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We describe single photoionization of excited states of two-electron atoms by photoabsorption at high
incident photon energies (but still @<m). Our description of photoionization from excited states of the
simplest many-body system is also, however, applicable for the characterization of high-energy photoionization
of a many-electron atom from any subshell. We are using an appfSacft et al, Phys. Rev. 267, 022709
(2003] based on asymptotic Fourier-transfo¢AFT) theory, in which the matrix elements for photoabsorption
processes at high energies are understood in terms of the singularities of the many-body Coulomb potential. We
obtain the dependence of the total cross section for single ionization of a two-electron atom in any initial state
on photon energy. This energy dependence, for a general initial two-electron state, is generally different from
the predictions of independent-particle approximation, and it is in qualitative agreement with recent experi-
mental observations df-shell photoionization in Ne anMi-shell ionization in Ar. As in ground-state ioniza-
tion, the energy dependence of the dominant contribution to the matrix element is connected, through AFT,
with the e-N singularity; and it is determined by the amplitude of the lowest angular momehfimvith
which one electron can approach g\ singularity. Wherl ,;,=0, as in the cases considered experimentally,
this gives a factor for the dominant part of the total cross section, which is the same as for the ground state,
(1/0™?). The final state interaction reduces this energy dependence by just one additional facter of 1/
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In this sequence of papef§,2] we are exploring the un- mation on the screening effects included in IPA. However,
derstanding of high-energy photoionization processes, whichecent study of single ionizatiof8—6] shows that the IPA
follows from the theory of asymptotic Fourier transforms picture is inadequate for any subshell of a complex atom
(AFT). Basically, the AFT of a function is determined by its for which anl#0 electron is ionized. The cross section for
singularities. In our case this means that the high-energy beenization of anl#0 subshell of a many-electron atom de-
havior of cross sections follows from the Coulomb singulari-creases as &P’ for w— o [4], due to interchannel coupling
ties of the basic electron-nucleus and electron-electron intef5] (provided that there is also @i 0 electron present in the
actions. In our first papéf], we introduced the ideas of AFT atom), and not as k' * 2 as predicted by IPA Eq1).
and explored correlation issues, focussing on photoionization This can already be seen in the photoionization of excited
of the ground state of a two-electron atom. In this paper westates of two-electron atoms, which we study here. We will
discuss single ionization from higher states of a two-electroshow that in these situations, as discussed in R&fsg], the
atom, which we also find suitable as a model for a qualitatotal cross section is
tively good description of photoionization of many-electron

atoms at high energies. Our approach to high-energy photo- 1

absorption processes in terms of generalized AFT theory pro- oa~ & mmZalp for | 0. 2
vides a unified description of photoabsorption at high ener- w

gies.

As noted in Refs[3,4], it was generally thought that an BY including the Stobbe facto§(p) =exp(—mmZa/p) [7],
independent-particle approximatiqtPA) picture of single which we will show can be pulled out, just as in the IPA case,
photoionization from any state of any atom is adequate afe asymptotic behavior described by 2).is valid already
sufficiently high photon energies. This meant that the crosd! the energy region considered experimentally in REf.

sectiona ™ for photoionization of aml subshell of a com- @nd near the energy region considered in Re&f®].
plex atom was believed to behave as We will first recall some relevant results about single ion-

ization and the AFT approach from Paper I, and then we will
analyze situations, related to those studied in Réfs6], in

