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Constructing adequate predictions for photon-atom scattering: A composite approach
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Recent high-precision experimental results for photon scattering from neon ('1% accuracy! have indicated
that even present sophisticatedS-matrix results are not sufficient to obtain agreement, even though the photon
energies involved were many times the innermost threshold energy. In this case the discrepancy was traced to
the use of local exchange and the neglect of electron-correlation effects. Here we present a general scheme for
applying corrections to theS-matrix results to account for nonlocal-exchange effects and electron-correlation
effects, so as to obtain results expected to be accurate at the 1% level in all elements for such energies. The
corrections are based on results in simpler approximations: the form-factor approximation for elastic Rayleigh
scattering, and the impulse and incoherent-scattering-factor approximations for inelastic Compton scattering.
The case of scattering from neon is investigated in detail for all scattering angles and for photon energies in the
range 1–100 keV. The scheme breaks down below'1 keV for elastic scattering and at low momentum
transfers for inelastic scattering. We also discuss the validity of the simpler approximations, particularly the use
of the impulse approximation in describing Compton scattering.

PACS number~s!: 32.80.Cy
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I. INTRODUCTION

The possibility of performing high-precision experimen
using synchrotron sources has led to new experimenta
sults which surpass the precision of currently available p
dicted results for photon-atom scattering@1#. This suggests
the need for a careful consideration of the accuracy of
present methods and tabulations, and the need to deve
method for improving on these results. In Ref.@1# it was
shown that for scattering from neon, for photon energies
the range 11–22 keV, a composite result derived by com
ing information from various present available results w
sufficient at the 1% level~whereas any single result wa
not!. Here we consider this method more generally, for
scattering angles and for photon energies in the range 1–
keV for Rayleigh and Compton scattering from neon. W
also discuss the inclusion of inelastic Raman scattering c
tributions, when appropriate, as well as what can be expe
in elastic and inelastic scattering from other elements.

The most sophisticated calculations available for desc
ing the dynamics of scattering areS-matrix calculations,
available both for the elastic Rayleigh@2,3# and the inelastic
Compton@4,5# scattering process~and also useable for Ra
man scattering@6#!. The approximations made in these ca
culations are mainly approximations in the atomic mod
which is described in terms of transitions in an independe
particle approximation~IPA!, using a self-consistent Dirac
Slater-type central potential. They therefore negl
nonlocal-exchange effects and electron-correlation effe
This is well known to cause serious problems in the region
the atomic thresholds and strong anomalous scattering. H
ever, our concern is the significance of these neglected
fects in the above-threshold region, where their importanc
less well appreciated. Short of a~full many-body-type! cal-
culation that includes these effects in an intrinsic fashion,
show that it is possible in the above-threshold region to c
rect theS-matrix results for the omitted nonlocal-exchan
effects and electron-correlation effects with~perturbative!
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corrections obtained from results in simpler~than S-matrix!
approximations.

Here we briefly outline our methodology; for more deta
see Sec. II. We take the simplest models of Rayleigh
Compton scattering to be the form-factor~FF! approximation
and the impulse approximation~IA !, respectively. By com-
paring results using different wave functions one can see
effects of nonlocal exchange, electron correlations, and u
relativistic versus nonrelativistic wave functions. We spe
of dynamic effects as those obtained by going beyond
simplest model to a full evaluation of the photon-electr
interaction Hamiltonian. The ‘‘simplest’’ predictions fo
scattering are defined as those obtained using the sim
models with nonrelativistic wave functions using local e
change. We regard the four effects~dynamic, nonlocal-
exchange, electron-correlation, and relativistic effects! as in-
dependent perturbative corrections to the ‘‘simples
predictions.

How one obtains the best prediction for the Rayleigh
Compton scattering cross section from the correspond
‘‘simplest’’ result can be symbolically represented as

S ds

dV D
best

5S ds

dV D
simplest

S 11(
i

d i D , ~1!

where the summation is over all four correctionsd i ~dy-
namic, nonlocal-exchange, electron-correlation, and rela
istic effects!. The present local relativisticS-matrix results
should be connected to the ‘‘simplest’’ results through

S ds

dV D
S matrix

5S ds

dV D
simplest

~11ddynamic1d relativistic!. ~2!

Note that this equation can be inverted to deduce the s
plest results from the local relativisticS-matrix results.

We can of course take our starting point as the local re
tivistic S-matrix calculations, in which case the best pred
tions are obtained as
©2000 The American Physical Society05-1
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J. P. J. CARNEY AND R. H. PRATT PHYSICAL REVIEW A62 012705
S ds

dV D
best

5S ds

dV D
S matrix

~11dnonlocal1dcorrelation!. ~3!

We describe Eqs.~1!–~3! as a ‘‘composite’’ approach to
the description of scattering cross sections. As we will s
the assumption that the correctionsd i are all small fails for
neon for elastic scattering below'1 keV, and for inelastic
scattering at low momentum transfers, so that in such si
tions the composite approach will not be valid.

In the next section we discuss our methodology in m
detail, and we outline the present methods and tabulat
that are available. In Secs. III and IV we consider the ela
Rayleigh and inelastic Compton scattering processes, res
tively, with the correction factorsd i being given for scatter-
ing from atomic neon for all scattering angles and for pho
energies in the range 1–100 keV. In Sec. V we compare
best predictions we now achieve for the cross sections w
other presently available cross sections. The behavior of
corrections withZ, and further effects, such as the inclusi
of unresolved Raman scattering contributions, are consid
in Sec. VI, and conclusions are presented in Sec. VII.

