PHYSICAL REVIEW A, VOLUME 61, 052714
Rayleigh scattering from excited states of atoms and ions
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Elastic photon scattering from the ground state and various excited states of carbon atoms and ions has been
investigated, using th&matrix formalism, for incident photon energies ranging from 100 eV to 10 keV,
contrasting the results obtained for different configurations. The excited states considered include hollow-atom
states, where one or more inner shells are completely vacated. lonic cases are considered as a limit of
excitation. Results demonstrate how cross sections for different excited states group together according to
shared properties of the configurations, such as the numbiéredéctrons. Cross sections may exhibit deep
dips below theK edge, depending on the occupation of the subshells corresponding to the strongest transitions.
Scattering from excited states can have significantly larger cross sections than scattering from the ground state,
particularly just below th& resonance region, and therefore it needs to be considered in situations where there
is a large population of these excited states. Results are interpreted in terms of form-factor arguments and the
qualitative behavior of individual subshell amplitudes. The angular dependence of cross sections can be
understood in terms of angle-dependent form factors and anomalous scattering factors, taken to be angle
independent. Cases are identified for which excited-state total integrated cross sections are much larger than the
corresponding cross sections for scattering from the ground state. Our main results use an averaging over
magnetic substates at the level of the amplitude, exact only for fully filled subshells, but generally appropriate
for the carbon case considered, which simplifies the discussion and explains most of the general features. We
also present results for a hollow lithium atom with and without this approximation to illustrate the differences
that can arise in certain circumstances.

PACS numbd(s): 32.80.Cy, 31.50tw

[. INTRODUCTION discussion and explains most of the general features. How-
ever, we also present results for scattering from a hollow
There exists an extensive literature on the elastic scattefithium atom with and without this approximation in averag-
ing of x rays by atoms in their ground statese Refs[1-3],  Ing, to illustrate the differences that arise in the case of par-
and references therdinHere we consider scattering from tially filled subshells(which are generally more prominent

excited states, including long-lived states and hoIIow—atonwh_fiﬂghsigtg?nfe\c’)vfelri ﬁ:ficst'rgnsst;rznggt diagnostic technique
states which may be of practical inter¢dt-6]. Carbon ¢ 9 g g q

_6 h h for thi | d used to determine particle concentrations and temperatures in
=6) was chosen as the scatterer for this exploratory studyyaqmaq7 g]. Elastic scattering from bound electrons of ex-

since it constitutes a many-electron system without that thergiieq atoms in the plasma can become important when a laser
are too many electrons to consider. Elastic scattering abo‘ﬁﬁavelength is close to a spectral line, as has been shown for
and below the&K edge(but above thd edge is investigated the case of hydrogei®—11], and also for heliuni12]. Exact
with the hope of using this regime to understand the generainalytic results have been given for Rayleigh scattering of
scattering situation. Our discussion of scattering from exphotons from excited hydrogen atoms in tive 2 [13] and 3
cited states of carbon uses an independent-particle approXit4] states, following the corresponding results for ground-
mation (IPA), and involves an averaging over magnetic sub-state hydrogefi15]. Although there have been some studies
states at the level of the amplitude, exact within the IPA onlyof Rayleigh scattering of photons by ions of low nuclear
for fully filled subshells, but in fact generally appropriate charge[16], the corresponding case involving excited states
within the IPA for the cases considered, which simplifies thehas received less attention. lonushausiaal. [17] and Ku-
plyauskis and Kuplyauskend8] calculated Rayleigh scat-
tering cross sections in the form-factor approximation for
*Present address: Scientific Computing and Communications Deexcited zinc and iron atoms and ions at relatively high pho-
partment, Lawrence Livermore National Laboratory, Livermore,ton energies compared to tkeshell binding energies. Only
CA 94551-0808. excitations involving valence electrons were considered.
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They found the cross sections for scattering to be smaller for
excited zinc atoms than for ground-state zinc atoms. As will
also be seen here for the case of carbon, they found that
finite-angle cross sections for scattering from atoms and ions
can coincide at high enough energy. We note the work on
photoionization cross sections of excited atoms and ions
[19-26, since due to the optical theorem the absorptive part
of the forward-angle Rayleigh amplitude can be expressed in
terms of the total photoeffect cross secti@md the disper-
sive part may be obtained from it through a dispersion rela-
tion). We also note a recent laser spectroscopic study of the
high-n Rydberg states of atomic carb@27].

In our discussion of scattering from excited states of car-
bon, we employ theSmatrix approach previously used to
describe elastic scattering from ground-state atoms in the
IPA [28,1]. This approach performs an averaging over theing though an angl®. The photon polarization vectors can be re-

magr_letic Sub_states of a subshell at f{he level of thg scatteri%lved into components parallel and perpendicular to the scattering
amplitude, with the result being weighted according to thep|ane.

number of electrons present in that subshell. This is exact
within the IPA only for fully filled subshells. Nevertheless it ground-state neutral atoms and idB4,35. The calculation
is generally a good approximation of the properly-averageds fully relativistic, and it has been used to describe scattering
IPA result for scattering from ground-state atoms, since mosfrom high-Z atoms such as uranium, where a relativistic de-
electrons are in fully filled subshells, and it accounts for thescription is necessary.
dominant components of the coherent scattef2@30. (A We use a local-exchange model of the atom, and therefore
noticeable exception is the existence of near-zeros in thaeglect nonlocal-exchange effedtss in the Hartree-Fock
cross section above resonances in the averaged-amplitudeethod and electron correlationdeyond the Hartree-Fock
approach for hollow-atom configurations. These near-zeromethod. Correlation effects are expected to be important in
can be spurious, as will be seen in the more proper treatmengsonance regions, though the dominant effect is the shifting
discussed in Sec. JIBelow we consider the consequencesof threshold positions. Nonlocal-exchange effects have been
of IPA assumptions in scattering. seen to matter at the 10% level well above threshold for neon
The observables of elastic scattering are the momenturm a recent experimenB6], though the effect was only this
and polarization £k; ,€) and ¢k¢,€;) of the incident and large for a limited range of momentum transfers. In light
scattered photons and the state of the atom, which is urelements one can anticipa®(1/Z) IPA breaking contribu-
changed by the proces$due to the averaging over magnetic tions to p-state anomalous amplitudes even at higher ener-
substates mentioned earlier—this neglects elastic incoheregles, as observed in2 photoionization of neon by Dias
scattering, which will be addressed in Sec.).VThe total et al. [37], with larger effects on thésmal) d- and f-state
elastic amplitude is obtained by summing Rayleigh, Del-anomalous amplitudef38]. However, at higher energies,
bruck, and nuclear amplitudes, though it is expected that théorm-factor contributions dominate at the forward angles
Rayleigh amplitude, describing elastic scattering off boundvhere cross sections are larger.
electrons, is dominant in the energy range considered here. For carbon, relativistic effects are not important, and we
In this work various excited atomic state configurationswill use a nonrelativistic configuration notation throughout.
are chosen so as to see the effects of both core excitatiorthe configuration of the ground state is taken to be
(meaning that a vacancy is present in the innermost orpitalg1s)?(2s)?(2p)2. Incident photon energies ranging from
and outer-electron excitations, leaving the innermost orbitalg00 eV to 10 keV are considered. This range includes all
undisturbed. Hollow atoms are considered in which e bound-bound transition energies involving tKeshell, and
shell is completely vacant, with the electrons placed inexcludes all other bound-bound transition energies, which
higher shells in various configurations. There has been muchre below 100 eV. By looking at this region, one obtains a
recent interest in the observation and classification of suchicture of what happens in the neighborhood of a resonance
hollow atomic stategresonancesfor the case of lithium without the degree of complication that exists at lower ener-
[31,6]. gies. (Behavior in the vicinity of the lowest atomic reso-
Electron orbitals are obtained in a relativistic screenechances can be understood by looking at the analytic results
self-consistent Dirac-Slater-type central potential. The Rayfor hydrogen in ground or excited statgs3—15.) By 10
leigh scattering amplitudé\® is obtained, in the IPA, by keV one is well above all resonances and edges, allowing the
calculating, in partial waves and multipoles, the second-ordeprocess in this lowZ case to be well described in terms of
Smatrix element in the central potential, summing overthe relatively simple form-factor approach.
separate amplitudesff for scattering off each bound elec-  The coordinate system we use is shown in Fig. 1. Resolv-
tron in the potential. This method, developed by Brastral.  ing the polarization vectors of the incident and scattered pho-
[32], Johnson and Feiock33], and Kissel and co-workers ton into components parallel and perpendicular to the scat-
[28,1], was used previously to investigate scattering fromtering plane,