a two-electron system, using our approach in terms of singu-
larities. This means that we consider two electron initial
states which, in an IPA picture, can be represented as if one
at sufficiently high photon energies, whereZ is the nuclear electron is in arl;=0 state while the other electron is in an
charge,p=+2mw is the outgoing electron momentum, and |,=L+#0 state. However, since in the actual physical situa-
an is a factor independent of energy, which contains infor-tion |, andl, (each angular momentum separatedye not
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good quantum numbers, but rather only total angular mo- Our unified approactiAFT modified by Coulomb inter-
mentumL (we are neglectind_-S coupling, as explained action is based on the close relation between high-energy
below), we will talk about situations in which the total an- photoabsorption matrix elements and asymptotic Fourier
gular momentum i$ #0 and for which there is a finittand  transforms of functions with singularitie®y a singularity
perhaps significantprobability of finding one electron with we mean a point where a function is not differentiabksc-
angular momentuni; =0 while the other is in a statb, cording to the AFT theory, the asymptotic Fourier transform
=L. [Note thatl, andl, here are not the usual spectroscopicof a function with singularities is determined by the behavior
angular momenta labels of the two electrons. In the usuadf the function in the vicinity of these singularitig$,9].
spectroscopic notation these angular momenta labels a&nce photoabsorption at high photon energies requires at
taken as good quantum numbéré/e will also include all least one large outgoing electron momentum, we may gener-
other allowed ; andl,. Our approach in terms of singulari- ally argue that the analysis is equivalent to the analysis of the
ties shows that, as in ground-state ionization, the energy désymptotics of Fourier transforms. A slow asymptotic de-
pendence of the dominant contribution to the matrix elemenerease for large, such as 1" in a 1 asymptotic power
is connected, through AFT, with the-N singularity: it is ~ €xpansion, of the Fourier transforfRT) of a well localized
determined by the amplitude of the lowest angular momenfunction, comes only from the singularities of that function.
tum | i, with which one electron can approach td\ sin- We first look at the general behavior of two-electron
gularity. Whenl ,,;,=0, this gives a factor for the dominant bound states at coalescendsigularities. The dominant
part of the total cross section, which is the same as for th€ontributions to the high-energy photoabsorption total cross
ground state, (17/%). Final-state interaction can change this Sections and(double-ionization spectrum are connected
energy dependence by just one additional factor efit/the ~ With two-particle singularities. The properties of the bound
leading order, as in the cases described by(By. states at these coalescences are understood sufficiently well
The analysis as well as the effect is closely related to théo permit analysis of the energy dependence of the photoab-
analysis of ionization of the ground state with excitationsSorption cross sections at high energies. In general, the sin-
into |0 states given in Paper I. There we have demongular behavior of a solution of the Schilinger equation at
strated that, after absorption of the photatetermined by the coalescence of two particles, of charggsandq;, re-
the cusp at the-N coalescende the remaining bound elec- duced mass;;, and at small interparticle distanceg is
tron can be moved from an initiglstate into a nors-state by ~ given[10—12 by
the final-state interaction; this final-state interaction adds just
one power of 1@ (to the power determined by the cusp W(rq,ro, .. .)=E
independent of. In the situation we are considering here, we nm
show that, asymptotically, the power of the leading contribu-
tion is determined by the cusp, giving api/power (in an +O)\,m(rﬁ+2;rl,r2, .. .)), 3
IPA model this would mean that the photon is absorbed by
the s electror), and by the final-state interaction, which, in
moving the electron from thé,#0 to the finall=0 state,
adds just one additional power inpl/The final result is that
the vacancy is in thé,# 0 state, and the matrix element has

the leading power p* for any totalL+0. This is a strong P ; . )
modification of the IPA result, Eq(1). rij=0 singularity vanishes faster thaﬁ for rj;—0. The

The differences between single ionization in a two-loweSt nonvanishingy, m depends.on _the state of the sys-

; dem. For the ground state of Ha spin singlet, for example,

tween the two electrongéin both the initial and the final the lowest nonvan|sh|.ng> IS do,0 fo_r both thee_—e ande-_N
coalescence. Expansi@B) is valid if all other interparticle

state$. In the case of single ionization of a two-electron = g -
atom, we have argued in Paper I, using the AFT theoremc,“StanceS are large compared tp. This is sufficient for our

that the dominant contribution to the total cross section id”U"POSes, as discussed in Paper | and also further below.
associated with the-N coalescence, as in the one-electron The matrix element for smg!e ionization from the initial
case, whether or not the atom is in its ground state. Howeve];\’/vo_-ele_ctron statel w(r1.ro) _W'th total momenturtL, re-
while the dominant contribution to the single-ionization total SUlting in a bound electron with quantum numbens! (m),
cross sectiorisumming over all final bound states, i.e., exci- IS

tations are not distinguishg@f the ground state of a two- . B B

electron atom does got involve fin%l-state electron-electron M7= \/Ef e P DT (1) Whin(r2) D
interaction(and it involves initial-state correlation only in a

normalization factor, regardless of the form used, the domi- X(r 11281, 1) Wim(ry r)drd’r,,  (4)
nant contribution in the case of single ionization of a higher

state does generally involve final-state electron-electron inwherel®®(ry,r,) is thee-y interaction. As in Paper |, in Eq.
teraction. This final-state electron-electron interaction lead$4) we have written the final-state wave functidfy(ry,r5)

to predictions of an energy dependence of the cross sectio@ a product of a continuum Coulombic wave function exp
for single ionization, which are different from the IPA pre- (—ip-rl)CDf;)(rl) representing the outgoing electron, a
dictions, as we will discuss below. bound-electron wave functionV'}, (r,), and a factor

qiqj i
A1

A
I’ij

1+

rij}Y;\n(Fij)(f))\,m

whereg, n, is a function of all other interparticle coordinates
(all except ther;; in which the function is expandgdand

