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Recent high-precision experimental results for photon scattering from retft(accuracyhave indicated
that even present sophisticat8anatrix 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 th&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 betetv 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 numbds): 32.80.Cy

I. INTRODUCTION corrections obtained from results in simplé&inan S-matrix)
approximations.

The possibility of performing high-precision experiments  Here we briefly outline our methodology; for more details
using synchrotron sources has led to new experimental réee Sec. Il. We take the simplest models of Rayleigh and
sults which surpass the precision of currently available preCompton scattering to be the form-fact&iF) approximation
dicted results for photon-atom scatteriftj. This suggests and the impulse approximatioihA), respectively. By com-
the need for a careful consideration of the accuracy of th@aring results using different wave functions one can see the
present methods and tabulations, and the need to developeffects of nonlocal exchange, electron correlations, and using
method for improving on these results. In Rgf] it was ~ relativistic versus nonrelativistic wave functions. We speak
shown that for scattering from neon, for photon energies irPf dynamic effects as those obtained by going beyond the
the range 11—22 keV, a composite result derived by combinsimplest model to a full evaluation of the photon-electron
ing information from various present available results waghteraction Hamiltonian. The “simplest” predictions for
sufficient at the 1% levelwhereas any single result was scattering are defined as those obtained using the simplest
not). Here we consider this method more genera”y, for a||m0dels with nonrelativistic wave functions using local ex-
scattering angles and for photon energies in the range 1-10#ange. We regard the four effectdynamic, nonlocal-
keV for Rayleigh and Compton scattering from neon. We€exchange, electron-correlation, and relativistic effeatsin-
also discuss the inclusion of inelastic Raman scattering corflependent perturbative corrections to the “simplest”
tributions, when appropriate, as well as what can be expecteeredictions.
in elastic and inelastic scattering from other elements. How one obtains the best prediction for the Rayleigh or

The most sophisticated calculations available for describCompton scattering cross section from the corresponding
ing the dynamics of scattering a®matrix calculations, “simplest” result can be symbolically represented as
available both for the elastic Rayleii®,3] and the inelastic
Compton[4,5] scattering proces&@nd also useable for Ra- (d_‘T) :<d_‘r
man scattering6]). The approximations made in these cal- dQj . 1dQ
culations are mainly approximations in the atomic model,
which is described in terms of transitions in an independentwhere the summation is over all four correctioas (dy-
particle approximatior{IPA), using a self-consistent Dirac- namic, nonlocal-exchange, electron-correlation, and relativ-
Slater-type central potential. They therefore neglectstic effects. The present local relativisti&-matrix results
nonlocal-exchange effects and electron-correlation effectsshould be connected to the “simplest” results through
This is well known to cause serious problems in the region of
the atomic thresholds and strong anomalous scattering. How- ( d") _ (d_‘f)

S matrix

1+, 5i), 1)

) simples

(1+ 6dynamic+ 5re|ativistic)- (2)

ever, our concern is the significance of these neglected ef- dQ simplest

fects in the above-threshold region, where their importance is
less well appreciated. Short of(ull many-body-type cal-  Note that this equation can be inverted to deduce the sim-
culation that includes these effects in an intrinsic fashion, weplest results from the local relativistmatrix results.

show that it is possible in the above-threshold region to cor- We can of course take our starting point as the local rela-
rect theS-matrix results for the omitted nonlocal-exchangetivistic Smatrix calculations, in which case the best predic-
effects and electron-correlation effects witperturbativgé  tions are obtained as
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do do By analyzing the contributions of these four effects on
(d_Q) Z(d—Q) (14 noniocart Scorrelaion - (3)  scattering  (dynamic,  nonlocal-exchange,  electron-
S matrix correlation, and relativistic effegtsregarding them as inde-
pendent perturbative corrections to the “simplest” predic-

We de?’cf'be Eqs(.l)—(s") asa compqsﬂe approach o tions for the cross section in the above-threshold region, we
the description of scattering cross sections. As we will see

the assumption that the correctiofisare all small fails for Mmay correct any given resuit for the effects it QOes not in-
neon for elastic scattering below1 keV, and for inelastic clude. It should be noted that th_e currently _avallable results
: ’ : . _for scattering, described below, include various am@mng

scattering at low momentum transfers, so that in such situa- . .
tions the composite approach will not be valid not all of) these four effe_cts. In particular, our analysis shows
In the next section we discuss our methodé)logy in morehow to correct th&s-matrix results for the nonlocal-exchange
detail, and we outline the present methods and tabulation%nd electron-correlation effects they neglect, ar_md where this
' rocedure is valid. Note that even when starting from the

that are available. In Secs. Ill and IV we consider the elasti matrix results it will still be necessary to verify the small
Rayleigh and inelastic Compton scattering processes, respec- : L Y10\
. . . . . ness of the dynamic and relativistic corrections, even though
tively, with the correction factors; being given for scatter- : : ; >
. . X they are incorporated in tH®@matrix calculation, in order to
ing from atomic neon for all scattering angles and for photon > :