=>

Al

FIG. 1. Coordinate system used. The incident photon is scatter-
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e=eld+etet, (1) backward. angle; relative to the forwe_lrd angle, such that the
angular distribution becomes increasingly forward peaked at
magnetic substate averaging at the level of the scatteringigh energy. Higher multipoles typically become important
amplitude permits one to write the scattering amplitude as for a given subshell when the momentum transfer is compa-
rable with the average momentum of the bound ele¢sian
AR= €|i|6|f‘*AH+€iL€?*AL, (2)  that subshell. Of course in calculating the form factor di-
) ) ) rectly as in Eq.(6) there is no need to perform a multipole
where Aj(w,0) and A, (w,6) are invariant amplitudes de- expansion(all multipoles are included For a discussion of
pending on the photon energyand the scattering angte It higher-order multipoles and retardation in Rayleigh scatter-
is seen from Eq(2) that if the photon polarization is initially  jng see Ref[40].
parallel or perpendicular to the scattering plane, it will re- The form-factor approximation fails for a given subshell
main so after scattering. The unpolarized differential crossyhen the photon energy is comparable to or below the bind-
section(unpolarized incident photon beam, scattered photofyyg energy of the subshell, or close to the energy of a bound-
polarization not measurgdobtained by summing over the pound transition, or for higi at high energy and large scat-
scattered photon polarizations and averaging over the initigkring angld41]. The FF approximation may be used in the

photon polarizations, is low-Z cases being considered here to calculate the subshell
do 1 Rayleigh amplitudes when the photon energy is much greater
— = (|AI2+]AL[2). (3)  than the binding energy of the subshell.
dQ 2 In the nonrelativistic approximation, R€«,0)=

N : —f(0)ro=—Nrg, whereN is the number of bound elec-
In the forward direction the parallel and perpendicular am- . " ,
. i trons. The anomalous scattering factbraandf” are defined
plitudes are equal:

as the differencétaking out the factor-r,) between the full
A(w,00=A, (0,00=A(w,0). (4)  forward amplitude at finite energy and the high-energy limit:

The Thomson amplitudes for scattering from a free elec- A(w,0)=—ro[f(0)+ ' (w)+if"(w)]. (8
tron (corresponding to the classical result for scattering from
a point charggare The anomalous scattering factdrs and f” defined in this
way give the difference between the full forward scattering
amplitude, characterized b§(0)+f’+if”, and the result
wherer is the classical electron radius, and the imaginaryj;(tox)_rW'th'z trhei forrrr]]-(;‘abct?rv\?ﬁpi)romfrn i?ltlon a;forwilriiringtjileh
parts vanish. From Eq3) we see that this leads to a cross ay energies a elow I1S a fairly good approximatio

to extend this approach to finite angle by assuming angle-

section with a (1 cog 6) angular dependence. For Scatter'independent anomalous scattering fact@s would be ob-

|en|g gtrrtzmsagrggoemmocveh i:r;]oiunldt r?il;rr;nt:ie"’l‘g:;’r'glr‘ldaesp‘:giirma!titg%in?d) in dipole approximationwriting the amplitudes as in
' g. (7), but with f(q) replaced byf(q)+f'+if", giving a

simply means multiplying the amplitudes in E) by the form-factor plus angle-independent anomalous scattering

numberN of electrons in the atom. Lo E .
I . _factor (FF + ASF) approximation for the cross sections. The
A better, yet still simple, way to approximate the Ray success of this approach is due to the fact that higher-

leigh amplitude for an atom utilizes the form fact¢@g) for multipole effects in the ASF are generally less important

the nth electron and for the atom: than higher-multipole effects in the FF at the same energy
i [40]. One is neglecting higher multipoles in the ASF but
sin(qr) [40]. € e AS
r2dr, f(q)=2, f,(q), including the full angle dependence of the €., including
ar n all FF multipoles. (One can also go beyond this to consider
©  the full angular dependence of the anomalous scattering fac-
wherefiq is the momentum transfer to the atom in scattering,tors' given by_the |n_clu5|on of the higher muItlpoles, which
also requires including further anomalous scattering factors

) e g denly of e Sect o (0) 1y thtvanieh at o and beckward anlo ) Noto
this form-factor(FF) approximation, in the Smatrix gppr_oach one is calculating all significant
multipoles, considering the full angle dependence of both the
ReA, =—rof(q), ReA=—r,f(q)cosb, (77 (IPA) FF and ASF contributions. A discussion of the general
validity of the FF and(FF + ASF) approximations was
and the imaginary parts of the amplitude vanish. The forwardjiven in Ref.[41]. As already noted, there is a connection
cross section is constant, independent of the energy. In tHeetween the total photoeffect cross sectioh® and the
dipole approximation(corresponding nonrelativistically to anomalous Rayleigh amplitudé$ and f”, with Im A(w,0)
replacinge'* " by 1 in the expression for the photon opera- = —r,f”=(w/4mc)o"F in this nonrelativistic case except at
torg) the form factor is replaced by its forward-angle value atthe bound-bound transition energie$’ (is then related
all scattering angles, leading back to the Thomson cross sethrough a dispersion relatidd]).
tion with its (1+ cog 6) angular dependence. The contribu-  In Sec. Il we give an overview of the predicted behavior
tion of higher multipoles suppresses the cross section at moi& excited-state differential scattering cross sections, for dif-

ReAl=—ry, ReA[=—r,cos0, (5)

fn<q)=4wfo (D)
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0 2K electrons { ( ]s) (ngpﬁ 5 2 K electron (Is) (2p) (4s)
AN / P | 2 configurations  (7s)° (7p) (4s) (4p)
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FIG. 2. Forward-angle cross section for the ground-state con- FIG. 3. Forward-angle cross section below the resonance region
figuration and various excited-state configurations of carbon. Theor configurations of carbon with twoslelectrons and different
details of the resonant peaks are omitted. There is a clear separatioambers of » electrons. The details of the resonant peaks are
of cross sections for configurations with different numbers sf 1 omitted. The cross sections for configurations with three and four
electrons. Cross sections approach a common high-energy limitp electrons are similar. All cross sections drop sharply as the
along one of three curves according to the numbersélectrons.  1s«<2p resonance is approached from below.

ferent configurations, as a function of photon energy andingles at high energyln Sec. Il the form of the subshell
scattering angle. Section Il describes the individual subshethimplitudes is discussed, which in subsequent sections allows
amplitudes, focusing on forward-angle scattering, in order tais to give detailed explanations for the features highlighted
understand the way in which amplitudes from different sub-here. Carbon has been chosen as it is a many-electron atom,
shells combine to give the scattering cross section for thélustrating the general many-electron situation, but it does
excited atom or ion. Individual amplitudes have “spurious” not have too many electrons which would complicate the
resonances, due to transitions between occupied subshelfiscussion.