O)\,m(ri”j“; ... ) denotes a remainder, a function which de-
pends on all coordinates and which in the vicinity of the
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D{ m(r1.r2) that contains everything else. This factoriza- . 1

tion is formal but convenient for our purpose, as will be clear Wi(ry,r2) =We(0r)Wy(ry)+0f —ira,r
later. In Eq.(4) we are neglectingd.-S coupling. This means 1

that we factorize the two-electron wave functions into a spin :e'p'rlq’é_)(fl)‘l’no(rz)Dé_n)o* (0r,)

part (which, in a two-electron system, can be a symmetric
triplet or an antisymmetric singletand a coordinate part.
Further, sincew<<m, we neglect the interaction of radiation +0
with electron spin. This means that the initial state and final
state are either both spin singlésymmetric coordinate part .
or both spin triplets(gntisyn?rfg}ic coordinate partTF;]e whereO(1/p3; - ) denotes the order of the ternremain-
asymmetric form, Eq(4) (the outgoing electron is imy, den that we are neglecting Wlthm_such a procedure. _
while the bound electron is iny), is obtained after employ-  BY Substituting Egs(S) and (6) into Eq. (4), the matrix
ing the symmetry properties of the wave functidhsth are eIeme_nt can be representgd as a sum of terms, _each of which
either symmetric or antisymmetric in coordinatesd the factorizes into an absorption part and a correlation part,
interaction. .

Our approach is to represent the integrand in terms of the M(+)_ Em Em Mlczorrl albn;l’ @)
simpler functions that describe it in the vicinity of the coa- fam 122
lescence. As in our previous cases, we use Coulombic fungyhere
tions that satisfye-N Kato cusp conditions.

Wim(ry,ro)= 2 2

1
_2;r11r2 ’ (6)
P1

. M= f W))W, (r)dry (®)
(1) blnk(r)

“1 1M
2 1 is the photoabsorption matrix element for a H-like system
[13], and
+O| m (rl 1+2 rlvrz)la (5) | o \/—
o czorr f \I,nlm(rZ p, nlm(0 r2)¢|l ml(rz) Fa.
where‘l’ﬁ, m (r,) are hydrogenlike bound-state wave func- 9

tions. In\I'n limy (r1), we do not specify the principal quan- The correlation factoM|2 ' is the probability amplitude for
tum numbern because we may take any particui(for  moying the electron that is in a statg after absorption of
whichl, existg in Eq. (5) to the order we are considering 5 electron in staté, occurs, into the final staten(l,m).

specific choice o might_be justifi_ed b_y specific physical M2 depends on all these quantum numbers, but we keep
reasons, but we do not discuss this point further. M cor
The partitioning[Eq. (5)] of the exact two-electron wave explicit only |, andln|1n order to simplify the notatior{.Note
function in the vicinity of thee-N singularity is obtained the notation thaMalbsl has the angular-momentum qﬁjanltum
following the arguments of Paper I. When one electron apnumbers;m; of the electron that absorbs the photdh?
proaches the nucleys;<r,, wherer, is the size of the involves the angular momentut of the other electron in
atom, ro=1/(mZa)], while the other is at large distances the initial state, which due to final-state correlation is moved
[ro>r4, andr, is not much smaller thany], then the wave into final state of angular momentuimindicated ad,—1.]
function has an expansion in terms of angular momenta, and We are interested in obtaining cross sections accurate to
a partitioning due to the Kato condition as in E8). We  the leading order in the-e interaction for largep. For this
have then just replaced terms from H) with the corre-  purpose we may employ, as discussed in PapecCl fidnc-
Sponding(same angular momentyr@oulombic wave func- tions[14,15 for the final two-electron states. TheC3func-
tions \Ifn ,m/Nn,1,,» which for smallr; have the same be- tions are accurate including the orderZa/p? [1]. This

havior as those terms. As explained in Paper I, we will useneans that oD ) (r1.r,), we use
partition (5) in integrations over all distances [and there-

ma Mma i
fore also forr,=<r 4, for which partition(5), and also Eq(3), Dy, (1, r)= F( 1-i —) e; ™R i —1,— 3
is not correct However, the regiom,=<r, for r;<r of the P P
function ¥ \,(r,,r,) corresponds to the triple-coalescence 1
point, which gives a negligible contribution to the total cross X(priz—=p-rip | +O| =, (10
section. The terms in the angular-momentum expansion in p