S stify the assumption that nonlocal-exchange and electron-
energies in the range 1-100 keV. In Sec. V we compare th . . . X

orrelation corrections can be estimated from the various

best predictions we now achieve for the cross sections wit

> . ;
other presently available cross sections. The behavior of thgrr;gl?zidtrz(;fLrl:z)sﬁ\llt\)lgarl?:sér;s;r?vé t;?(tj tQIZc?gr?-gcrrgg?icgnlsef-
corrections withz, and further effects, such as the inclusionf cts in the dvnamic terr;(s mag be nealected. Since manv of
of unresolved Raman scattering contributions, are consideret A2-p dy it yl tivi t'g 'f " y d
in Sec. VI, and conclusions are presented in Sec. VII. €/ -based resuts 259 nonre’ativistic wave trunctions, an

the separation of th&< term itself occurs in the nonrelativ-
istic approximation, we must also show that relativistic ef-
Il. CURRENTLY AVAILABLE METHODS AND THE fects are small, for the same reasorishe analysis also

COMPOSITE APPROACH serves to indicate the validity of other, perhaps simpler ap-
As mentioned in the preceding section, we take the Simprpximations, and to show circumstances in WhiCh. they
plest models of Rayleigh and Compton scattering to be thémght perfo”‘? better than the pre;t{uncorrectgbjSmatrlx
form-factor (FF) approximation and the impulse approxima- results, due in some cases (jmartia) cancellations among

tion (IA), respectively. These models are based onARe the corrections.

term of the nonrelativistic photon-electron interaction Hamil- . we W'” only can|der scattering cross sections that are
singly differential in the scattered photon angle. For elastic

best

tonian Rayleigh scattering the final photon energy is fixed, but for
2 inelastic Compton scattering there is a spectrum of final pho-

H=— £ p-A+ A2, (4 ton energies which must be integrated over to get the singly

mc 2mc differential cross section. We will integrate over a range that

includes all of the Compton peak, but not the infrared diver-
and both of them have the advantage that they depend ontyent region which is present for very low scattered photon
on the bound-state electron wave function and a single varienergies. We note that the ISF approximatiafich we use
able rather than energy and angle separafé@ye also has in estimating the Compton correction effectamits the in-
the inelastic-scattering-fact@iSF) approximation for Comp- frared terms and implicitly performs an integration over all
ton scattering, also based on tAé term] The “simplest”  scattered photon energiésince closure properties are uged
predictions for scattering are taken as being those obtaineticould not be used if we wished to discuss correction effects
using the simplest models with nonrelativistic wave func-in more-differential cross sections.
tions and using local exchang@ote that these “simplest” We now briefly review the current methods and tabula-
predictions may not be readily availablBy taking different  tions available to use for photon-atom scattering. More de-
choices for the wave functions, one sees the effects on theils, including discussions of experimental studies, can be
cross sections of nonlocal exchange, electron correlationsound in Ref.[2] for Rayleigh scattering and Reff7] for
and using relativistic versus nonrelativistic wave functions. Compton scattering.

Dynamic effects are those obtained by going beyond the The presen&matrix results for Rayleigh scattering,3]
simplest model to a full evaluation of the interaction Hamil- build on the earlier work of Johnson and Feiold and
tonian(4). Nonrelativistically, the FF corresponds to the ex- Brown et al. [9], and they have been compared extensively
act evaluation of thé? term in Eq.(4). Therefore, nonrela- with experiments in the above-threshold regime. The Ray-
tivistically the Rayleigh dynamic term is simply the leigh Smatrix calculation can be performed for photon en-
contribution of thep-A term in Eq. (4). While the 1A is  ergies as high as=5 MeV, though for outer subshells,
based on thé\? term, further approximations are made, sowhere the photon energy is much greater than the subshell
that it is not an exacA? calculation(and neither is the ISF  threshold energy, the simplgmodified form-factor ap-
The Compton dynamic term is therefore comprised of bottproximation is usually employed2]. The corresponding
the contribution of thep- A term and the difference between ComptonS-matrix calculatior{4,5] is more recent, following
the IA and the exact evaluation of t#¢ term. earlier attempts by Whittinghail0,11] and Wittwer[12]. It
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FIG. 1. Dynamic correction for Rayleigh scattering from neon. FIG. 2. Nonlocal-exchange correction for Rayleigh scattering
from neon.

will fail in the Compton peak region for energies large com-

pared to subshell binding energies. For the case of scatteringoached, where anomalous scattering is dominant. We
from neon, the Comptors-matrix calculation is generally therefore would not expect a perturbative composite scheme
available in the peak region for the energies considered onlyo yield very accurate results below 1 keV for neon, as it
for the innermost(K) shell, requiring the use of other ap- does not account for nonlocal-exchange and electron-
proximations to describe the-shell Compton peak, such as correlation effects in anomalous scattering, which can be im-
the 1A and the ISF approximation, or an ex#ctcalculation  portant there. For fixed energy the Rayleigh dynamic correc-
(as discussed in Reff7]). tion increases as a percentage effect on the cross sections