which cancel in the total amplitude. In Sec. IV cross sections For convenience we classify and label the hollow atom
at forward angle are explained in terms of the individual

subshell amplitudes. It is found that in certain configurations 35 . .
there will be deep minima in the cross sections below the resonant peaks excluded

resonance regions, corresponding to a zero in the total real 3 e
amplitude. Some hollow-atom configurations will have el-
evated cross sections below the resonance region. Section V
discusses the angular dependence of cross sections and the
behavior of the total integrated cross sections. The extent to
which the angular dependence of cross sections can be un-
derstood in terms of angle-dependent form factors and the
angle-independent anomalous scattering factors is discussed.
We show that ions and neutral atoms have similar cross sec-

5 2p electrons —
4 2p electrons

32pelectrons / / /T )
1.5 F 2 2p electrons ’
1 2p electron
4LO 2p electrons

(15)1(217)4
(1s)(2p), (4S)
(IS) (’p) (4S)

cross section (barns/sr)

tions at high energy and finite angle, if the configurations of 0.5 | 1K electron ﬂg gﬁj ?Zg ?jgj

the core electrons are the same. Total integrated cross sec- configurations (s s/ idp)’

tions for hollow-atom states are compared with the corre- 0 . .

sponding ground-state cross section. In Sec. VI we consider 01 0.2 0.3
photon energy (keV)

the consequences of the approximation of averaging over

magnetic substates at the level of the scattering amplitude. G, 4. Forward-angle cross section below the resonance region
We use scattering from a hollow-lithium-atom configurationfor configurations of carbon with onesielectron and different
to illustrate the differences which arise when a more correchumbers of d electrons. The details of the resonant peaks are
procedure is utilized. Conclusions are presented in Sec. Vllemitted. The cross sections for configurations with four and fige 2
electrons are similar, and do not drop sharply as the resonance
Il. GENERAL FEATURES region is approached from below as there are a net number of

downward L— K transitions. Configurations with a half-filled or
In this section we present an overview of the features ofess than half-filled p shell have cross sections that begin to drop

excited-state differential and total cross sections, seen igharply as the resonance is approached from below; however, the
Figs. 2—8, which in this light element are approaching form-features just below the resonance can be washed out by additional
factor predictions at high energies for all angl@or highZ  effects beyond the averaged-amplitude approximation used here,
anomalous amplitudes would remain important at largeand so are not shown.
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FIG. 5. Forward-angle cross section for hollow-carbon-atom  p5 g Forward and backward scattering cross sections for a
configurations. The cross section for the case with all the electrong,;;ow neutral carbon atom and a hollow carbon ion. The configu-
present in theN shell is close to the form-factor values both above 4o of the hollow atom differs from that of the hollow ion only in

and below the resonance region, through it starts to deviate at lo‘fﬁat it has two more electrons in the 4tate. The cross sections are

energy as the region of doyvnward transitions to Ithehe_ll IS @P- seen to coincide at backward angle at high energy. Below the reso-
proached. Configurations with all the electrons present in. thfeell nant region, cross sections are similar at forward and backward

have elevated cross sections beloy\{ the resonance region becausea%les within a given configuration, and are clearly different for the
the strong »— 1s downward transition and the imaginary compo- atomic and ionic cases

nents of theL-shell amplitudes, which become significant close to

100 eV. The cross sections quickly coincide above the resonange_shell threshold interference effects between Kishell
region, approaching the high-energy limit from below. amplitudes and the-shell amplitudes, dependent on the oc-
cupation of the shells, cause very different behaviors of the
cross section for different configurations. We will return to
these features in Sec. IV on forward scattering.

In Figs. 3 and 4 forward-angle cross sections below the
resonance region are shown in more detail for configurations

and ion configurations considered. All hollow atom or hol-
low ion states considered have a vacKnshell, with elec-
trons being placed in the shell orN shell or both:

label  configuration description

Al (4s)%(4p)* hollow atom, electrons it shell. 35 j ' ' T (JS)i(ZS)é(ZIP)i '1 T
Bl (2s)%(2p)?(4s)?  hollow atom, electrons i, N shells. 3 b (1s) (2s)°(2p) (4s) - |
C1 (2s)%(2p)* hollow atom, electrons it shell. X

C2  (2p)°® hollow atom, electrons it shell. 25

c3 (2s)%(2p)? hollow ion, electrons irL shell. 5

We will subsequently refer to specific hollow atom and hol-

low ion configurations using the labels defined above.
Figure 2 shows the forward-angle differential cross sec-

tion as a function of energy for a variety of configurations

1.5

1

cross section (barns/sr)

with differing numbers of % electrons. The energy range 0.5

(photon energies ranging from 100 eV to 10 kekcludes

the K edge for all cases but does not include any of ithe 0 : : . : ' : : :
edges, though 100 eV is not far from the highkstdges. 0 20 40 60 8 100 120 140 160 180

The binding energy of thK shell is greater for excited states scattering angle (deg)

than for .the. ground state. This effect is ’T‘OSt prominent for FIG. 7. Angular dependence of the cross section at fixed ener-
core excitations whereslelectrons are excited. The removal ies for the ground-state configuration of carbon and a carbon con-
of core electrons makes the atom less screened and mo?s

: A . o . figuration with one % electron excited to thesistate. At 1 keV the
Coulombic, so that binding energies and binding-energy difynomaious pieces of thé-shell amplitudes are still significant, re-

ferences increase. Note that all cross sections converge &iiing in different values for the cross section at forward angle.

high energy toward the expected form-factor value of 2.86rhe angular distributions are still close to the simple dipole form

b/sr, which depends only on the number of electrons and igajid at low energies. At 5 keV the anomalous pieces are not im-
the same for all configurations of the same ionicity. Crossyortant, hence the cross sections agree at forward angle. he 4
sections for configurations with the same numifierl, or 2 amplitude falls off much faster with increasing angle at this energy,

of 1s electrons approach the form-factor value along a comresulting in a sharp drop in the excited-state cross section at small
mon curve, giving rise to the three distinct curves. Below theangles.
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50

angle for scattering from four different hollow-atom configu-

2, 212 -

45 - i hollow (s (2s) gﬁjé I | rations. These cross sections approach the form-factor value
T 40 . j hollow atom Af (4s)(dp)” i at high energies from below, in contrast to the situation for
N A~ hollow atom G2 configurations with a fully filled or partially filled< shell
% B | (see Figs. 2-4 Below the resonance region the cross sec-
g3y Pollow atom Af resonant peaks excluded - tions for configurations involvind.-shell electrons are no-
@ 25 ticeably larger than the form-factor value. The cross section
B o0 for the hollow atom Al is close to the form-factor value
S 5| throughout the region, except near {sarrow) resonance,
© and also at low energies, where the region of downward
=210 transitions to the. shell is being approached. One can see