Eq. (5) represent one electron approaching the nucleus with ) . .
angular momentum quantum numbets,(m,), while the where O(1/p“) deno?es that by e_mploylng theC3function
other (distany electron is in any statel{, m,), which, to- the error in calculating the matrix element decreases faster

gether withL, M andl,, m,, satisfies the angular-momentum than 1p for largep. W'th function(10), the leading order of

algebra. Summation over all such terms is taken. the correlation factoM 2 ' is accurately obtained. When the
For the final state, the same procedure, as explained ifinal state of the remalnlng bound electron is sstate (
Paper |, leads to =0; the case in which we are interested heiteis
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2 fRno(rz)P|2(r2)f§dr2, 1,=0
M = ch N o )
i I SRRV LL P 2
s | =i TSR [ Reorap(rarddrg, 1270,

where Ro(r,) is the radial component of the final-state term (with 1;,=1 andl,=0, and which does not require
bound electron anqo|2(r2) is the radial component of final-state interactiongives the only contribution. For this
reason the first term is referred to as a modification of the
. o ) ) IPA result[4].
' el)r(lptljlggﬁst(s)wi\(g ?r?etréirg?r::tr:?gosrzrt?izﬁions to the matrix el For L=2, the leading-order contribution to the matrix
ement and to the cross sections, it is useful to recall thg:cetrr?ee r:)trgg:ngfs &gma??oﬁfgxsvﬁ%; OEandIZ—L, and itis
! ) | ) , gs(12) and(9). All
leading order in powers of fi/of the M . for variously.  other terms of the expansion, EG), give terms of higher
Generally,l; can have any valug =0, and for largep, the  order in 1p. This can be seen by observing that all other
leading order oﬁ\/l;lbs is [4,16] terms, except the termg=L and|,=0 (the only term
which would exist in an IPA model, and which we may call
the IPA term), contain a 1p factor from the correlation,
while the absorption factor is of higher order thap®L/The
IPA terms,l;=L andl,=0, have, however, an absorption
The leading order OMLzo—r»ro can be seen from Eq11). It is factor of the o_rder 12+t which, forL=2, is of higher order
10 _ . than the leading term (mf). o _
M ~1/p whenever the interaction changes angular mo- e therefore see that in the general situation the leading
mentum, andV '(f;ro~1 for no change of angular momen- contribution to the matrix element is of the ordepd/ In
tum. addition, from all terms in expansio(), we can pull out a
We will now consider the leading order in the photoab-factor common to aliM 'albs. This, as discussed in Paper I,
sorption matrix element for single ionization from a generalresults in a slowly converging Stobbe facfexp(— ma/p)]in
two-electronL=1 state with a final-state electron bound in the cross section. It follows that the energy dependence of
ans state. The cask=0 (in fact, ground-state ionization of the single-ionization cross section is given by
He-like system with excitation to any statkas been dis-
cussed in detail in Paper I. Other casgsneral., with final- 1 1
state electron in any statean be discussed along the lines 7~ _72° P for L=0, o en® “P - for L>0.
presented here and in Paper I. The only difference is the (13)

expression for the leading order Mlczo?r' , which (for anyl)