Many tabulations of FF’s are available, using nonrelativ-with increasing scattering angle in all cases. This is because
istic bound-state wave functions in a local central potentiathe anomalous contribution decreases more slowly with in-
[13], or nonlocal Hartree-Fock wave functiofis4], or also  creasing angle than the FF contribution, leading to the
including electron-correlation effects on wave functiphs]. anomalous terms accounting for more of the scattering cross
There are corresponding results using relativistic local Diracsection at larger scattering anglém fact, one often does
Fock-Slater[16] and nonlocal Dirac-Fock wave functions well taking the anomalous scattering factors to be completely
[17]. Of importance for higheZ atoms is the modified form angle-independerfi6].) We see that the dynamic effects are
factor (MFF) [16,18,19, which takes account of additional generally decreasing with increasing enetgg the anoma-
binding effects, needed to get the correct high-energy limit alous scattering factors are decreasing with engrgyugh
forward angle. For Compton scattering there are IA result@anomalous scattering can be important at high energy for
for the Compton profile, using both nonrelativisf@0] and  large scattering angles for high
relativistic [21] Hartree-Fock wave functions, and there are The FF-derived nonlocal-exchange correction for neon is
ISF results using nonrelativistic Hartree-Fock wave func-shown in Fig. 2, again for all scattering angles and for pho-
tions[14], or nonrelativistic correlated wave functiopks]. ton energies in the range 1-100 keV. This correction is ob-
tained by a comparison of the nonlocal relativistic FF's of
Hubbell and /@erbb[17] and FF'’s calculated in a local rela-
tivistic potential[16]. Since this correction is derived from

We consider in turn the four corrections to Rayleigh scat-FF’s, it depends only on momentum transfer rather than on
tering in neon: dynamic effects, nonlocal-exchange effectsgnergy and scattering angle separately. Therefore, the con-
electron-correlation effects beyond Hartree-Fock, and relatour lines in Fig. 2 are also contours of constant momentum
tivistic effects on the wave functions. Each is given as atransfer. The neon nonlocal-exchange correction is most im-
percentage correction to be applied to a cross section ngortant for the momentum transfer=0.56 A~!, being a
including that effectassuming them all to be linearly inde- —10% correction. It is of course small at low energies and
pendent perturbationsWe then discuss strategies for obtain- small scattering angledow momentum transfgr since in
ing the “best available” prediction for the Rayleigh- the FF approximation the forward amplitude is simply equal
scattering cross section. to —Z for any charge density.

In Fig. 1 the dynamic correction is shown for neon, for all  Note that for large momentum transfers the FF is deter-
scattering angles, and for photon energies in the range 1-100ined by the small distance behavior of thestate wave
keV. This is the correction to be applied to a FF-based cros&unctions (primarily the K-shell wave functiopn Therefore,
section to take account of dynamic effects. It was obtainedhe high-momentum-transfer limit can be understood in
by a comparison o&matrix results and results obtained us- terms of the ratios of the normalizations fstates evaluated
ing the FF approximation, with relativistic wave functions in using nonlocal and local exchangiee., using the Hartree-
the same atomic potential. The correction is getting large at Fock and Hartree-Fock-Slater approximatiprighese ratios
keV, as the region of the atomic thresholds is being aphave been investigated by Scofie[@2]. In the high-

Ill. ELASTIC RAYLEIGH SCATTERING
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TABLE I. Fye yrsare the sums ovesstates of the square of the
bound-state normalization for easlstate times the number of elec-
trons in eacts state, using nonlocal Hartree-Fock and local Hartree-
Fock-Slater wave functions, respectively, as described in the text
The high-momentum-transfer limit of the nonlocal Rayleigh correc-
tioN Snoniocalx»= (Far— Fard/F e, as described in the text.

—_

scattering angle (degrees

z Frr=2s statepeNEiF Frrs=2s stateQeN|2—|FS 5nonloca| X—

2 1.412 1.472 —7.9%

3 1.741 1.911 —17.0%

4 2.129 2.324 —16.2%

5 2.302 2.509 —15.8%

6 2.420 2605 —13.7% 1 10 20 30 40 50 60 70 80 90 100

7 2.504 2.664 —11.7% photon energy (keV)

g ;2(152 ;;gg :2?22 FIG. 3. Electron-correlation correction for Rayleigh scattering
from neon.

10 2.659 2.753 —6.7%

11 2.774 2.872 —6.7%

12 2.935 3.057 —7.9% correlation correction in neon is most important for the mo-

18 1.763 1.820 —6.3% mentum transfex=0.77 A~%, but it is still only~19%. It is

36 2.257 2.305 —41% of course small at low energies and small scattering angles

54 2.706 2.760 —3.9% (low momentum transfer as for the nonlocal-exchange cor-

rection, and it reaches a value=sf-0.2% for large momen-
tum transferddenoted by the shaded regjon
The relativistic correction for neon is shown in Fig. 4.

momentum-transfer limit the FF for amstate will be pro- Thi ion is obtained b . .
portional to the square of the normalizatidbhfor the state, is correction is obtained by comparing cross sections

and the total FF will be proportional to the sum over @il 0ased on FF's evaluated using relativigtid] and nonrela-
states of the square of easistate normalizatiol times the ~ tivistic [14] wave functions. Generally this effect is small,
number of electrons in that staten,, i.e., proportional to P€coming significant only at large momentum transfer.
F=3..uel.N2. (Nonrelativistically, states other thas We reiterate that one shqu_ld_not apply the dynam|c cor-
states do not contribute in the high-momentum-transfer limit"&ction of Fig. 1 and the relativistic correction of Fig. 4 to the
There are in fact relativistic corrections that only becomeR@yleigh Smatrix results, as both dynamic and relativistic
important for highZ.) Using the results of Scofiel®2], we effects are al_rea_dy included m_tha_t_calculatlon. Rather, _these
give in Table | for variousZ the quantitiesF e and Fpes corrections indicate the suitability of _ the FF-d_erlved
based on the Hartree-Fock and Hartree-Fock-Slater approxioniocal-exchange and electron-correlation corrections  of
mations, respectively. Since the FF is squared to give thE19S- 2 and 3, respectively. By the time the dynamic correc-

cross section, the high-momentum-transfer limit of thelion exceeds 10%below~1 keV in neon, the perturbative
nonlocal-exchange correction is given b§oniocalx .o FF-based estimate of nonlocal-exchange and electron-

correlation effects is in doubt.