5 that the position of resonances corresponding to downward

0 transitions to the empti shell shifts toward higher energies

0.1 1 10 as the atom becomes more hollow, while the width of the

photon energy (keV) resonances narrows, corresponding to transitions from more
- i outer shells to th& shell. The hollow atoms C1 and C2 have
FIG. 8. Total cross sectiofintegrated over angleas a function  nsq sections below the resonance region that are consider-
of energy for the ground-state and hollow-carbon-atom conﬂguraébly larger than the form-factor value. For further discussion,
tions. The ground-state cross section is small below the resonance

region, as the 4 electrons are not contributing. The hollow atom See Sec. Iv.
with all the electrons present in tHe shell has the largest cross Figure 6 shows the energy dependence of the differential

section below the resonance region. Above the resonance region, oss section at backward and at forward angle for the hol-

the energy is increased, the cross section for the hollow atom wit w neutral atom B1 and for the hollow ion C3 of !OnICIty
all the electrons present in thé shell drops most rapidly as the +2- The hollow atom B1 differs from the hollow ion C3
scattering from it becomes more forward peaked. The ground-stat@Nly in that it has two more electrons, placed in trestate.
cross section and that for the hollow atom with all the electronsAPOve the resonance region the cross sections behave quite
present in the_ shell fall off at nearly the same rate since they both differently at forward angle. Well above th¢ edge both
involve manyL-shell electrons. The ground-state cross section isconfigurations have constant forward cross sections, corre-
greater at high energies due to scattering off the tightly bousnd 1 sponding to different numbeis of electrons in the two con-
electrons, whose angular scattering profile is less forward peakefigurations. The cross sections at backward angle for the two
than those of higher-shell electrons. configurations are seen to quickly converge with increasing
energy. Below the resonance region the cross sections at for-
that involve two & electrons and oneslelectron, respec- ward and backward angle are similar within a given configu-
tively. Configurations are exhibited that have different num-ration, and the cross sections are clearly different for the
bers of electrons in the® state, with any remaining elec- atom and the ion, which will be explained in Sec. V.
trons being placed in th&l shell, and the configurations We now look further at the behavior of the cross section
therefore have different numbers of net upward or downwardhs a function of angle, before considering the total integrated
1s—2p transitions. Given that thest-2p transitions are cross sectionéntegrated over all anglgsFigure 7 shows the
the strongest involving th& shell, there are striking differ- scattering cross section as a function of angle at 1 and 5 keV
ences among the cross sections for these configurations. far the ground state and an excited state with configuration
Fig. 3 (the fully filled K shell the cross section is higher for (1s)%(2s)?(2p)?(4s)®. At 1 keV the cross section for the
configurations with more (2 electrons, though the difference ground state has an angular dependence close to- (e
for configurations involving four and five 2 electrons is  +cos6) behavior expected in a dipole-dominant regime, and
slight. For all configurations there is a sharp drop in the crosshis is true to a lesser extent for the excited case. At 5 keV
section as the resonance region is approached from belothie cross section for the excited case is seen to fall rapidly at
(which is partially filled in when one goes beyond the first, corresponding to falloff of the subshell amplitude for
averaged-amplitude approactFigure 4 (the half-filled K the electron in the gstate. The cross section is lower for the
shell) shows similar qualitative properties far enough belowexcited state than for the ground state at larger angle because
the resonance. The configurations with four or fiyg éec-  there is effectively one less electron to scatter from. For fur-
trons do not differ much from each other away from thether details, see Sec. V.
resonance region. The linear behavior of the cross sections at Figure 8 compares the total integrated cross sections for
low energy persists to higher energies relative to the resdaollow atoms(which have electrons placed in theor N
nance position than is the case in Fig. 3. Further discussion shell with that for the ground-state configuration, as a func-
given in Sec. IV. The behavior just below the resonanceion of energy. The ground-state cross section is small below
region (where the averaged-amplitude approach predictshe resonance region, as teelectrons are not contributing.
sharp drops in the cross sections for the configurations witiThe hollow atom C2 has the largest cross section below the
zero, one, two, and thregZlectron$ is not shown in detail resonance region. Above the resonance region, as energy is
as it is adversely affected by effects beyond the averagedncreased, the cross section for the hollow atom Al drops
amplitude approach, as will be discussed in Sec. VI. most rapidly, as the scattering from it becomes more forward
Figure 5 shows the differential cross section at forwardpeaked. The ground-state and the hollow-atom C2 cross sec-
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tions fall off at nearly the same rate above the resonance
region, though the ground-state cross section remains larger
than the hollow-atom C2 cross section. For further details,
see Sec. V. In the next sections we shall try to understand the
origins of these observed features.

o

[ll. INDIVIDUAL SUBSHELL AMPLITUDES
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Figure 9 gives a schematic description of the averaged e ”M”LStep". """""" Wb LK step
real —(1+f’) and imaginary— (") forward amplitudes o |
(per electron in units of z) for the K, L, andM shells, ne- M shell - : i

glecting a detailed dependence on the choice of subshell.
These amplitudes correspond to averaging over magnetic
substates for a given subshell at the level of the scattering
amplitude(the averaged-amplitude approacte begin by

M edge L edge K edge
I

summarizing the main features which are illustrated in the k shell — L
figure. (1) For each subshell, as one increases the energy 1k LMzgg'l'l L i .

from =0, there is a graduak{w?) rise of the real ampli-
tude to a region of a Rydberg series of upward transitions,
i.e.,, f'(0)=—1 and is becoming more negative, causing the

imaginary amplitude / real amplitude per electron (units of rg)

real amplitude—(1+f') to become more positivé2) Go- 0 ]

ing across the threshold, the eventual outcome is a finite MtoL Lok Mok
negative step in the real amplitudeo—1, i.e.,f'=0. (3) position of isolated downward transitions
Amplitudes are finite at thresholépproached from aboye L L L

7 turns on at thresholdbeing large in magnitude there Medge Ledge  Kedge
falling off with increasing energy, faster thdn. (4) Above photon energy [logscale]

the threshold for a given subshell, there are subsequent iso- o )

lated resonant downward transitions correspondingsto ~ F'G- 9. (@ Schematic illustration of th¥-, L-, andM-shell real
functions inf” affectingf’ in regions near each downward amplutudes(per_eleqtrc_)m at fprward angle. The amplutuo_les have a
transition, with a finite positive step in the amplitugixcept ~ OMmMmon negative limit at high energy. As the energy is decreased
for the K shell, for which there are no downward transitions,the amplitudes pass through a series of isolated resonances corre-

- sponding to downward transitionsvith the exception of theK
as it is the most deeply bound shellhe largest of these . . )
; . . . : hell t tightly bound shells. A ted with each d d
steps is that in thé-shell amplitude associated with the shel) to more tightly bound shells. Associated with each downwar

.. . . transition is a step in the amplitude, related to the bound-bound
—K transition, as is indicatedS) The sum of all steps in an transition strength, with the amplitude being more negative below

amplitudef’ is 1, sof’(»)=0, and the real amplitude iS the resonance. The largest step is in themplitude, associated
equal to—1 in the high-energy limit(6) Resonances corre- yith the strong. —K transition, followed by those in thél ampli-
sponding to transitions between fully filled subshells in atyde associated with th!—L and theM—K transitions. The
given configuration are spurious; they cancel in the sum oimplitudes approach a finite value as the edge for that shell is
amplitudes corresponding to that configuration. reached. Below the edge there is a Rydberg series of resonances
In the independent-particle approximation, the whole-corresponding to upward transitions, represented by dark bands.
atom Rayleigh scattering amplitude® is the algebraic sum Below the lowest-lying resonance the amplitude approaches zero
of the individual electron amplitudeaR. Since the ampli- from above, proportional t@” at low energy.(b) The correspond-
tude for scattering off a particular bound electron is calcu4ng imaginary parts rise to a finite value as the edges are approached
lated independently of the occupation of all other boundfom above. The amplitudes also contairfunction terms when-
states, all single-photon bound-bound transitions are in€Ver the energy equals that of a bound-bound transition. Below the

cluded in the summation. The scattering amplitude, for théadge for a given shell, the amplitude for that shell vanishes, except
nth electron, ig1,2] for the Rydberg series-function terms just below the edge corre-