II. CURRENTLY AVAILABLE METHODS AND THE
COMPOSITE APPROACH

As mentioned in the preceding section, we take the s
plest models of Rayleigh and Compton scattering to be
form-factor~FF! approximation and the impulse approxim
tion ~IA !, respectively. These models are based on theA2

term of the nonrelativistic photon-electron interaction Ham
tonian

H52
e

mc
p•A1

e2

2mc2 A2, ~4!

and both of them have the advantage that they depend
on the bound-state electron wave function and a single v
able rather than energy and angle separately.@One also has
the inelastic-scattering-factor~ISF! approximation for Comp-
ton scattering, also based on theA2 term.# The ‘‘simplest’’
predictions for scattering are taken as being those obta
using the simplest models with nonrelativistic wave fun
tions and using local exchange.~Note that these ‘‘simplest’’
predictions may not be readily available.! By taking different
choices for the wave functions, one sees the effects on
cross sections of nonlocal exchange, electron correlati
and using relativistic versus nonrelativistic wave function

Dynamic effects are those obtained by going beyond
simplest model to a full evaluation of the interaction Ham
tonian~4!. Nonrelativistically, the FF corresponds to the e
act evaluation of theA2 term in Eq.~4!. Therefore, nonrela-
tivistically the Rayleigh dynamic term is simply th
contribution of thep•A term in Eq. ~4!. While the IA is
based on theA2 term, further approximations are made,
that it is not an exactA2 calculation~and neither is the ISF!.
The Compton dynamic term is therefore comprised of b
the contribution of thep•A term and the difference betwee
the IA and the exact evaluation of theA2 term.
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By analyzing the contributions of these four effects
scattering ~dynamic, nonlocal-exchange, electro
correlation, and relativistic effects!, regarding them as inde
pendent perturbative corrections to the ‘‘simplest’’ pred
tions for the cross section in the above-threshold region,
may correct any given result for the effects it does not
clude. It should be noted that the currently available res
for scattering, described below, include various among~but
not all of! these four effects. In particular, our analysis sho
how to correct theS-matrix results for the nonlocal-exchang
and electron-correlation effects they neglect, and where
procedure is valid. Note that even when starting from
S-matrix results it will still be necessary to verify the sma
ness of the dynamic and relativistic corrections, even tho
they are incorporated in theS-matrix calculation, in order to
justify the assumption that nonlocal-exchange and electr
correlation corrections can be estimated from the vari
A2-based results.~We must show that the dynamic effect
small so that nonlocal-exchange and electron-correlation
fects in the dynamic terms may be neglected. Since man
the A2-based results use nonrelativistic wave functions, a
the separation of theA2 term itself occurs in the nonrelativ
istic approximation, we must also show that relativistic e
fects are small, for the same reasons.! The analysis also
serves to indicate the validity of other, perhaps simpler
proximations, and to show circumstances in which th
might perform better than the present~uncorrected! S-matrix
results, due in some cases to~partial! cancellations among
the corrections.

We will only consider scattering cross sections that
singly differential in the scattered photon angle. For elas
Rayleigh scattering the final photon energy is fixed, but
inelastic Compton scattering there is a spectrum of final p
ton energies which must be integrated over to get the sin
differential cross section. We will integrate over a range t
includes all of the Compton peak, but not the infrared div
gent region which is present for very low scattered pho
energies. We note that the ISF approximation~which we use
in estimating the Compton correction effects! omits the in-
frared terms and implicitly performs an integration over
scattered photon energies~since closure properties are used!;
it could not be used if we wished to discuss correction effe
in more-differential cross sections.

We now briefly review the current methods and tabu
tions available to use for photon-atom scattering. More
tails, including discussions of experimental studies, can
found in Ref. @2# for Rayleigh scattering and Ref.@7# for
Compton scattering.

The presentS-matrix results for Rayleigh scattering@2,3#
build on the earlier work of Johnson and Feiock@8# and
Brown et al. @9#, and they have been compared extensiv
with experiments in the above-threshold regime. The R
leigh S-matrix calculation can be performed for photon e
ergies as high as'5 MeV, though for outer subshells
where the photon energy is much greater than the subs
threshold energy, the simpler~modified! form-factor ap-
proximation is usually employed@2#. The corresponding
ComptonS-matrix calculation@4,5# is more recent, following
earlier attempts by Whittingham@10,11# and Wittwer@12#. It
5-2
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CONSTRUCTING ADEQUATE PREDICTIONS FOR . . . PHYSICAL REVIEW A 62 012705
will fail in the Compton peak region for energies large co
pared to subshell binding energies. For the case of scatte
from neon, the ComptonS-matrix calculation is generally
available in the peak region for the energies considered o
for the innermost~K! shell, requiring the use of other ap
proximations to describe theL-shell Compton peak, such a
the IA and the ISF approximation, or an exactA2 calculation
~as discussed in Ref.@7#!.

