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Compton scattering beyond the impulse approximation
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~Received 10 April 2003; revised manuscript received 1 October 2003; published 10 December 2003!

We treat the nonrelativistic Compton scattering process in which an incoming photon scatters from an
N-electron many-body state to yield an outgoing photon and a recoil electron, without invoking the commonly
used frameworks of either the impulse approximation~IA ! or the independent particle model~IPM!. An
expression for the associated triple differential scattering cross section is obtained in terms of Dyson orbitals,
which give the overlap amplitudes between theN-electron initial state and the (N21) electron singly ionized
quantum states of the target. We show how in the high-energy transfer regime, one can recover from our
general formalism the standard IA based formula for the cross section which involves the ground-state electron
momentum density of the initial state. Our formalism will permit the analysis and interpretation of electronic
transitions in correlated electron systems via inelastic x-ray scattering spectroscopy beyond the constraints of
the IA and the IPM.

DOI: 10.1103/PhysRevB.68.235104 PACS number~s!: 71.10.Ca, 78.70.Ck, 31.25.Eb
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I. INTRODUCTION

Compton scattering is unique among spectroscopic te
niques in that it allows direct experimental access to
ground-state electron momentum density~EMD! r(p) of the
target many-body system.1,2 Recent high-resolution Compto
scattering studies using synchrotron light sources have
vealed interesting electron correlation effects in a numbe
materials.3–12 The experimental work has been concentra
largely on the measurement of the double differential scat
ing cross section~for detecting energy transfer and sol
angle of the outgoing photon!, which yields the so-called
Compton profile~CP! related to the two-dimensional~2D!
integral of the EMD,

J~pz!5E E r~p!dpxdpy , ~1!

or equivalently a one-dimensional projection of the EM
along the direction of the scattering vectorpz of the incident
photon.

Form~1! which is used in much of the existing analysis
CP’s is obtained within the framework of the impulse a
proximation ~IA !.13,14 The fundamental scattering proce
considered in the IA is the scattering of a photon from
collection of free electrons. The IA is expected to be va
when the energy transferred in the scattering process is m
larger than the binding energy of the electronic states
volved. By its very nature, Eq.~1! lacks a systematic way o
taking account of deviations from the IA.

With this motivation, our purpose in this paper is to co
sider the general scattering event in which the incoming p
ton is scattered from a bound many-electron system.
evaluate the resulting partial triple differential scatteri
cross section rigorously in terms of the so-called Dyson
bitals, which involve overlap of theN-body initial state wave
function with the (N21) body wave function of the singly
ionized final state with an ejected electron. The physica
relevant triple differential scattering cross section is then
0163-1829/2003/68~23!/235104~7!/$20.00 68 2351
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tained by summing over final~ionic! states and the step
necessary to recover the IA are clarified. By going beyo
the IA, our study provides a systematic scheme for und
standing electronic structure and correlation effects via
elastic x-ray scattering~IXS!, away from the deeply inelastic
regime.

In this connection, it is important to recognize that t
standard Compton scattering experiment does not involve
measurement of the kinematics of the outgoing~recoil! elec-
tron. This is the reason for the appearance of the 2D inte
and the concomitant loss of information aboutr(p) in Eq.
~1!. As was pointed out first by Kaplan and Yudin15 on the
basis of their theoretical studies16 of Compton scattering on
bound electrons of light atoms and molecules, the full thr
dimensional~3D! EMD can be determined if the characte
istics of the scattered photon and the ejected electron
measured in coincidence. The authors15,16 have also shown
that, if the ejected electrons are selected by energy, the E
associated with individual electronic states can in princi
be obtained. We note that the EMD can also be probed
rectly via (e,2e) experiments in which an incident electro
of well-defined energy is scattered from the target and
kinematics of both the scattered and the recoil electron
measured.17–20

Although coincidence experiments were undertaken q
early,21,22results for 3D EMD were first reported by Bell an
collaborators;23–28 see also related work of Itoh an
collaborators.29,30Since the cross section for an incident ph
ton to scatter into an outgoing electron and a photon is m
sured, such a measurement is often referred to as a (g,eg)
experiment. From a formal viewpoint, the (g,eg) experi-
ment provides a measurement of the triple differential sc
tering cross section, for which we present in this pape
rigorous many-body expression .

