted gen- terms withn’=n. In Fig. 3a) we present results for RPAE
eralized Stobbe factdB, (£,) of Eq. (9) (thick dotted /S, and ~ photoionization cross sections frons 2nd 2p subshells of
2p/S,, lines). The cross sections for Ne obtained in the same wayNe divided by the generalized Stobbe facE(¢) of Eq. (8).
but in RPAE are shown with long-dashedand p lines (in barn  This Stobbe factor, which includes terms of ord&r and
multiplied by powers of keY. The ratiosRs,(w)/w (in keV ™! are  which plays an important role at lowgx will be the same
obtained in the Hartree-Fock approximati¢solid lineg and in for o, (w) and U:ﬂ(w)' In Fig. 3@ we can see that RPAE
RPAE (dashed lineks (b) The ratiosRysp(w)/@ andRss(w)/w (in - results are quite different from the IPA cross sections. How-
keV ) for Ar in the Hartree-Fock approximatiofsolid lines and  eyer, for photoionization from the 2state the difference
in RPAE (dashed linels becomes smaller with increasing energy. This reflects the fact
that the asymptotic leading term of,o(w) [EqQ. (2)] is the
the electron-electron interaction matrix eleméhbugh usu-  same in both the RPAE and IPA cases. However, in the case
ally not in the radiation interaction matrix elemgiain be  of photoionization from the @ state, the IPA breaking effect
approximated as plane waves, giving results in the differencef,,— a,,) between the coefficients
1 e of Egs.(2) and(4), and therefore we do not see a decreasing
(PilVIki)= mf Wh (e W (NP (1) difference between IPA and RPAE results.
Despite the slow convergence of the photoionization cross

Note that for a small momentum transfes ﬁ—lz the only sections themselves, we can expect a fast convergence of
large matrix element in Eq(10) is (p,j|V|k,i). Equation their ratios, so that nonrelativistic values of the ratios will be

(10) can be then rewritten as a linear combination of the IPARChieved within the nonrelativistic range of photon energies.
amplitudestlb' We demonstrate this in Fig(8 for phot0|on|zat|on of neon.

n’l Since Ryy( @) =[025(w)/ opp(w) ]~ w, as in the IPA case
(but with a different coefficient o), the R (w)/w curve in
Fig. 3(a calculated in RPAE is approximately flat. The ratio
follows the asymptotic law with an accuracy of better than
wheren’l’ are the quantum numbers of thetate. The co- 10% for photon energies exceeding 700 eV.
efficients A, ,/;» can be expressed in terms of the matrix In Fig. 3(b) we present results for the ratidg;, for n
elements of simple operators =2 [Rysp(w)/w] and n=3 [Rzs(w)/w] subshells of Ar

2p/S o

1 T

ratio/photon energy (keV'l)

q)nI:q)|n|+2 AnI,n’I’CI)lnqa (12

n'l’
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2.5x10* 17—+ ——————— the lightest elements, such as hydrogen and helitnthe
[ nonrelativistic photon energy region, a nonrelativistic

o F R asymptotic approach is still applicable for calculation of their
210" e ratios. The reason is the cancellation of explicitly known
C ¥ - ] common Coulombic-like Stobbe factors E@), which char-
15¢10* E . ] acterize the primary deviations from the asymptotic nonrel-

i P ] ativistic energy dependence. Utilizing the asymptotic ratios
e - 7] together with the Stobbe factor, the cross sections may be
10" - 3.7 ] predicted with good accuracy. This supports our nonrelativ-
— - HE ] istic consideration of the asymptotic behavior of the ratios of
B0 [ =< — = oxi __ __] the photoionization cross sections in pafp@k
- RPAE 1 At lower energies we still can find a common factor,
[ — - ] which now depends on the principal quantum nunydvut
e is independent of the orbital quantum numbgEs). (8)].
Cancellation still occurs for photoionization cross sections
photon energy (keV) from the same atomic shell. This explains the behavior of the
~ FIG. 4. The cross sections”03(w) andw®?ry,(w) in RPAE  ratios of the photoionization cross sections framand p
(_|n barn multlplled_ by powers of_keV a[elshown WIFh _dashed-dottedsubshens in Ne and Af1,2]. Even at very low energiebe-
lines), and the ratioRss(w)/w (in keV~ and multiplied by 10 0w 1000 eV for the atoms we consider in this papean-
for K™ in the Hartree-Fock approximatiofsolid lines and in cellation of the generalized Stobbe fact$Es. (9)] makes
RPAE (dashed lines the ratios of the cross sections close to asymptotic.

Going beyond independent-particle approximation, we
confirm that correlations change the asymptotic behavior of
all cross sections with nonzero angular momentum quantum
numberl. However, we show that the leading correction to

e asymptotic behavior of the cross sections is still deter-
mined by the Stobbe factor. Consequently the asymptotic
ratio of our subshell photoionization cross sections, calcu-

ted in the nonrelativistic approximation with correlations,
in good agreement with the experimental resLitg)].
Here we have considered nonrelativistic photoionization.
e Stobbe factor can be also identified within a relativistic
kapproach, but in this case it is independent of the total energy
E, since now at high energg=EZ/p does not depend on
E~p. However, it is known that in the relativistic case there
is also slow convergence with the energy of the photoioniza-
Etion cross sections in the parametep.1/

0.5 0.6 0.7 0.8 0.9 1 1.1 1.2

calculated in the Hartree-Fock and RPAE approximations
The ratios, which are divided by, are already close to con-
stant(not the same constgrat energies of about 1 keV but
the cross sections themselves are far from asymptotic, as h
been noted in5,6]. Our RPAE calculations involve cou-
plings betweerM andL shell electrons. It is knowfi3] that
near the ionization threshold the correlations are much mor
important for the outer shells. We can see the same effect
high energies as well—our Hartree-Fock and RPAE
Rasp(w)/ @ curves forn=2 in Fig. Ib) are only slightly Th
different, while correlations enhance the Hartree-Foc
Rasp(@)/w in the transitions from B subshell by about
25%.

Correlations in outer shells at high energies are also im
portant for positive ions. We show their effect #6f ions in
Fig. 4. The difference between Hartree-Fock and RPA
Rosp(w)/ @ values is as big as for neutral Ar, i.e., about 25%. ACKNOWLEDGMENTS
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