Many tabulations of FF’s are available, using nonrelat
istic bound-state wave functions in a local central poten
@13#, or nonlocal Hartree-Fock wave functions@14#, or also
including electron-correlation effects on wave functions@15#.
There are corresponding results using relativistic local Dir
Fock-Slater@16# and nonlocal Dirac-Fock wave function
@17#. Of importance for higher-Z atoms is the modified form
factor ~MFF! @16,18,19#, which takes account of additiona
binding effects, needed to get the correct high-energy lim
forward angle. For Compton scattering there are IA res
for the Compton profile, using both nonrelativistic@20# and
relativistic @21# Hartree-Fock wave functions, and there a
ISF results using nonrelativistic Hartree-Fock wave fun
tions @14#, or nonrelativistic correlated wave functions@15#.

III. ELASTIC RAYLEIGH SCATTERING

We consider in turn the four corrections to Rayleigh sc
tering in neon: dynamic effects, nonlocal-exchange effe
electron-correlation effects beyond Hartree-Fock, and r
tivistic effects on the wave functions. Each is given as
percentage correction to be applied to a cross section
including that effect~assuming them all to be linearly inde
pendent perturbations!. We then discuss strategies for obtai
ing the ‘‘best available’’ prediction for the Rayleigh
scattering cross section.

In Fig. 1 the dynamic correction is shown for neon, for
scattering angles, and for photon energies in the range 1–
keV. This is the correction to be applied to a FF-based cr
section to take account of dynamic effects. It was obtain
by a comparison ofS-matrix results and results obtained u
ing the FF approximation, with relativistic wave functions
the same atomic potential. The correction is getting large
keV, as the region of the atomic thresholds is being

FIG. 1. Dynamic correction for Rayleigh scattering from neon
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proached, where anomalous scattering is dominant.
therefore would not expect a perturbative composite sche
to yield very accurate results below 1 keV for neon, as
does not account for nonlocal-exchange and electr
correlation effects in anomalous scattering, which can be
portant there. For fixed energy the Rayleigh dynamic corr
tion increases as a percentage effect on the cross sec
with increasing scattering angle in all cases. This is beca
the anomalous contribution decreases more slowly with
creasing angle than the FF contribution, leading to
anomalous terms accounting for more of the scattering c
section at larger scattering angles.~In fact, one often does
well taking the anomalous scattering factors to be comple
angle-independent@16#.! We see that the dynamic effects a
generally decreasing with increasing energy~as the anoma-
lous scattering factors are decreasing with energy!, though
anomalous scattering can be important at high energy
large scattering angles for highZ.

The FF-derived nonlocal-exchange correction for neon
shown in Fig. 2, again for all scattering angles and for ph
ton energies in the range 1–100 keV. This correction is
tained by a comparison of the nonlocal relativistic FF’s
Hubbell and O” verbo” @17# and FF’s calculated in a local rela
tivistic potential @16#. Since this correction is derived from
FF’s, it depends only on momentum transfer rather than
energy and scattering angle separately. Therefore, the
tour lines in Fig. 2 are also contours of constant moment
transfer. The neon nonlocal-exchange correction is most
portant for the momentum transferx50.56 Å21, being a
210% correction. It is of course small at low energies a
small scattering angles~low momentum transfer!, since in
the FF approximation the forward amplitude is simply equ
to 2Z for any charge density.

Note that for large momentum transfers the FF is de
mined by the small distance behavior of thes-state wave
functions ~primarily the K-shell wave function!. Therefore,
the high-momentum-transfer limit can be understood
terms of the ratios of the normalizations forsstates evaluated
using nonlocal and local exchange~i.e., using the Hartree-
Fock and Hartree-Fock-Slater approximations!. These ratios
have been investigated by Scofield@22#. In the high-

FIG. 2. Nonlocal-exchange correction for Rayleigh scatter
from neon.
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J. P. J. CARNEY AND R. H. PRATT PHYSICAL REVIEW A62 012705
momentum-transfer limit the FF for ans state will be pro-
portional to the square of the normalizationN for the state,
and the total FF will be proportional to the sum over als
states of the square of eachs-state normalizationN times the
number of electrons in thats statene , i.e., proportional to
F5(s statesneN

2. ~Nonrelativistically, states other thans
states do not contribute in the high-momentum-transfer lim
There are in fact relativistic corrections that only beco
important for highZ.! Using the results of Scofield@22#, we
give in Table I for variousZ the quantitiesFHF and FHFS
based on the Hartree-Fock and Hartree-Fock-Slater app
mations, respectively. Since the FF is squared to give
cross section, the high-momentum-transfer limit of t
nonlocal-exchange correction is given bydnonlocalux→`

5(FHF
2 2FHFS

2 )/FHFS
2 . This gives the high-momentum

transfer limit of the nonlocal-exchange correction for neon
26.7%, which is being approached slowly. Generally t
limit is decreasing in magnitude as one goes to higherZ, but
it remains significant. The increase in magnitude as one g
from Z52 (27.9%) toZ53 (217.0%) is due to the 2s1/2
contribution. These is a corresponding discernible, but
evident, behavior as one goes aboveZ510, due to the 3s1/2
contribution.