=(F2.—F2.9/F2cs. This gives the high-momentum- _ . _ _
(Fhe Firg/Fiies J J The conclusion for elastic scattering from neon is that for

transfer limit of the nonlocal-exchange correction for neon as
—6.7%, which is being approached slowly. Generally this
limit is decreasing in magnitude as one goes to highdaut 180 3
it remains significant. The increase in magnitude as one goe g | |
fromZ=2 (—7.9%) toZ=3 (—17.0%) is due to the 2, :
contribution. These is a corresponding discernible, but less
evident, behavior as one goes ab&re 10, due to the 8;,,
contribution.
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shown in Fig. 3, again for all scattering angles and for pho- o o0 -

ton energies in the range 1-100 keV. This correction is ob-g
tained by a comparison of nonlocal nonrelativistic FFRd]
and configuration-interaction nonrelativistic FF'EL5]. 20 |
Therefore, these electron correlations are defined relative tc
the Hartree-Fock approximation, which includes the 1
nonlocal-exchange effect. As such, this electron-correlation
correction can only be meaningfully applied to a cross sec-

tion once the nonlocal-exchange correction is also included FIG. 4. Relativistic correction for Rayleigh scattering from
(unless it is already intrinsically includgedThe electron- neon.

scatterin
n
o
T

photon energy (keV)
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energies greater tham=1 keV, the use of FF-derived
nonlocal-exchange and electron-correlation corrections tc
Smatrix predictions is appropriate. These corrections have ¢g§
maximum magnitude of=10% and they persist in the high-
energy, large-scattering-angle reginith an asymptotic g
value~—7%). A comparison of Figs. 1-4 also explains why o
simple FF’s using local exchange can perform well, as Weg
see from the fact that there is a tendency for cancellationo
among the positive dynami@nd relativistig, negative non-
local exchange, and positive-and-negative electron-
correlation effects. At low energy dynamic effects are domi-
nant; at higher energies there are circumstances in whict
nonlocal-exchange effects are dominant. 1 10 20 30 40 50 60 70 80 90 100

photon energy (keV)

[0}
=
[=)]
[}
e

scatteri

IV. INELASTIC COMPTON SCATTERING L . . . .
FIG. 5. DynamicA? correction to impulse approximation for

As we have just done for Rayleigh scattering, we nowCompton scattering from neon.
consider in turn the four corrections to Compton scattering in
neon: dynamic effects, nonlocal-exchange effects, electrorsoming large enough that our assumption of linearly inde-
correlation effects beyond Hartree-Fock, and relativistic efpendent perturbations will not be valid. This, however, is a
fects on the wave functions. Each is given as a percentagegime in which Compton cross sections are becoming small.
correction to be applied to a cross section not including thatn Fig. 6 the dynami@- A correction is shown for neon, for
effect (assuming them all to be linearly independent pertur-all scattering angles, and for photon energies in the range
bations. As discussed in Sec. Il, the inelastic cross sectiorl—100 keV. For the energies considered here, Kkghell
we are considering is integrated over the spectrum of finatontribution dominategsince we are far enough above the
photon energies so as to include the entire contribution of thé-shell thresholds that thep- A contributions are small At
Compton peak, but with a low-energy cutoff so as to excluddarge energies thp- A dynamic correction is negligibléex-
the infrared divergent region seen in Compton scattering focept at very forward angles, but the net inelastic cross section
very low scattered photon energiésee Refs[4,23] for a  is small therg At sufficiently low energies€£2 keV), the
discussion of this effett Note that these low-energy contri- effect is also small as inelastic scattering from khehell is
butions are due nonrelativistically to the A term—in the  kinematically forbidden. In the intermediate regime the
A? approximation(or approximations based on ti¢ term) p-A contribution can matter at the few-tenths-of-a-percent
the scattering cross-section differential in the final photorlevel.
energy becomes negligible away from the peak region. The IA-derived nonlocal-exchange correction for neon is
Therefore, the only correction that will be sensitive to theshown in Fig. 7, again for all scattering angles and for pho-
low-energy cutoff employedassuming it is sufficiently low ton energies in the range 1-100 keV. Within IA one defines
to include the whole of the Compton peak regianill be the  the Compton profile for the atom, which is related to the
contribution of thep- A term to the dynamic Compton cor- differential (in scattered photon energy and angleelastic
rection. We note that relativistic effects are generally negli-scattering cross section. This is then integrated over the spec-
gible for Compton scattering for this lo&-element, so we trum of final photon energies, including the whole of the

do not include a graph of them. Compton peak, in order to get the inelastic scattering cross
The Compton dynamic correction is composed of two

terms which behave very differentlyi) the difference be- 180

tween an exachA? calculation and the result obtained using 160 | -

IA, and (ii) the contribution of thep- A term. We will sepa- g 10 L[l |

rately consider the contributions from &t calculation be- % I

yond IA and thep- A contributions to the net dynamic Comp- .8 20 || I

ton correction. We find that the dominant contribution is g 100 | X 0% 1

given by the difference between IA and an exAétcalcu- 2 80 L i

lation. Thep- A term is most important for thi€ shell, which g o

still only contributes at the<1% level, and it vanishes at % 0 s 1

large momentum transfers and also at sufficiently low ener-£ 40
gies, where theK shell does not contribute to inelastic @ o |
Compton scattering due to its large binding energy. In Fig. 5
the dynamicA? correction to IA is shown for neon, for all 1 10 20 30 40 50 60 70 80 90 100
scattering angles, and for photon energies in the range 1-10
keV. At large momentum transfers this correction is small,
and the IA is expected to be valid. The correction steadily FIG. 6. Dynamicp- A correction for Compton scattering from
increases with decreasing momentum transfer, eventually beeon.