sponding to upward transitions to higher shells, represented by dark
bands. The location of the isolated downward transitions are indi-
AE:r Omgi cated. The imaginary amplitudes are always positive, except for
b negative 5-function terms at energies corresponding to downward
bound-bound transitions.
| (nlA%Ip)XplAln)  (nl-A[p){p|A*|n) © N
En—Eptfio En-Ep—fiw | the photon energy corresponds to a bound-bound transition
energy, for transitions between the bound stateand an
wherep is a sum over all intermediate single-particle statesjntermediate bound state). If, however, the single-particle
regardless of occupation, and (A*) is the absorption bound statép) is occupied, such a resonance is unphysical.
(emission electron-photon interaction operator. The totalln summing over all occupied, orbitals to obtain the total
amplitudeAR is obtained by summing over all electrons. amplitude, there will be an exactly canceling resonant term
The amplitudeA,Ff will show a resonance structure wheneverin the amplitudeA,'} corresponding to transitions from the
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occupied bound statfp) to the occupied bound staje).  tude approaches a finite value as the edge for the shell in
Consequently all subshell amplitudeorresponding to sub- question is reached. Just below the edge there is an infinite
shells that are partially or fully occupigebill contain reso- ~ sequence of resonances corresponding to the Rydberg series
nant terms corresponding to transitions to all other subshellgf upward transitions to higher shells. As the energy is fur-
(though these resonances may be very weak, as in the casetbgr decreased the amplitude approaches zero from above,
dipole-forbidden resonancesin the total amplitude, how- Proportional tow? at low energy. o

ever, there will not be resonant terms corresponding to tran- The imaginary amplitudes rise to a finite value as the
sitions between subshells that are both fully filled, or are€dges are approached from above, as for the photoeffect total
both half-filled, as the resonant terms for each subshell anfef0ss section, which is related to the imaginary amplitude
plitude cancel exactly in the averaged-amplitude approactihrough the optical theorem. The imaginary amplitudes also
(There also will not be resonances corresponding to transiontain POSVUVG(HEQB.'[IVQ S-function terms whenever the
tions between subshells that are both unoccupMdre gen- ~ €nergy is equal to that of an upwatdownward bound-
erally, upward and downward resonances cancel if the nunf2ound transition. Below the edge for a given shell the imagi-
ber of upward and downward transitions are equal, i.e., if thdary amplitude fo.r'that shel'l vanlshes,. except for the infinite
number of electrona, andng in subshellsA andB contain- ~ Séquence of positivé-function terms just below the edge
ing No and Ng substates, respectively, satisfiysNg correspondlng_to upward trans_ltlons to hlghgr shells. [[hg
=ngN,, for example p)1(g)3. (See Sec. VI for a discus- and M_—shell imaginary amplltudes contain a r)gganve
sion of the extent to which this cancellation of resonanceg-function term corresponding to downward transitions to
depends on the averaged-amplitude approximation. theK shell, theM-shell imaginary amplitude alsc_J_contalnlng

We note that the averaged-amplitude approach is exa@Uch @ term corresponding to downward transitions tol.the
within the IPA for fully filled subshells, and it is approximate Shell. The imaginary amplitudes are always positive, except
for partially filled subshells. This approximation in particular for 6-function terms at energies corresponding to downward
neglects elastic incoherent scattering, present when there apgund-bound transitions. _ _
partially filled subshells. In the more proper treatmént For a given subshell amplitude, there are small differ-
volving an averaging over cross sections for all possibleences for different configurations, primarily shlft_s_m the po-
magnetic substate configurationthere will be additional ~Sitions of the edges and the bound-bound transition energies
amplitudes. Nevertheless the magnetic substate averagi§'d changes in the bound-bound transition strengftere
approximation generally works well for scattering from can also be shape ar_1d structure effect changes near threshold,
many-electron atoms, since it takes account of the dominars in the corresponding photoeffect cross sectjortse total
coherent scattering; this allows us to discuss the general fe&mplitude for scattering will depend on which subshells the
tures of scattering from excited states using the schemati@lectrons are placed in, i.e., the choice of configuration, pri-
amplitudes of Fig. 9. We shall revisit this issue in Sec. vI. marily in determining what subshell amplitudes are to be

Figure 9 is only intended to give a picture of the genera/Summed, and with what weights.
form of the amplitudes, as there are details that will be par- The previous discussion has been for the forward scatter-
ticular to a specific configuration. If we look at the subshelling subshell amplitudes. The subshell amplitudes at finite
amplitudes, in the case of theshell resonances will appear a@ngle can be well approximated by the angle-dependent form
just below thek edge, corresponding to transitions to all the factor and the anomalous scattering amplitudtaken to be
higher shells, some of which will béartially) filled. For ~ angle independentas defined for that subshell. THeshell
L-shell amplitudes, resonances will appear in two differen@mplitude has a dipole behavior for the energy range consid-
regions. One region, with a behavior similar to that for khe €red. Thel-shell amplitude has a dipole behavior below the
shell, will be below thel. edge, and the resonances are simi-"ésonance region, and it falls off above the resonance, though
lar to those forK shell, though now corresponding to transi- there is still a contribution to backward-angle scattering at 10
tions to all shells above thk shell. Since the edge for keV. TheN-shell amplitude has a dipole behavior at 100 eV,
carbon states is generally of the order of tens of eV, thifut itimmediately begins to fall off through theresonance
feature does not fall within the energy range studied. Thdegion. In the next sections the features in the scattering
second resonance region of theshell amplitudes corre- Cross sections which were |dgnt|fied in Sec. Il will b_e ex-
sponds to the energy of downward bound-bound transitionﬁla'n?d in terms of the behavior of the subshell amplitudes,
from theL shell to thek shell. This feature will appear even considering the regions above and below teedge, but
for configurations where th& shell is filled, such as the above thel edge.
ground state, since the calculation of a subshell amplitude
includes transitions to all other states.

A common description applies to alpartially) filled
shells. As is seen in Fig. 9, all given real forward amplitudes It was seen in Fig. 2 that the forward-angle cross sections
for scattering from a bound electron have a common negédfor different configurations approach the high-energy limit
tive high-energy limit. As the energy is decreased an amplialong one of three common curves depending on the number
tude passes through a set of widely spaced resonances cof-1s electrons in the configuration. For hollow atoms with
responding to downward transitions to lower-lying shells.no 1s electrons the high-energy limit is approached from
Except for these resonances the amplitude remains negativieelow. For configurations with one or twe Electrons there
becoming more negative below each resonance. The amplis a maximum in the cross section above khedge, and the