The FF-derived electron-correlation correction for neon
shown in Fig. 3, again for all scattering angles and for p
ton energies in the range 1–100 keV. This correction is
tained by a comparison of nonlocal nonrelativistic FF’s@14#
and configuration-interaction nonrelativistic FF’s@15#.
Therefore, these electron correlations are defined relativ
the Hartree-Fock approximation, which includes t
nonlocal-exchange effect. As such, this electron-correla
correction can only be meaningfully applied to a cross s
tion once the nonlocal-exchange correction is also inclu
~unless it is already intrinsically included!. The electron-

TABLE I. FHF,HFSare the sums overs states of the square of th
bound-state normalization for eachs state times the number of elec
trons in eachs state, using nonlocal Hartree-Fock and local Hartr
Fock-Slater wave functions, respectively, as described in the
The high-momentum-transfer limit of the nonlocal Rayleigh corr
tion dnonlocalux→`5(FHF

2 2FHFS
2 )/FHFS

2 , as described in the text.

Z FHF5(s statesneNHF
2 FHFS5(s statesneNHFS

2 dnonlocalux→`

2 1.412 1.472 27.9%
3 1.741 1.911 217.0%
4 2.129 2.324 216.2%
5 2.302 2.509 215.8%
6 2.420 2.605 213.7%
7 2.504 2.664 211.7%
8 2.568 2.704 29.8%
9 2.619 2.732 28.1%
10 2.659 2.753 26.7%
11 2.774 2.872 26.7%
12 2.935 3.057 27.9%
18 1.763 1.820 26.3%
36 2.257 2.305 24.1%
54 2.706 2.760 23.9%
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correlation correction in neon is most important for the m
mentum transferx50.77 Å21, but it is still only'1%. It is
of course small at low energies and small scattering an
~low momentum transfer!, as for the nonlocal-exchange co
rection, and it reaches a value of'20.2% for large momen-
tum transfers~denoted by the shaded region!.

The relativistic correction for neon is shown in Fig.
This correction is obtained by comparing cross sectio
based on FF’s evaluated using relativistic@17# and nonrela-
tivistic @14# wave functions. Generally this effect is sma
becoming significant only at large momentum transfer.

We reiterate that one should not apply the dynamic c
rection of Fig. 1 and the relativistic correction of Fig. 4 to th
Rayleigh S-matrix results, as both dynamic and relativist
effects are already included in that calculation. Rather, th
corrections indicate the suitability of the FF-derive
nonlocal-exchange and electron-correlation corrections
Figs. 2 and 3, respectively. By the time the dynamic corr
tion exceeds 10%~below'1 keV in neon!, the perturbative
FF-based estimate of nonlocal-exchange and elect
correlation effects is in doubt.

The conclusion for elastic scattering from neon is that

-
t.

-

FIG. 3. Electron-correlation correction for Rayleigh scatteri
from neon.

FIG. 4. Relativistic correction for Rayleigh scattering fro
neon.
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CONSTRUCTING ADEQUATE PREDICTIONS FOR . . . PHYSICAL REVIEW A 62 012705
energies greater than'1 keV, the use of FF-derived
nonlocal-exchange and electron-correlation corrections
S-matrix predictions is appropriate. These corrections hav
maximum magnitude of'10% and they persist in the high
energy, large-scattering-angle regime~with an asymptotic
value'27%!. A comparison of Figs. 1–4 also explains wh
simple FF’s using local exchange can perform well, as
see from the fact that there is a tendency for cancella
among the positive dynamic~and relativistic!, negative non-
local exchange, and positive-and-negative electr
correlation effects. At low energy dynamic effects are dom
nant; at higher energies there are circumstances in w
nonlocal-exchange effects are dominant.

IV. INELASTIC COMPTON SCATTERING

As we have just done for Rayleigh scattering, we n
consider in turn the four corrections to Compton scattering
neon: dynamic effects, nonlocal-exchange effects, elect
correlation effects beyond Hartree-Fock, and relativistic
fects on the wave functions. Each is given as a percen
correction to be applied to a cross section not including t
effect ~assuming them all to be linearly independent pert
bations!. As discussed in Sec. II, the inelastic cross sect
we are considering is integrated over the spectrum of fi
photon energies so as to include the entire contribution of
Compton peak, but with a low-energy cutoff so as to exclu
the infrared divergent region seen in Compton scattering
very low scattered photon energies~see Refs.@4,23# for a
discussion of this effect!. Note that these low-energy contr
butions are due nonrelativistically to thep•A term—in the
A2 approximation~or approximations based on theA2 term!
the scattering cross-section differential in the final pho
energy becomes negligible away from the peak regi
Therefore, the only correction that will be sensitive to t
low-energy cutoff employed~assuming it is sufficiently low
to include the whole of the Compton peak region! will be the
contribution of thep•A term to the dynamic Compton cor
rection. We note that relativistic effects are generally ne
gible for Compton scattering for this low-Z element, so we
do not include a graph of them.

The Compton dynamic correction is composed of t
terms which behave very differently:~i! the difference be-
tween an exactA2 calculation and the result obtained usin
IA, and ~ii ! the contribution of thep•A term. We will sepa-
rately consider the contributions from anA2 calculation be-
yond IA and thep•A contributions to the net dynamic Comp
ton correction. We find that the dominant contribution
given by the difference between IA and an exactA2 calcu-
lation. Thep•A term is most important for theK shell, which
still only contributes at the,1% level, and it vanishes a
large momentum transfers and also at sufficiently low en
gies, where theK shell does not contribute to inelast
Compton scattering due to its large binding energy. In Fig
the dynamicA2 correction to IA is shown for neon, for al
scattering angles, and for photon energies in the range 1–
keV. At large momentum transfers this correction is sm
and the IA is expected to be valid. The correction stead
increases with decreasing momentum transfer, eventually
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coming large enough that our assumption of linearly ind
pendent perturbations will not be valid. This, however, is
regime in which Compton cross sections are becoming sm
In Fig. 6 the dynamicp•A correction is shown for neon, fo
all scattering angles, and for photon energies in the ra
1–100 keV. For the energies considered here, theK-shell
contribution dominates~since we are far enough above th
L-shell thresholds that theirp•A contributions are small!. At
large energies thep•A dynamic correction is negligible~ex-
cept at very forward angles, but the net inelastic cross sec
is small there!. At sufficiently low energies (&2 keV), the
effect is also small as inelastic scattering from theK shell is
kinematically forbidden. In the intermediate regime t
p•A contribution can matter at the few-tenths-of-a-perc
level.