can also be obtained usingC3functions, following Paper |  As discussed in Refl1], the terms neglected in E¢13)
and our discussion here. The difference is only in the facyanish with a factor 14 faster. We may say that, asymptoti-
that for1+#0, more terms are involved when the final-statecally, the power of the leading contribution is determined
interaction changels to . The important general result in all both by the cusp, giving a fi# power(in the IPA model this
these cases is that whenever the final state interactiojould mean that the photon is absorbed bysatectron and
changes angular momentum we get one addition@l 1/by the final-state interaction which, moving the vacancy
power. from the s state to theL#0 state, adds just one additional
We first consider the cade=1 and then considdt=2.  power in 1p. The final result is that the vacancy is in the
We will assume that all; and I, allowed by angular- | #0 state and the matrix element has the leading power
momentum algebra are present in expresgipnThis is gen-  1/p* for any L#0. This is a strong modification of the IPA
erally true although the amplitude of some contributions canyesult.
in some cases, be small. The term witk= 0 andl,=1 gives These results are general and apply to many-electron at-
the leading contribution, of the ordergf/ One electron ap- oms. In more complex systems, the expansions of the wave
proaches the nucleus with angular momentym0 and ab-  functions in the vicinity of thee-N coalescence correspond-
sorbs a photon, giving the factorp®, Eq. (12). The other ing to Egs.(5) and (6) will be similar, except that coordi-
electron is in the state,=1 and requires final state correla- nates, spins, and angular momenta of more electfoos
tion, Eq. (9), to get intol =0, which gives an additional involved in the coalescengavill be involved. In general,
factor 1p. Another contribution, front;=1 andl,=0, isof each term in this expansion factorizes into a Coulombic
the same order pf. All other terms, which involvd;=1  function of the electron involved in the coalescence, and a
andl,=0, give a higher-order contribution. Note that in an function that describes all other electrons together, including
IPA model the first term{with 1,=0 andl,=1, and which the correlation of these electrons with the electron involved
requires final-state interactipdoes not exist, while the other in the coalescence. This follows from the behavior of a gen-

¢:;’$i(r2). [p|2(r2) depends omy, too, but we do not write

ML ~

abs

p|1+3' (12)
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eral solution of Schrdinger equation in the vicinity of a tally in Refs.[3,5,6]), only the case witlf=—1 would con-

singularity, Eq.(3). The whole procedure and the conclu- tribute. This is because the final-state interaction must move

sions follow from this factorization. an electron with the same spin projection as the ejected elec-
We will now apply this general approach to an example oftron (the s subshell remains filleg and this is possible only

a two-electron system for the cake=1. For simplicity, we  for ;=—1.

ignoree-e interaction in the initial state. The purpose of this In summary, we have described within a unified nonrela-

simple example is to illustrate the size of the modificationtjyistic approach single photoionization of two-electron at-

due to final-state interaction, the dependence of this modifig 5 by photoabsorption at high photon energieout still

cation on thfe rr:ucleardqharg}; and fhc;]w it dep?nds on th\?v o<m). We have demonstrated that at high-energy, single
symmetry of the coordinate part of the wave functions. Wejq, i ation by photoabsorption from any state can be under-
consider both spin-singlet and spin-triplet statehich are

differently affected in two-electron system by the final-statestOOd in terms of the singularities of the many-body Hamil-
. 4y y y tonian. We have demonstrated that the dominant contribution
interaction wherL =1, as we shall sgeWe take one elec-

. . o to the single-ionization total cross section of a general state
tron to be in a state=2, | =0, while the other ISin t_he state involves ?inal-state electron-electron interacticgand in-
n=2,1=1. Then the uncorrelated wave function is volves initial-state correlation through thee interaction

1 when one electron is in the vicinity of the nucleu3his
Wam(rer2) = —=[¥aod ) ¥am(ra) final-state electron-electron interaction leads to predictions
V2 of an energy dependence of the cross sections for single ion-
ization, which are different from the IPA predictions. We
W a0dr2)Varm(ra)], (14) have shown using our AFT approach that, due to the final-
state interaction, the energy dependence of the dominant
contribution to the matrix element is connected, through
AFT, with thee-N singularity. It is determined by the ampli-
lomb functions, we get that the total cross section pelIUde of the lowest angular_mome_ntum with which one elec-
electron(summed over all polarizations of photon and elec-ron can approach the-N singularity. When_the lowest an- .
trons is gular momentum of the eIecFron approachmg the nucleus is
=0, as in the cases considered experimentally, the total
cross section decreases with large photon enefbigsstill
, (15  w<m), not faster than exp{ma/p)/w®? for any initial total
angular momentun.

where (=1 for the spin-singlet and=—1 for the spin-
triplet state. These IPA functions have correeN coales-
cences. Applying the above procedure, taking YorCou-

3
G-E—lzo-gp(l_é_*—ﬁ

where Z is the nuclear charge andgp is the total cross This work was supported by the Croatian Ministry of Sci-
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