IV. FORWARD-ANGLE SCATTERING
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high-energy limit is approached from aboy®lote that this  energies of the upward transitions from tkeshell, for con-
is not the case for higl-atoms) This behavior can be un- figurations with more electrons in tHeshell rather than in
derstood from the form of thK-shell amplitude seen in Fig. outer shellgmoreL electrons increases the screening of the
9. As one moves away from tH¢ edge toward the high- K shel). However, this downward shift of the near-zeros due
energy limit, the real part becomes slightly more negativeto the shift in the binding energy is partially compensated for
than the form-factor valuéhis detail is particular to lowz by a shift upward, since with morep2electrons the negative
atoms, the difference being given biy . As we are above all higher-shell real amplitude is larger and cancels the positive
edges in this region, all real subshell amplitudes are negativé§-shell real resonant amplitude closer to the first real reso-
and will sum without cancellation; the- and higher-shell nance. We note that effects beyond the averaged-amplitude
amplitudes approach FF values while tkeshell amplitude approach(including incoherent elastic scattering and unre-
is still changing. The imaginary parts are important justsolved inelastic contributions, as described in Seg.t¥id
above threshold, but their contribution to the cross sectioffo partially fill in the near-zeros. These additional contribu-
quickly falls off with increasing energy. The minimum in the tions are large close to resonance, quickly becoming small
real part of theK-shell amplitude(and to some extent the away from resonance, such that the near-zeros seen in the
large-near-threshold imaginary amplitudgives rise to a configurations with twdK electrons are still apparent.
maximum in the cross section. The imaginary part falls off We note the separation of cross sections with different
quickly, so that the form of the curves as the high-energynumbers of » electrons below the resonance region. From
limit is approached is governed By alone. Thek-shell real ~ Fig. 9 it is seen that there is a noticeable step in the per-
and imaginary amplitudes for configurations with the sameelectronL-shell real amplitudes in passing through the down-
number of & electrons coincide well above tlieedge, giv- ward resonance to thi¢ shell, related to the strength of the
ing rise to the common curves. 2p«<1s resonance, with the amplitude being more negative
In Fig. 3, for configurations with two electrons in the 1 below the resonance. Therefore configurations with mare 2
state, all cross sections exhibit a deep dip as the resonanéectrons(rather than putting them in the shell, where they
region is approached from below. Since eshell is fully ~ would give a FF contributionhave greater cross sections,
filled, any physical transition between tike shell and any due to this step. However when one has marshell elec-
other shell must be an upward transition. If that other shell igrons, screening effects begin to decrease the resonance
also fully filled then there can be no physical transition be-strength, hence also decrease the size of the per-electron
tween the two. Looking now at th€-, L-, andM-shell am-  step. As a result there is no clear separation of cross sections
plitudes shown in Fig. 9, one first sees that the general feawith three and four P electrong(i.e., increasing the number
tures just below the resonance region are going to bef electrons from three to four is compensated for by the
dominated by the real amplitude, since thehell imaginary ~ decrease in the size of the per-electron st@herefore one
component vanishes below the resonance region and tti¢ increasing the cross section as one increases the number of
higher-shell imaginary component is relatively small. Well 2p electrons from zero, but as the subshell becomes close to
below the resonance region, the net real amplitude will bdeing fully filled the screening effects become dominant and
negative, since the positivié-shell amplitude is becoming there is no longer any substantial increase in the cross section
small and the real amplitudes for the other shells are negas the number of @ electrons is increased.
tive. As the resonance region is approached from below, the The situation is more complicated for configurations with
positiveK-shell real amplitude becomes large, correspondingne electron in the d state, as shown in Fig. 4. Now there is
to upward transitions to all other shells, while the higher-the possibility of having a net downward number of transi-
shell real amplitude becomes large and negative, correspontions to theK shell from other shells. Within the averaged-
ing to downward transitions to thi€ shell. Summing up, to amplitude approximation this implies that configurations
obtain the total real amplitude, upward and downward resowith zero, one, two, or three electrons in thp 8tate still
nant contributions corresponding to transitions between ocexhibit a deep dip in the cross section as the resonance re-
cupied states should cancel. Since the physical transitiorgion is approached from below, as in Fig. 3. For zero, one, or
must be upward, the net real amplitude must be positive justvo 2p electrons the @ shell is less than half filled and the
below the resonance region, i.e., as one becomes close to thet number of transitions is upward, so the previous argu-
K-shell resonance region from below, the surviving resoiment given for the case of a fully filleld shell still applies.
nances are upward resonances of the posKhahell ampli-  For the configuration with threefelectrons the net number
tude, so that as the first resonance is approached from below¥ transitions is zero, meaning thes& 2p resonant contri-
the positiveK amplitude grows. Thus the total real amplitude butions cancel in the averaged-amplitude approach. How-
must change sign; there is a zero in the real amplitude belowver, the averaged-amplitude approach would still predict a
the resonance region, and all configurations involving a fullydeep dip, since the same argument applies to transitions be-
filled K shell are expected to exhibit a deep dip in the crossween the % and 3 states, the next strongest resonafared
section at an energy corresponding to the zero in the reahe M shell is vacant for all configurations showrn this
amplitude. case the near-zero in the cross section is at a higher energy
The near-zero observed in the cross sections is seen gince the resonance being approached is at a higher energy.
occur at a lower energy for configurations with morp 2 [In fact for any excited carbon configuration of the form
electrons. This is primarily due to the downward shift of the (1s)(2p)2. .. this will be the case, as there are not enough
K-shell binding energies, and the resulting decrease in theemaining electrons to more than half fill thé, 3 subshell,
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giving a net upward number of transitioh$dowever with  transitions. The real amplitude is negative at low energy and
only one electron in th& shell the positions of the averaged- becomes more and more negative as the resonance region is
amplitude near-zeros occur closer to resonance, where efpproached from below. Just above the resonance we see a
fects beyond the averaged-amplitude approach are large, afép in the cross section, though these dips are generally spu-
tend to fill in the near-zeros. Therefore, we do not show thigious for hollow-atom configurations with partially filled
detail just below resonance. subshells, as seen for hollow lithium in Sec. VI.

Once there are more than three electrons in thestate The cross section for the hollow atom Al is seen to be
there is a net downward number of transitions. So in the tota#/0Se to the form-factor value throughout the region, except
real amplitude there is no zero before the large negativ@t the position of the resonance, and at low energies, where
L, subshell downward resonant amplitude begins to domithe region of downward transitions to theshell is being
nate. Therefore, even the averaged-amplitude approach praPProached. The decrease in the magnitude of the negative
dicts no sharp dip for these cases. There still is a slight dip if€@l amplitude as the resonance is approached from above
the cross section due to the gradually increasing positivgguses.the cross section to fall. The other conflguratlons in
K-shell real amplitudebefore the real negative nep2-1s  Fig. 5, involving 2p electrons, have elevated cross sections
narrower downward resonant transitions dominaet there ~ at forward angle below the resonance region. This enhance-
is no zero in the total real amplitude and no sharp drop in thénent is of particular interest since the cross section is not
(averaged-amplitudecross section for these cases. Well be-Sharply forward peaked, and so there is a substantial total
low the resonance region the separation of adjacent cro$$0Ss section, as will be discussed further in Sec. V. These
sections is seen to decrease for configurations with mpre 2Cr0Ss sections are elevated due to the strength of the down-
electrons, just as for the configurations with a fully fillkd ~Wward 2p—1s transition, and the corresponding step in the
shell. This is again due to the decrease of the downwar@l€gativeL, ssubshell real amplitude. However, it is not nec-
2p—1s transition strength, defined pep2electron, as the essarlly the case that the maximum cross section is obtained
number of 2 electrons is increased, due to screening effects?Y placing all the electrons in thepXstate, since even though
combined with the replacement of outer-shell downwardthe number of the downward transitions is greatest, the
transitions with 2 downward transitions. The cross sectionsStrength of the transition perp2electron decreases as the
for configurations with four and five 2 electrons are again Shell is filled: cross sections for configurations with five and
close together and are seen to cross over at low enéitgy. SiX 2p electrons are similar. At low energies these cross
should be remembered that the imaginary part of the ampliS€ctions rise again, with the effect being more pronounced
tude, while small, is not negligible, and complicates the situfor configurations with moré-shell electrons. This is simply
ation, especially when discussing such slight differences pedue to the increasing contribution of the imaginary amplitude
tween cross sections. f”. Since theK shell is vacant, thé. shell is more tightly

Figure 5 shows the differential cross section at forwardoound, and 100 eV is relatively closer to theedge than for
angle for scattering from four different hollow-atom configu- configurations involving electrons.
rations, to see the types of differences which oc¢lihe
angular dependence and the total cross section for scattering v. ANGULAR DEPENDENCE AND TOTAL CROSS
from hollow atoms and ions will be considered in Sec) V. SECTIONS
All cross sections approach the form-factor value at high .
energies from below, in contrast to the situation for configu- Since the anomalous scattering factors are to a good ap-
rations with a fully filled or partially filledK shell. Below the ~ Proximation independent of angle at these energies, angular
resonance region the cross sections are larger than the foristributions may be understood in terms of the interplay of
factor value, though the hollow-atom Al cross section isthe form factor and théangle-independenganomalous am-
close. One can see the position of resonances correspondiRtitudes. TheK-shell Coulombic form factor is easily found
to downward transitions to the empiyshell shifting toward ~ from Eq. (6):
higher energies as the atom becomes more hollow, while the

width narrows due to the weaker downward transitions from z !