The IA-derived nonlocal-exchange correction for neon
shown in Fig. 7, again for all scattering angles and for ph
ton energies in the range 1–100 keV. Within IA one defin
the Compton profile for the atom, which is related to t
differential ~in scattered photon energy and angle! inelastic
scattering cross section. This is then integrated over the s
trum of final photon energies, including the whole of th
Compton peak, in order to get the inelastic scattering cr

FIG. 5. DynamicA2 correction to impulse approximation fo
Compton scattering from neon.

FIG. 6. Dynamicp•A correction for Compton scattering from
neon.
5-5
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J. P. J. CARNEY AND R. H. PRATT PHYSICAL REVIEW A62 012705
section singly differential in the scattered photon angle t
we consider here. The nonlocal-exchange correction is
tained here by a comparison of the Compton profile eva
ated using relativistic Dirac-Hartree-Fock wave functio
@24# with the corresponding Compton profile evaluated us
local exchange. Converse to the situation for elastic sca
ing, for inelastic scattering the nonlocal-exchange correc
is generally unimportant, giving contributions of61% or
less, though it is larger at low momentum transfers~where
the Compton cross section is becoming small!. The nonlocal-
exchange correction vanishes at high momentum trans
being a tenth-of-a-percent or less effect for momentum tra
fers x'1.3 Å21 or larger.

The ISF-derived electron-correlation correction for ne
is shown in Fig. 8, again for all scattering angles and
photon energies in the range 1–100 keV. Again, convers
elastic scattering, the electron-correlation correction can
important in inelastic scattering. This correction is obtain
by a comparison of nonrelativistic Hartree-Fock ISF’s@14#
and configuration-interaction nonrelativistic ISF’s@15#.
Therefore, electron correlations are being defined relativ
the Hartree-Fock approximation, which already includ
nonlocal exchange. As such, the electron-correlation cor

FIG. 7. Nonlocal-exchange correction for Compton scatter
from neon.

FIG. 8. Electron-correlation correction for Compton scatter
from neon.
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tion can only be meaningfully applied to a cross section o
the nonlocal-exchange correction has been included~unless
it is already intrinsically included!. The electron-correlation
correction in neon is most important for the momentu
transfer x50.24 Å21, being '211%. However, as one
goes to low momentum transfers, the Compton cross sec
itself is becoming small, so these effects will not be so i
portant in total scattering cross sections, which will be dom
nated by elastic scattering. The electron-correlation corr
tion to the inelastic cross section becomes unimportan
large momentum transfers, being a one-tenth-of-a-percen
less effect for momentum transfersx'3.0 Å21 or larger.

As mentioned already, the relativistic correction to t
inelastic scattering cross section is generally small, bein
one-tenth-of-a-percent or less effect in cross sections for
mentum transfersx'0.1 Å21 or larger. At smaller momen-
tum transfers it can be larger, but this is the regime in wh
the inelastic cross section is becoming small, and the
sumption of linearly independent perturbations is no lon
valid.

The conclusion for inelastic scattering from neon is th
the use of nonlocal-exchange and electron-correlation cor
tions ~derived within the IA and the ISF approximation! to
S-matrix predictions is appropriate for momentum transf
large enough that the dynamic Compton correction can
considered a perturbative effect. The nonlocal-exchange
electron-correlation corrections together have a maxim
magnitude of'11% and vanish in the high-energy, larg
scattering-angle regime~as inelastic scattering becomes mo
and more like scattering from a free electron!. At low mo-
mentum transfers~including the forward direction at all en
ergies! the IA and the ISF approximation fail, as does th
composite approach, since the assumption of indepen
perturbations is no longer valid. However, in this regime t
cross section for inelastic scattering itself is becoming sm
in comparison with the cross section for elastic scattering

V. CROSS SECTIONS

In Table II we compare our ‘‘best’’ predictions for th
elastic Rayleigh and inelastic Compton cross sections w
local IPA S-matrix results and results based on the tabulat
of Hubbell et al. @14#, which gives nonrelativistic Hartree
Fock FF’s and ISF’s. Cross sections are given for five en
gies ~1.486 keV, 5.415 keV, 11.22 keV, 27.47 keV, an
59.54 keV! and four angles(0°, 45°, 90°, and180°), which
are sufficient to indicate the general trends. We note tha
all results for elastic scattering we include the contribution
the coherent nuclear Thomson amplitude for elastic sca
ing off the nucleus, which can matter at the 1% level f
large momentum transfers~see also Ref.@25# regarding our
usage of the tabulation in Ref.@14#!.