photon energy (keV)
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tion can only be meaningfully applied to a cross section once
the nonlocal-exchange correction has been includedkess
it is already intrinsically included The electron-correlation
correction in neon is most important for the momentum
transferx=0.24 A1, being ~—11%. However, as one
goes to low momentum transfers, the Compton cross section
itself is becoming small, so these effects will not be so im-
portant in total scattering cross sections, which will be domi-
nated by elastic scattering. The electron-correlation correc-
tion to the inelastic cross section becomes unimportant at
large momentum transfers, being a one-tenth-of-a-percent or
less effect for momentum transfexs=3.0 A~ or larger.
1 10 20 30 40 50 60 70 80 90 100 As mentioned already, the relativistic correction to the
inelastic scattering cross section is generally small, being a
one-tenth-of-a-percent or less effect in cross sections for mo-
FIG. 7. Nonlocal-exchange correction for Compton scatteringmentum transferg~0.1 A~1 or larger. At smaller momen-
from neon. tum transfers it can be larger, but this is the regime in which
the inelastic cross section is becoming small, and the as-
section singly differential in the scattered photon angle thasumption of linearly independent perturbations is no longer
we consider here. The nonlocal-exchange correction is ob«alid.
tained here by a comparison of the Compton profile evalu- The conclusion for inelastic scattering from neon is that
ated using relativistic Dirac-Hartree-Fock wave functionsthe use of nonlocal-exchange and electron-correlation correc-
[24] with the corresponding Compton profile evaluated usingions (derived within the IA and the ISF approximatjoto
local exchange. Converse to the situation for elastic scatte&matrix predictions is appropriate for momentum transfers
ing, for inelastic scattering the nonlocal-exchange correctioh@rge enough that the dynamic Compton correction can be
is generally unimportant, giving contributions df1% or  considered a perturbative effect. The nonlocal-exchange and
less, though it is larger at low momentum transfexhere  €lectron-correlation corrections together have a maximum
the Compton cross section is becoming sindlhe nonlocal- magnitude of~11% and vanish in the high-energy, large-
exchange correction vanishes at high momentum transfer§cattering-angle regim@s inelastic scattering becomes more
being a tenth-of-a-percent or less effect for momentum transand more like scattering from a free electroAt low mo-
fersx~1.3 A~ or larger. mentum transfersincluding the forward direction at all en-
The ISF-derived electron-correlation correction for neonergies the 1A and the ISF approximation fail, as does this
is shown in Fig. 8, again for all scattering angles and forcomposite approach, since the assumption of independent
photon energies in the range 1-100 keV. Again, converse tgerturbations is no Ionger valid. However, in this regime the
elastic scattering, the electron-correlation correction can bgross section for inelastic scattering itself is becoming small
important in inelastic scattering. This correction is obtainedn comparison with the cross section for elastic scattering.
by a comparison of nonrelativistic Hartree-Fock ISFi<l]
and configuration-interaction nonrelativistic 1SFEL5].
Therefore, electron correlations are being defined relative to
the Hartree-Fock approximation, which already includes [|n Table Il we compare our “best” predictions for the
nonlocal exchange. As such, the electron-correlation correclastic Rayleigh and inelastic Compton cross sections with
local IPA S'matrix results and results based on the tabulation
180 T —— - - - - - of Hubbell et al. [14], which gives nonrelativistic Hartree-

scattering angle (degrees)

photon energy (keV)

V. CROSS SECTIONS

160 Fock FF's and ISF’s. Cross sections are given for five ener-
A 146 gies (1.486 keV, 5.415 keV, 11.22 keV, 27.47 keV, and
%’, 59.54 keVf and four angle¢0°, 45°, 90°, and.80°), which
g 10 are sufficient to indicate the general trends. We note that in
@ 100 all results for elastic scattering we include the contribution of
g 80 the coherent nuclear Thomson amplitude for elastic scatter-
= ing off the nucleus, which can matter at the 1% level for
= : large momentum transfefsee also Refl25] regarding our
§ 40 £\ usage of the tabulation in RefL4]).
2 5 The first thing to note from Table Il are the regimes of

5 dominance of the elastic and inelastic processes, seen hy

1 10 20 30 40 50 60 70 méo 90 100 comparing the orders of magnitude of the Rayleigh results
photon energy (keV) (columns 3-5 vyith those pf the Compton resgl(solumns

6—98) for the various energies and angles considered. Clearly,

FIG. 8. Electron-correlation correction for Compton scatteringRayleigh scattering is dominant at the lower energies at all

from neon. angles, as well as at forward angle for higher energies, where
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TABLE Il. Comparison of the compositées) predictions for the cross sections of elastic and inelastic

scattering from neon with local IP&matrix predictions and with predictions based on nonlocal nonrelativ-

istic FF's and ISF's, as described in the text. The deviations from the “best” predictions are shown in

parentheses. For inelastic scattering at 0° the composite scheme breaks down, and the |&alalifiA

prediction is intended to give only the order of magnitude.