outer shells. The limiting value for downward transition 2rg

resonance positions should be the Coulombic binding energy fk@=rr—7z 72 (10)
for a single electron in thedlstate, withZ=6. This is be- (—) +0?

cause, as the atom becomes more and more hollow, the elec- 21

trons, now being placed in Rydberg states, see an increas-

ingly Coulombic potential. Also, as the electrons becomen 9eneral the form factor is equal to unity for zero momen-

more loosely bound, their binding energy becomes insignifi-t“m transfer, and drops to zero for large momentum transfer

cant when compared to thé-shell binding energy, so the (0 1arge in comparison wit/ro). ,

transition energy, which is the difference between these, be- More specifically, the form-factor amplitudes for scatter-
comes closer to th&-shell binding energy, which itself is g Off a particular bound electron will begin to fall off when
approaching the Coulombic value. There are no deep dips ithe momentum transfer is close to the typical momentum of

the cross sections as the resonance region is approached frdi§ Pound electron; that is, when
below. This is easily understood, since there is no canceling
positive K-shell amplitude and hence no upward resonance hq=2hw sin3 O~ \2u|E|, (11
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whereE is the binding energy of the electron apdis its Figure 7 shows the scattering cross section as a function
reduced mass. Thus in C tlkeshell form factor begins to of angle at 1 and 5 keV for the ground state and an excited
show fall off at back angles foiw~8 keV, thel shell by  state with configuration (§)(2s)?(2p)2(4s)®. At 1 keV the
~1.5 keV, and theN shell by~0.2 keV. For these loviz ~ cross section for the ground-state case is close toxifte
cases the anomalous amplitudes for a given electron becomecos’6) angular behavior predicted by dipole approxima-
small for energies well above its threshold, except in theion; and this is also true to a lesser extent for the excited
vicinity of any of its strong downward transition energies, case, reflecting that form factors have not yet begun to fall
but for largeq they may still dominate the form factor, which off. At 5 keV the cross section for the excited case is seen to
is dropping withg. As one passes through a strong resonancéall more rapidly at first with angle, corresponding to a fall-
the real forward amplitude looks approximately like a step,off of the subshell amplitude for the electron in the <tate.
as seen in Fig. 9. The magnitude of this step'iis given by At larger angles the scattering from theshell drops off. The
the strength of the transition in question. Below the thresholdtross section is lower for the excited state than for the
and Rydberg resonant region for a given electron the ampliground state at larger angle because there is effectively one
tude for scattering approaches zero. The contribution of théess electron to scatter from. At these energies scattering is
imaginary part of the total scattering amplitude to the scatstill taking place from the whole of th&-shell charge dis-
tering cross section can be important for energies just aboviibution (twice as large for the ground state as for the ex-
threshold(it vanishes below threshold except at the positionscited stat¢ at all angles. At back angles there is still some
of bound-bound transitionsbut its contribution to the cross scattering from thé. shell even at 5 keV.
section falls off quickly with increasing energy. Knowing the  For the energy range.00 eV to 10 keYV considered here,
binding energies of the electrons in a given configurationputer shells such as the shell will have large forward am-
and the anomalous scattering factors if they are significanplitudes, even at 100 eVstill well above theN edge, but
allows one to estimate how the cross section will drop as @hese will be strongly forward peaked in angle for energies in
function of angle or energy or both. and above th& resonance region. Since the maximum of the
Since the below-threshold near-zeros, seen for configurggeak stays constant as the energy is increqaasdgredicted
tions with two K electrons, involve théinnen K-shell real by form-factor theory, this implies a small total cross sec-
amplitude cancelling with negatii@eay form-factor ampli-  tion for the hollow atom Al, when integrated over all angles,
tudes, we expect the position of the near-zero to change withs is seen in Fig. 8. For energies below and above the edge
angle if the form factors themselves fall off with increasingfor a given shell(but not so high that the backward-angle
angle. Therefore, in our examples, if the configuration in-momentum transfer is comparable to the typical electron mo-
volvesN-shell electrons, their negative form-factor contribu- mentum for that subshelkc 8, 1.5, and 0.2 keV for thi, L,
tion will decrease with increasing angle, causing the canceland N shells, respectivelythe amplitude will be essentially
lation leading to the near-zero to occur at lower energiesgipole in form, displaying the:(1+ cog6) angular behavior
further away from resonance. We find that for the configu-in the cross section predicted by the Thomson formula. Re-
ration (1s)?(4s)?(4p)?, for which the effect will be most ferring back to Fig. 8, it was seen that the hollow atom C2
apparent, the near-zero shifts to lower energyfy eV for  had a large forward cross section below tesdge reso-
backward anglesas compared to forward ang)es nance region, in excess of the form-factor value and the cor-
In Fig. 6 the cross sections at backward angle for hollow+esponding cross section for the ground-state configuration.
atom and hollow-ion configuration&vhich differ only in  This is a dipole region for thé-shell amplitude, leading to
having additional outer-shell electrons in the neutral atomthe o (1+ co$6) angular distribution in the cross section,
converge at high energy. This occurs becal@seept in the thus giving rise to a very large total cross section, as much as
forward direction the photon is no longer scattering off five times as large as that for the ground state at 10Qj&es{
those outer electrons at high energies, and the scattering &ove thel edge$. This is what is seen in Fig. 8. The total
off the same configuration of inner electrons. Near ke cross section for the hollow atom Al falls off through the
resonance region the cross sections for the hollow atom angsonance region as the scattering amplitudes become for-
the hollow ion differ, both due to the anomalotsshell  ward peaked. The hollow atom C2 has a large total cross
amplitudes and to the effects of fall off of ti¢shell form  section below the resonance region, this being due to the
factor, which is occurring through th€ resonant region. For dipole angular distribution and the large forward value for
the ion the cross sections below the resonance region coithe differential cross section, as was discussed in Sec. IV.
cide for forward and backward angles. This is due to the fact As theK resonance region is approached from below, the
that falloff in the amplitude has not occurred at these lowground-state total scattering cross section exhibits a deep
energies for any of the electrons in the ion. For the atomminimum, while those for hollow-atom configurations do
falloff in the amplitude for the loosely bounds4electrons not, since there are no upward transitions. Just above the
begins as th& resonance is approached, and the backwardesonance region, the ground-state total scattering cross sec-
cross section starts to fall below the value at forward angletion is larger than that for the hollow atom C2 due to the
The fact that the 4 electrons are contributing significantly to contribution of the anomalous-shell amplitudes. At higher
forward and backward scattering below tkeresonance re- energies, falloff in thé_-shell amplitudes occurs, causing the
gion explains why the cross sections are so different for th&-shell contribution to dominate. In general hollow atoms
atom and the ion, while above the resonance region theifwith the electrons in a given outer sheWill have large
contribution to backward scattering diminishes. total cross sections for energies above the edge for that shell,
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though at sufficiently high energies where the form factor is 1.5
dropping off at finite angle, the total cross section will drop.
[Thus, in our examples, above theandK edges we have a
large cross section for the hollow atoms, beginning to drop
off for the hollow atom A1} In addition, below the inner
thresholds the cross section will be elevated due to the step
in the real scattering amplitude associated with downward
transitions to thévacanj inner shells[In our example, this
enhances the hollow-atom C2 cross section in the region
below theK edge. The step is much smaller for tNe-K
transition]

i H total cross section —
il elastic cross section --==---~
averaged-amplitude
cross section