The first thing to note from Table II are the regimes
dominance of the elastic and inelastic processes, seen
comparing the orders of magnitude of the Rayleigh res
~columns 3–5! with those of the Compton results~columns
6–8! for the various energies and angles considered. Clea
Rayleigh scattering is dominant at the lower energies at
angles, as well as at forward angle for higher energies, wh

g
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TABLE II. Comparison of the composite~best! predictions for the cross sections of elastic and inela
scattering from neon with local IPAS-matrix predictions and with predictions based on nonlocal nonrela
istic FF’s and ISF’s, as described in the text. The deviations from the ‘‘best’’ predictions are show
parentheses. For inelastic scattering at 0° the composite scheme breaks down, and the local IPAS-matrix
prediction is intended to give only the order of magnitude.

Energy Angle Elastic Rayleigh~mbarns/sr! Inelastic Compton~mbarns/sr!
~keV! ~degrees! Best S matrix Hubbell Best S matrix Hubbell

1.486 0 8528 8528~0%! 7945 (26.8%) 0.1 0
1.486 45 6225 6231~0.1%! 5789 (27.0%) 7.34 8.77~19.5%! 10.98~49.6%!

1.486 90 3879 3906~0.7%! 3605 (27.1%) 17.06 19.06~11.7%! 23.63~38.5%!

1.486 180 7099 7185~1.2%! 6568 (27.5%) 64.97 71.87~10.6%! 87.95~35.4%!

5.415 0 8241 8241~0%! 7945 (23.6%) 2.6 0
5.415 45 4332 4434~2.4%! 4169 (23.8%) 92.60 103.0~11.2%! 115.1~24.3%!

5.415 90 1475 1574~6.7%! 1399 (25.2%) 143.4 158.3~10.4%! 170.9~19.2%!

5.415 180 1500 1645~9.7%! 1384 (27.7%) 402.0 429.9~6.9%! 461.1~14.7%!

11.22 0 8039 8039~0%! 7945 (21.2%) 0.9 0
11.22 45 1737 1872~7.8%! 1709 (21.6%) 250.1 273.9~9.5%! 290.9~16.3%!

11.22 90 270.4 301.8~11.6%! 261.7 (23.2%) 271.0 277.7~2.5%! 286.1~5.6%!

11.22 180 255.3 272.8~6.9%! 242.7 (24.9%) 590.9 593.3~0.4%! 606.9~2.7%!

27.47 0 7957 7957~0%! 7945 (20.2%) 0.4 0
27.47 45 205.4 221.8~8.0%! 205.6~0.1%! 465.6 464.2 (20.3%) 473.5~1.7%!

27.47 90 55.84 56.40~1.0%! 55.25 (21.1%) 323.6 324.2~0.2%! 329.1~1.7%!

27.47 180 53.77 54.70~1.7%! 52.82 (21.8%) 617.1 619.0~0.3%! 627.1~1.6%!

59.54 0 7940 7940~0%! 7945 ~0.1%! 0.3 0
59.54 45 61.77 62.46~1.1%! 61.98~0.3%! 522.3 523.3~0.2%! 524.3~0.4%!

59.54 90 5.661 5.860~3.5%! 5.639 (20.4%) 318.7 319.3~0.2%! 320.0~0.4%!

59.54 180 1.964 2.057~4.8%! 1.930 (21.7%) 529.9 530.4~0.1%! 533.2~0.6%!
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Compton scattering is suppressed. At the higher ener
Compton scattering dominates at finite angle. We note tha
forward angle (u50°) our composite approach for inelast
Compton scattering breaks down completely, since
Compton cross section vanishes at forward angle in the
and the ISF approximation, so that Compton scattering
comes an entirely dynamic effect~as we have defined it!.
Therefore, we only give the local IPAS-matrix predictions
for Compton scattering at forward angle, which are seen
be small both in comparison to the corresponding Rayle
cross section and to the Compton cross section at fi
angle.

Concentrating on the elastic Rayleigh cross sections~col-
umns 3–5!, we consider the deviations~given in parenthese
in the table! of the local IPAS-matrix results~column 4! and
the results of Hubbellet al. @14# ~column 5! from our ‘‘best’’
predictions~column 3!. The differences between the loc
IPA S-matrix results and the ‘‘best’’ results are due
nonlocal-exchange and electron-correlation effects, the m
important of which is nonlocal exchange. Therefore, the
viations in this case can be almost completely ascribed to
momentum-transfer-dependent nonlocal-exchange correc
of Fig. 2, which gives rise to a maximum deviation
'10%, and a deviation at the highest energy of'5%. The
differences between Hubbellet al. @14# and the ‘‘best’’ re-
sults can be understood at the lower energies as being
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tirely due to the neglect of dynamic effects~since relativistic
effects are unimportant at the lower energies!, causing Hub-
bell et al. @14# to underestimate the cross section. Looking
forward angle, this effect is seen to drop off with increasi
energy, as the dynamic terms become less important c
pared to the constant forward-angle FF contribution. A
given energy, however, the neglected dynamic terms bec
more important with increasing angle, as the FF drops
faster than the anomalous terms. Therefore, the deviatio
Hubbell et al. @14# increases with increasing angle for fixe
energy, as seen in Table II. At higher energies in this lowZ
element the dynamic correction is becoming unimportant