Energy Angle Elastic Rayleigtmbarns/sy Inelastic Comptorimbarns/sy
(keV) (degrees Best S matrix Hubbell Best S matrix Hubbell
1.486 0 8528 85280%) 7945 (—6.8%) 0.1 0
1.486 45 6225 62310.1% 5789 (—7.0%) 7.34 8.7719.5% 10.98(49.6%
1.486 90 3879 39060.7% 3605 (—7.1%) 17.06 19.0611.7% 23.63(38.5%
1.486 180 7099 7186L.2%) 6568 (—7.5%) 64.97 71.8710.6% 87.95(35.4%
5.415 0 8241 82410%) 7945 (—3.6%) 2.6 0
5.415 45 4332  443802.4% 4169 (—3.8%) 92.60 103.011.2% 115.1(24.3%
5.415 90 1475 15746.7%) 1399 (—5.2%) 143.4 158.310.4% 170.9(19.2%
5.415 180 1500 16480.7% 1384 (—7.7%) 402.0 429.96.9%) 461.1(14.7%
11.22 0 8039 80390%) 7945 (—1.2%) 0.9 0
11.22 45 1737 18727.8% 1709 (—1.6%) 250.1 273.99.5% 290.9(16.3%
11.22 90 270.4 301.811.69%9 261.7 (—3.2%) 271.0 277.72.5% 286.1(5.6%
11.22 180 255.3 272.86.9% 242.7 (—4.9%) 590.9 593.30.4% 606.9(2.7%)
27.47 0 7957 79570%) 7945 (—0.2%) 0.4 0
27.47 45 205.4 221.88.0% 205.6(0.1% 465.6 464.2 (0.3%) 473.51.7%
27.47 90 55.84 56.401.0% 55.25 (—1.1%) 323.6 324.20.2%  329.1(1.7%
27.47 180 53.77 54.7Q.7% 52.82 (—1.8%) 617.1 619.Q0.3%) 627.1(1.6%
59.54 0 7940 79400%) 7945(0.1% 0.3 0
59.54 45 61.77 62.461.1% 61.98(0.3% 522.3 523.30.2% 524.3(0.4%
59.54 90 5.661 5.86(B.5% 5.639 (—0.4%) 318.7 319.30.2% 320.0(0.4%
59.54 180 1.964 2.05#.8%) 1.930 (—-1.7%) 529.9 530.40.1% 533.2(0.6%