1.0

05 |
hollow lithium (2s)°(2p)"

cross section (barns/sr)

VI. EFFECTS OF PARTIALLY FILLED SUBSHELLS 0 R
50 100 150

We have noted that the previous discussion was based on photon energy (eV)
an averaging over all magnetic substates of a given subshell _ _
at the level of the scattering amplitude. This procedure FIG. 10. Forwar_d-angle_cross_ sectlozns fog scattering from a hol-
(averaged-amplitude approads exact for fully filled sub- low lithium atom with configuration (3) (gp) above and belovy
shells, but approximate for partially filled subshells. Forth€L—K resonance. The cross section in the averaged-amplitude
ground-state atoms, one generally has a large fraction of th@pproximation is shown together with the more proper elastic scat-

. . . . ering cross sectiofaveraging cross sections over all possible mag-
electrons in fully filled subshells, and this procedure is seert"n9 averaging P 9

. . .~ netic substate configurations'he total cross section includes both
to work well [29]. However, with excited states there exists the elastic cross sectiofcoherent and incohergnaind inelastic

the possibi_lity of there being grea’Fer eff_ects assoclated Witl&ross sections involving transitions between f{nearly energy-
the approximate treatment of partially filled subshells. NOtedegeneral)eZpl,z and 20, subshells.

that only by using the averaged-amplitude approach was it
possible to characterize general features solely in terms afross section, which is removed in the more proper treat-
the schematic amplitudes of Fig. 9. In the general case them@ent, leaving only a dip in the cross section. The origin of
will be other amplitudes. These concerns will be greatest fothis near-zero in the averaged amplitude approach is that the
the lightest atoms, or for energies low enough that very fewone real amplitude passes though zero as the resonance re-
electrons participate in scattering. gion is approached from aboysee theL- and M-shell real

A more proper treatment involves averaging the elastiamplitudes in Fig. 8 due to the presence of isolated down-
scattering cross sections for all possible magnetic substatgard transitions.
configurations, including incoherent elastic scattering, i.e. in  However in the more proper treatment there are additional
which the magnetic substate configuration changes in scatesonant elastic amplitudes, which are finite at this location,
tering. In addition it may also be appropriate to consideras well as finite resonant inelastic amplitudes corresponding
inelastic scattering between nearly energy-degenerate suts 2p,.,« 2p, transitions. The corresponding cross sections
shells (e.g., 21, and 23,), as this may not be distin- should all be added incoherently. These additional cross sec-
guished from elastic scattering given a finite experimentations (including incoherent elastic scattering and unresolved
energy resolution. inelastic contributionsare generally large when the partially

In Fig. 10 we show the forward-angle cross sections foffilled subshell anomalous amplitudes are large, and therefore
scattering from a hollow lithium atom with a configuration they become unimportant away from resonan@esept be-
(2s)?(2p)?, above and below thé —K resonance. The low the subshell's thresholdvanishing in the form-factor
cross section in the averaged-amplitude approximation ispproximation. Therefore, a near-zero predicted in the
shown together with the more proper elastic scattering crosaveraged-amplitude approach will be spuridis., filled in
section(averaging cross sections over all possible magnetity the additional contributionsf it occurs sufficiently close
substate configurations The total cross section includes to resonance. This is necessarily the case in Fig. 10, where it
both the elastic cross sectidooherent and incohergréand  is the large anomalous real amplitude of tpartially filled)
inelastic cross sections involving transitions between thep subshell which gives rise to the averaged-amplitude near-
(nearly energy-degenerat2p,,, and 203, subshells. Effects zero. Therefore near-zeros above thresiske Figs. 5 and
associated with the averaging procedure will generally be) will generally be spurious except for the case of fully
comparatively larger than in carbon, as there are fewer eledilled subshells[e.g., the (D)® configuration in Fig. %
trons. Since thelL-shell amplitudes are still largely dipole domi-

Generally the differences between the cross sections inated just above the resonance threshold, these features are
Fig. 10 are fairly small, and generally they are expected to bexpected to be similar at all angles.
less important than théconfiguration-dependentfeatures Similarly below-threshold near-zeros will also generally
seen in the carbon scattering cross sections using thige spurious if they occur sufficiently close to resonance,
averaged-amplitude approach. However, an important differwhere the partially filled subshell anomalous amplitudes are
ence can be seen just above the resonance, where tlgge. However, as seen in Fig. 9, tkeshell real amplitude
averaged-amplitude approach leads to a near-zero in thean be large and positive below the resonance where the 2
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anomalous amplitude is smdthe resonance in thep2am-  region cross sections tended to separate according to the
plitude is comparatively narroy such that the averaged- number of electrons in the subshells corresponding to the
amplitude near-zero can occur at sufficiently low energy forstrongest transitions. For configurations with tilt@lectrons
the additional effects to be small, leading to a near-zero thdiincluding the ground statehere were deep minima in the
is not spurious. Such is the case for the configurations witltross section below the resonance region. Cross sections for
two K electrons in Fig. 3. For configurations with only oke  neutral atoms and ions, while different at forward angle due
electron(halving the positive below-resonan&eshell real  to the different number of electrons, were seen to coincide at
amplitude any near-zeros that occur are closer to resonancéackward angle for high energies if the configuration of the
and they are washed out by the additional effects. Note thatore electrons was the same.
for ground states of lovi- atoms, near-zeros generally occur ~ Total integrated cross sections for hollow-atom configu-
far enough below threshold to be real effects in the crossations were investigated and compared to the ground-state
section, at all angled.For higherZ the relevant transition configuration. Below the resonance region hollow atoms ex-
strengths, involving the valence electrons, are weaker, ankibited total cross sections substantially larger than that of
there is a large form-factor background associated with manthe ground state by factors of 4 or 5 for configurations with
different subshells(and different corresponding falloffs all electrons present in the shell. Above the resonance re-
which complicates the situatign. gion the cross section for the hollow atom with all electrons
For configurations with two subshells that are half-filled, present in theN shell fell quickly, while that for the hollow
the averaged-amplitude approximation predicts that theratom with all electrons present in theshell remained com-
will be no resonant contribution corresponding to transitiongparable to the ground-state result.
between the two subshel(since the upward transitions ex-  The excited-state configurations considered here illustrate
actly cancel the downward transitions in the averaged amplisome of the dominant features in elastic photon scattering
tude. This leads to the averaged-amplitude cross section bdrom excited atoms and ions for energies above and below
ing smooth at the resonance positiGand possibly then the K resonance region, but above thesdge, while hydro-
exhibiting a near-zero as the next resonance is approachegenic results suggest the behavior at valence-electron ener-
depending on the configuratiprHowever there will gener- gies. The results presented here should provide some guid-
ally be real resonant beyond-averaged-amplitude effects iance in further discussing Rayleigh scattering from other
the cross section, corresponding to transitions between thmultielectron excited atoms and ions and in other energy

half-filled subshells. ranges.
The main results discussed here were obtained with the
VIl. CONCLUSIONS approximation of averaging over magnetic substates at the

) ) ] _ level of the scattering amplitude, exact only for closed sub-
We have examined the differential and total cross sectiornells. Scattering from a hollow lithium atom, with and with-
for elastic photon scattering from excited states of carboryyt making this approximation, was used to illustrate the
atoms and ions, comparing results for different configurafyrther effects associated with partially filled subshells. Gen-
tions including the ground-state configuration. Energies congrally these effects are small, though it was seen that near-
sidered ranged from just above theedge to well above the  7eros in cross sections above the resonance region for hollow
K edge, where form factors alone were found to be sufficientgtoms are spurious, unless the dominant downward transi-

Angle-dependent form factors, together with the anomalougions are from fully filled subshellgthe case of C (@)9].
scattering factorgtaken to be angle independgnapproxi-
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