Turning now to the inelastic Compton cross sections~col-
umns 6–8!, we again consider the deviations~given in pa-
rentheses in the table! of the local IPAS-matrix results~col-
umn 7! and the results of Hubbellet al. @14# ~column 8! from
our ‘‘best’’ predictions~column 6!. The differences between
the local IPAS-matrix results and the ‘‘best’’ results are du
to nonlocal-exchange and electron-correlation effects, w
the nonlocal-exchange correction being important only at
lowest energies or angles. Otherwise the deviations in
case can be almost completely ascribed to the moment
transfer-dependent electron-correlation correction of Fig
which gives rise to a maximum deviation of'11%. We
should note that at the lower energies the dynamic Comp
corrections are sufficiently large that our assumptions of
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early independent corrections are breaking down. Both
nonlocal-exchange and the electron-correlation correct
are becoming small for large momentum transfers, and
local IPA S-matrix and ‘‘best’’ results are seen to be in goo
agreement at the higher energies for finite angle. The de
tion of Hubbell et al. @14# from the ‘‘best’’ result is essen
tially due to the dynamic Compton correction. This corre
tion is getting large for low momentum transfers, as seen
the lower energies and for 11.22 keV foru545°, and it is
entirely responsible for the~small! finite cross sections a
forward angle. At larger momentum transfers Hubbellet al.
@14# gets better and better, as seen for the higher energi
finite angle. We finally note that the ISF result of Hubb
et al. @14# is a complicated result from our perspective;
includes excitation channels~i.e., Raman scattering, whic
we discuss in the next section! as well as ionization~since
the closure properties used in its derivation involve tran
tions to all final states!, and the final photon energy is ap
proximated by the initial photon energy, thus allowing cl
sure to be invoked. See Refs.@7,14,20# for discussions of the
approximations made in the IA and the ISF approximatio

VI. FURTHER ISSUES

We now discuss three further issues:~i! additional aspects
of the observed cross sections, such as the inclusion of
man scattering,~ii ! the expected behavior withZ of the cor-
rections for different atoms, and~iii ! strategies for dealing
with the regimes where our approach breaks down.

In making predictions to compare with an observati
made to a precision of 1% or better, one must ensure
one compares with what is actually being observed, wh
will in general depend on the resolution in energy. An e
ample is the measurement of ratios of elastic to inela
scattering in neon, and ratios of total scattering in neon
that in helium, as given in Ref.@1#. Observed cross section
may include Raman scattering as well as Rayleigh or Co
ton scattering. Raman scattering predictions based on thA2

term of the photon interaction Hamiltonian~4! using nonrel-
ativistic Coulombic wave functions have been given
Schnaidt@26#, and one can also perform local IPAS-matrix
calculations@6#, as for Rayleigh and Compton scattering.
the experiment@1# the energy resolution was such that R
man scattering from theL shell was included with the elasti
scattering, while Raman scattering from theK shell was in-
cluded with the inelastic scattering. Consequently, it w
necessary to include estimates of the Raman cross sect
though they were found to be small~and so for Raman scat
tering it is not necessary to consider the perturbative effec!.
Note that since the inelastic ISF result of Hubbellet al. @14#
includes both ionization and excitation, one would have
subtract out theL-shell Raman scattering contribution~and
combine it with the elastic cross section! to properly com-
pare with the quantities observed in Ref.@1#. A second ex-
ample of resolution issues is in measurements at sufficie
low energies, where it becomes difficult to distinguish elas
scattering from inelastic scattering. The separation of
elastic and inelastic peaks becomes comparable with
width of the observed elastic peak, which is determined
01270
e
ns
e

a-

-
r

at
l

i-

.

a-

at
h
-
ic
o

p-

-

s
ns,

o

ly
c
e
he
y

detector energy resolution, so that the two peaks overlap
nificantly. In this situation one is observing the total of ela
tic and inelastic scattering, in which elastic scattering ten
to be dominant, and one may focus on its proper treatme

Let us now discuss the expected behavior of our fo
corrections as a function ofZ. While there were sufficient
results available for neon in the various approximations
estimate these corrections, this is not the case for allZ. For
example, some tabulations are restricted to low-Z elements
~e.g., form factors and inelastic scattering factors in R
@15#!, or a switch is made to using local exchange witho
electron correlations for high-Z elements~e.g., Compton
profiles in Ref.@20#!, so that there are less data availab
for determining the corresponding corrections for highZ
elements.

In going to higherZ, one has many more electrons that a
more loosely bound. At a given fairly high energy the d
namic effects associated with these electrons are sma
comparison with those for inner-shell electrons. In the ela
Rayleigh case, cross sections will be well described using
~modified! form-factor approximation, and in the inelast
Compton case most cross sections will be well descri
using the ~relativistic! impulse approximation. Therefore
one can expect dynamic effects on total cross sections t
smaller. An exception to this is large-angle, high-ener
elastic scattering from high-Z atoms, where dynamic effect
dominate the whole-atom form factor, and a dynamic tre
ment is necessary.

Nonlocal-exchange and electron-correlation effects
expected to be generally important for low-Z elements, as
has been seen here for neon. This is clearly the case fo
nonlocal-exchange correction, as seen from Table I, wh
gives the high-momentum-transfer limit of this correction f
elastic scattering from variousZ. Generally these correction
will be less important for higherZ, and this feature is ex-
ploited in tabulations which switch to using local exchan
without electron correlations for highZ. But note that such
effects remain of some significance at the level of precis
we have been discussing.