Compton scattering is suppressed. At the higher energigirely due to the neglect of dynamic effec¢tnce relativistic
Compton scattering dominates at finite angle. We note that atffects are unimportant at the lower energieausing Hub-
forward angle ¢=0°) our composite approach for inelastic bell et al.[14] to underestimate the cross section. Looking at
Compton scattering breaks down completely, since thdorward angle, this effect is seen to drop off with increasing
Compton cross section vanishes at forward angle in the l&nergy, as the dynamic terms become less important com-
and the ISF approximation, so that Compton scattering bepared to the constant forward-angle FF contribution. At a
comes an entirely dynamic effe¢as we have defined)it given energy, however, the neglected dynamic terms become
Therefore, we only give the local IP&matrix predictions more important with increasing angle, as the FF drops off
for Compton scattering at forward angle, which are seen tdaster than the anomalous terms. Therefore, the deviation of
be small both in comparison to the corresponding RayleigiHubbell et al. [14] increases with increasing angle for fixed
cross section and to the Compton cross section at finitenergy, as seen in Table Il. At higher energies in this bw-
angle. element the dynamic correction is becoming unimportant.
Concentrating on the elastic Rayleigh cross sectionk Turning now to the inelastic Compton cross secti@t-
umns 3-5, we consider the deviatiorigiven in parentheses umns 6—8, we again consider the deviatiofgiven in pa-
in the table of the local IPAS-matrix resultscolumn 4 and  rentheses in the tablef the local IPAS-matrix results(col-
the results of Hubbekt al.[14] (column 5 from our “best” umn 7) and the results of Hubbedlt al.[14] (column § from
predictions(column 3. The differences between the local our “best” predictions(column 6. The differences between
IPA Smatrix results and the “best” results are due to the local IPAS-matrix results and the “best” results are due
nonlocal-exchange and electron-correlation effects, the mosbd nonlocal-exchange and electron-correlation effects, with
important of which is nonlocal exchange. Therefore, the dethe nonlocal-exchange correction being important only at the
viations in this case can be almost completely ascribed to thimwest energies or angles. Otherwise the deviations in this
momentum-transfer-dependent nonlocal-exchange correctiartase can be almost completely ascribed to the momentum-
of Fig. 2, which gives rise to a maximum deviation of transfer-dependent electron-correlation correction of Fig. 8,
~10%, and a deviation at the highest energy=d&%. The  which gives rise to a maximum deviation 6f11%. We
differences between Hubbedt al. [14] and the “best” re- should note that at the lower energies the dynamic Compton
sults can be understood at the lower energies as being enerrections are sufficiently large that our assumptions of lin-
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early independent corrections are breaking down. Both théetector energy resolution, so that the two peaks overlap sig-
nonlocal-exchange and the electron-correlation correctionsificantly. In this situation one is observing the total of elas-
are becoming small for large momentum transfers, and théic and inelastic scattering, in which elastic scattering tends
local IPA Smatrix and “best” results are seen to be in good to be dominant, and one may focus on its proper treatment.
agreement at the higher energies for finite angle. The devia- | et us now discuss the expected behavior of our four
tion of Hubbellet al. [14] from the “best” result is essen- corrections as a function a. While there were sufficient
tially due to the dynamic Compton correction. This correc-resylts available for neon in the various approximations to
tion is getting large for low momentum transfers, as seen foestimate these corrections, this is not the case foZ.afor
the lower energies and for 11.22 keV f6r=45°, and itis  example, some tabulations are restricted to Bbwlements
entirely responsible for thésmal) finite cross sections at (e g., form factors and inelastic scattering factors in Ref.
forward angle. At larger momentum transfers Huble¢lel.  [15]), or a switch is made to using local exchange without
[14] gets better and better, as seen for the higher energies gfectron correlations for hig- elements(e.g., Compton
finite angle. We finally note that the ISF result of Hubbell profiles in Ref.[20]), so that there are less data available
etal. [14] is a complicated result from our perspective; it for determining the corresponding corrections for hgjh-
includes excitation channels.e., Raman scattering, which glements.
we discuss in the next sectipas well as ionizatior(since In going to higheiZ, one has many more electrons that are
the closure properties used in its derivation involve transiqmore loosely bound. At a given fairly high energy the dy-
tions to all final statgs and the final photon energy is ap- namic effects associated with these electrons are small in
proximated by the initial photon energy, thus allowing clo- comparison with those for inner-shell electrons. In the elastic
sure to be invoked. See Ref§,14,2( for discussions of the  Rayleigh case, cross sections will be well described using the
approximations made in the IA and the ISF approximation. (modified form-factor approximation, and in the inelastic
Compton case most cross sections will be well described
using the (relativistic) impulse approximation. Therefore,
one can expect dynamic effects on total cross sections to be
We now discuss three further issuéig:additional aspects smaller. An exception to this is large-angle, high-energy
of the observed cross sections, such as the inclusion of R&lastic scattering from higl-atoms, where dynamic effects
man scattering(ii) the expected behavior with of the cor-  dominate the whole-atom form factor, and a dynamic treat-
rections for different atoms, an(ii) strategies for dealing ment is necessary.
with the regimes where our approach breaks down. Nonlocal-exchange and electron-correlation effects are
In making predictions to compare with an observationexpected to be generally important for I&velements, as
made to a precision of 1% or better, one must ensure thdtas been seen here for neon. This is clearly the case for the
one compares with what is actually being observed, whiclnonlocal-exchange correction, as seen from Table I, which
will in general depend on the resolution in energy. An ex-gives the high-momentum-transfer limit of this correction for
ample is the measurement of ratios of elastic to inelasti@lastic scattering from various Generally these corrections
scattering in neon, and ratios of total scattering in neon tovill be less important for highez, and this feature is ex-
that in helium, as given in Refl]. Observed cross sections ploited in tabulations which switch to using local exchange
may include Raman scattering as well as Rayleigh or Compwithout electron correlations for high. But note that such
ton scattering. Raman scattering predictions based oAthe effects remain of some significance at the level of precision
term of the photon interaction Hamiltoni&#) using nonrel- we have been discussing.
ativistic Coulombic wave functions have been given by Relativistic corrections were seen to be generally of little
Schnaid{{26], and one can also perform local IPAmatrix  importance in the lowZ case under consideration here,
calculationg 6], as for Rayleigh and Compton scattering. In though they will become increasingly important with in-
the experiment1] the energy resolution was such that Ra-creasingZ. However, since th&matrix calculations are rela-
man scattering from thk shell was included with the elastic tivistic, and tabulations for higlz- elements tend to use the
scattering, while Raman scattering from tkeshell was in-  relativistic approach, one can simply begin from the relativ-
cluded with the inelastic scattering. Consequently, it wagstic standpoint, in which case relativistic effects are no
necessary to include estimates of the Raman cross sectiodgnger regarded as a perturbation, but are intrinsically in-
though they were found to be smé&ind so for Raman scat- cluded in all results. In performing a perturbative analysis of
tering it is not necessary to consider the perturbative effectsnonlocal-exchange, electron-correlation, and dynamic effects
Note that since the inelastic ISF result of Hubkedllal. [14]  without treating relativistic effects as a perturbation, for elas-
includes both ionization and excitation, one would have tatic Rayleigh scattering it might be preferable to use the
subtract out the.-shell Raman scattering contributigand  modified form factor rather than the ordinary relativistic
combine it with the elastic cross sectjoio properly com-  form factor(as it corresponds to the correct high-energy limit
pare with the quantities observed in REf]. A second ex- for forward-angle scatterinfl6]), and to then redefine the
ample of resolution issues is in measurements at sufficientlglynamic correction with reference to the modified form fac-
low energies, where it becomes difficult to distinguish elastidor. For inelastic Compton scattering one would use the rela-
scattering from inelastic scattering. The separation of thdivistic impulse approximation of Ribberfof27]. We note,
elastic and inelastic peaks becomes comparable with theowever, that tabulations of results using such approxima-
width of the observed elastic peak, which is determined bytions with and without nonlocal exchange and electron cor-

VI. FURTHER ISSUES
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relations, which would be required to estimate the perturbaexchange effects from a knowledge of the nonlocal-exchange
tive corrections, are not generally available, so neweffects in the bound-state normalizations, regarded as a per-

calculations would be necessary. turbation to the nuclear-Coulombic results.
Finally, we mention possible strategies one can imagine
using in the situations where our composite approach breaks VIl. CONCLUSIONS

down. We identify three such situations.

(1) For inelastic scattering the composite approach breakisor elastic and inelastic photon-atom scattering cross sections
down for sufficiently low momentum transfers, as the im- P 9

pulse and inelastic-scattering-factor approximations fail in&r;]tglgerag[ggtr?gjtriofr']nagf F;Ece)t%]oﬁwn?gese;?wisicho ;?glued; the
this limit, leading to large dynamic corrections. However, as . 0 P P .
seen here for neon, this is also the regime where the Com ected to be valid at the 1% level. With this procedure one

ton cross section is suppressed, so this region is not so mu&i" apply corrections to existing local independent-particle-

of a concern. In these regimes it is elastic scattering that jgPproximation Smatrix results, o include the nonlocal-
most important, and which needs a careful treatment, exchange and electron-correlation effects they neglect. The

(i) The composite approach breaks down for elastic sca corrections are estimated from results using the form-factor

tering as one approaches the region of the atomic threshold@PProximation for elastic scattering, and using the impulse

where anomalous scattering becomes large. In this casaehd inelastic-scattering-factor approximations for inelastic

form-factor-based corrections to the cross section are not e%iigz::ng'z;;‘ ddgggrghrféoc;?;;ﬁoa:]s:?frené?sg égavtvéneagznlr?aczli_c
pected to be valid. In particular, correlations will be impor- 9 ' y

tant for the anomalous amplitudes, even influencing the pogggtreLii';’:;g%\gfigtrsrégﬁgnze 'Ir'ﬁge?gd:?eise “i?nes:)\//vwedrzp'?hri;
sitions of thresholds and resonances. However, the situatio% P ’ 9

in which a subshell anomalous amplitude is lagher than ~ 25sumption is not valid: for low enough energies near thresh-
the large-scattering-angle high-energy higtsituation dis- olds for elastic scattering where dynamic effects in Rayleigh
cussed belois also the regime in which the electric dipole scattering are big, also at high energies and large angles in

anomalous amplitudes dominate  the higher-multipoleh'gh'zelements’ and for low momentum transfers for inelas-

anomalous contributions. Further, one expects that correl;%;: lzcrateteélgr% VtV:r?:je i\h;rrigpeuflf?aitngsr%:emr?;\?;c];zlflisr{elgatﬂg]r%
tions will be most important in the low-energy electric dipole 9 P y :

. - - - In h regim r cComposi r re will n valid.
anomalous amplitudg28]. Therefore, one can imagine sim- such regimes our composite procedure ot be valid

- : - Explicit results have been given for scattering from
ply replacing the(angle-independepinonrelativistic nonre .atomic neon, in the form of corrections to the cross sections,

tarded anomalous electric dipole amplitude components i or all scattering angles and for photon energies in the range
the Smatrix calculations with better nonrelativistic nonre- :
—100 keV (the K-shell threshold for neon is=870 eV).

tarded dipole amplitudes which include nonlocal exchang ur procedure is not expected to be valid for neon for photon
and electron correlations. These could be obtained utilizin pr P ; . P
nergies below=1 keV for elastic scattering and at any

dispersion relations and the optical theorem to obtain th ; : L .
amplitude from photoeffect data, which includes nonlocal€neray for inelastic scattering if the momentum transfer is
' low enough(where the impulse approximation failsThe

exchange and electron correlations. Higher-multipole ampli-nonlocal exchange and electron-correlation corrections can
tudes from the usu&@-matrix approach would be retainéas 9

R i N 04" -
well as relativistic and retardation components of the dlpoIé)e as large as-11%; they have recently been_ observed ex
amplitudes, as is also necessary to obtain the correct highperlme'ntally. The nonloca!-exchangg correction tends to be
energy limit more important for elastic scattering, and the electron-

(iil) For large-angle scattering from high-elements at correlation correction tends to be more important for inelas-
ic scattering. In considering going beyond these results, we

high energies, dynamic effects in elastic scattering ar&%I . .
known to be largg16]. Therefore, in this regime a dynamic ave discussed .hOW the corrections can be expected to be-
! have as a function of the atomic numhérand we have

calculation of elastic scattering, as in tBenatrix approach, . d strateqies for deali “hth ) i which th
is necessary. One can anticipate that further effects of norglscusse strategies for dealing wi € regimes in which the
LLomposite scheme presented here breaks down.

local exchange and electron correlation are small here,
elastic scattering is close to nuclear-Coulombic in nature
[29], though nonlocal-exchange effects may still be signifi-
cant at the few percent level, based on the trends seen in This work was supported in part by the National Science
Table | for the bound-state normalizations. One could, thereFoundation under Grant Nos. PHY-9601752 and PHY-
fore, imagine correcting th&matrix results for nonlocal- 9970293.

We have shown how one can produce composite results
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