Relativistic corrections were seen to be generally of lit
importance in the low-Z case under consideration her
though they will become increasingly important with in
creasingZ. However, since theS-matrix calculations are rela
tivistic, and tabulations for high-Z elements tend to use th
relativistic approach, one can simply begin from the relat
istic standpoint, in which case relativistic effects are
longer regarded as a perturbation, but are intrinsically
cluded in all results. In performing a perturbative analysis
nonlocal-exchange, electron-correlation, and dynamic effe
without treating relativistic effects as a perturbation, for ela
tic Rayleigh scattering it might be preferable to use t
modified form factor rather than the ordinary relativist
form factor~as it corresponds to the correct high-energy lim
for forward-angle scattering@16#!, and to then redefine the
dynamic correction with reference to the modified form fa
tor. For inelastic Compton scattering one would use the re
tivistic impulse approximation of Ribberfors@27#. We note,
however, that tabulations of results using such approxim
tions with and without nonlocal exchange and electron c
5-8
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relations, which would be required to estimate the pertur
tive corrections, are not generally available, so n
calculations would be necessary.

Finally, we mention possible strategies one can imag
using in the situations where our composite approach bre
down. We identify three such situations.

~i! For inelastic scattering the composite approach bre
down for sufficiently low momentum transfers, as the im
pulse and inelastic-scattering-factor approximations fail
this limit, leading to large dynamic corrections. However,
seen here for neon, this is also the regime where the Co
ton cross section is suppressed, so this region is not so m
of a concern. In these regimes it is elastic scattering tha
most important, and which needs a careful treatment.

~ii ! The composite approach breaks down for elastic s
tering as one approaches the region of the atomic thresh
where anomalous scattering becomes large. In this c
form-factor-based corrections to the cross section are no
pected to be valid. In particular, correlations will be impo
tant for the anomalous amplitudes, even influencing the
sitions of thresholds and resonances. However, the situa
in which a subshell anomalous amplitude is large~other than
the large-scattering-angle high-energy high-Z situation dis-
cussed below! is also the regime in which the electric dipo
anomalous amplitudes dominate the higher-multip
anomalous contributions. Further, one expects that corr
tions will be most important in the low-energy electric dipo
anomalous amplitude@28#. Therefore, one can imagine sim
ply replacing the~angle-independent! nonrelativistic nonre-
tarded anomalous electric dipole amplitude component
the S-matrix calculations with better nonrelativistic nonr
tarded dipole amplitudes which include nonlocal exchan
and electron correlations. These could be obtained utiliz
dispersion relations and the optical theorem to obtain
amplitude from photoeffect data, which includes nonlo
exchange and electron correlations. Higher-multipole am
tudes from the usualS-matrix approach would be retained~as
well as relativistic and retardation components of the dip
amplitudes!, as is also necessary to obtain the correct hi
energy limit.

~iii ! For large-angle scattering from high-Z elements at
high energies, dynamic effects in elastic scattering
known to be large@16#. Therefore, in this regime a dynam
calculation of elastic scattering, as in theS-matrix approach,
is necessary. One can anticipate that further effects of n
local exchange and electron correlation are small here
elastic scattering is close to nuclear-Coulombic in nat
@29#, though nonlocal-exchange effects may still be sign
cant at the few percent level, based on the trends see
Table I for the bound-state normalizations. One could, the
fore, imagine correcting theS-matrix results for nonlocal-
ey
ev
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exchange effects from a knowledge of the nonlocal-excha
effects in the bound-state normalizations, regarded as a
turbation to the nuclear-Coulombic results.

VII. CONCLUSIONS

We have shown how one can produce composite res
for elastic and inelastic photon-atom scattering cross sect
~integrated over final photon energies so as to include
whole contribution of the Compton peak!, which are ex-
pected to be valid at the 1% level. With this procedure o
can apply corrections to existing local independent-partic
approximation S-matrix results, to include the nonloca
exchange and electron-correlation effects they neglect.
corrections are estimated from results using the form-fac
approximation for elastic scattering, and using the impu
and inelastic-scattering-factor approximations for inelas
scattering. In doing this, one is assuming that the nonlo
exchange and electron-correlation effects, as well as dyna
and relativistic effects, can be regarded as linearly indep
dent perturbative corrections. There are regimes where
assumption is not valid: for low enough energies near thre
olds for elastic scattering where dynamic effects in Rayle
scattering are big, also at high energies and large angle
high-Z elements, and for low momentum transfers for inela
tic scattering, where the impulse approximation fails, lead
to large Compton dynamic effects as we have defined th
In such regimes our composite procedure will not be val

Explicit results have been given for scattering fro
atomic neon, in the form of corrections to the cross sectio
for all scattering angles and for photon energies in the ra
1–100 keV ~the K-shell threshold for neon is'870 eV).
Our procedure is not expected to be valid for neon for pho
energies below'1 keV for elastic scattering and at an
energy for inelastic scattering if the momentum transfer
low enough~where the impulse approximation fails!. The
nonlocal-exchange and electron-correlation corrections
be as large as'11%; they have recently been observed e
perimentally. The nonlocal-exchange correction tends to
more important for elastic scattering, and the electro
correlation correction tends to be more important for inel
tic scattering. In considering going beyond these results,
have discussed how the corrections can be expected to
have as a function of the atomic numberZ, and we have
discussed strategies for dealing with the regimes in which
composite scheme presented here breaks down.
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