For interpreting experimental CP’s using the IA based f
mula~1!, actual computations in the literature largely empl
the independent particle model~IPM!. The many-electron
wave function underlying the IPM is built from Slater dete
minants of single-electron orbitals obtained usually via un
stricted Hartree-Fock approach or various versions of
©2003 The American Physical Society04-1



in
e
t o
n
in
v
b

e
th

ct
c

n
h-
n-
h
er
ow
L

at

d
tio

od

ry
n
in
tio
r-
ro
g

ro

on

-

rg
ch

tion

ion
ter-
rious
sion
ore

-
f
he

lso
in

n,
-

ing
ing
and

-
d

I. G. KAPLAN, B. BARBIELLINI, AND A. BANSIL PHYSICAL REVIEW B 68, 235104 ~2003!
density-functional theory~DFT!. With a growing interest in
applying IXS for investigating electronic transitions
highly correlated systems using synchrotron light sourc
we should keep in mind that one will need to take accoun
deviations not only from the IA but also from the IPM. Eve
in the relatively simple case of Li, substantial deviations
the EMD predicted by the local-density approximation ha
been implicated in explaining the observed discrepancies
tween the computed and measured CP’s.31

Concerning other relevant literature related to the issu
going beyond the IA, several studies have considered
accuracy of the IA in describing core Compton profiles,32–39

including work on hydrogenic orbitals,32–36 and studies
within the Hartree-Fock38 as well as the DFT framework.39 A
general method for introducing final-state-interaction effe
has been discussed by Sears40 in the context of deep-inelasti
neutron scattering. This work also discusses the Bjo¨rken-
scaling andy-scaling properties of the IA which have bee
particularly useful in particle physics. Recently, hig
resolution valence CP’s of Li at a relatively low photon e
ergy of 8-9 KeV were considered in Refs. 41 and 42. T
observed asymmetries in shape and smearing of the F
surface features in the CP’s were attributed to the breakd
of the IA. It is further shown that these discrepancies in
can be understood in terms of a finite width of the final st
spectral function.43 To our knowledge, all previous work
concerning the breakdown of the IA has been dedicate
understanding the double differential scattering cross sec
The present study focuses on the elementary (g,eg) scatter-
ing process and provides a clearer picture of the many-b
effects and their connection with the IA and the IPM.

An outline of this paper is as follows. These introducto
remarks are followed in Sec. II A with a rigorous treatme
of the partial triple differential scattering cross section
terms of Dyson orbitals. Section II B addresses the ques
of summing over final states to obtain the total triple diffe
ential cross section and how it reduces to the IA result p
portional to the EMD. Section III makes a few concludin
remarks.

II. GENERAL EXPRESSIONS FOR TRIPLE
DIFFERENTIAL SCATTERING CROSS SECTION

A. Partial triple differential cross section

We consider the nonrelativistic elementary scattering p
cess in which the incoming photon of energyv1 ~here and
throughout this paper, natural units,\5c51, are assumed
implicitly ! and momentumk1 scatters from theN-electron
many-body ground state of the solid~or molecule! with en-
ergy E0(N). The final state consists of an outgoing phot
with energyv2 and momentumk2; the (N21) electron ion-
ized state of the solid~or molecule! characterized by quan
tum numbern and energyEn(N21); a recoil electron car-
rying kinetic energyEe

(n) and momentumpn . We assume
that the momentum transferred to the ionic system isq and
the associated kinetic energy is neglected given the la
mass of the target. The scattering process is illustrated s
matically in Fig. 1~a!. The total momentumk transferred
through the scattering of the photon is
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k5k12k25q1pn , ~2!

where the second equality gives the momentum-conserva
condition, which is shown also in Fig. 1~b!.44

Care is needed in formulating the energy-conservat
condition. In the standard treatment of the Compton scat
ing process, one assumes independent electrons with va
one-particle energies. However, the preceding discus
makes it clear that the general interacting system is m
naturally characterized via the quantum numbern of the ion-
ized target. Therefore the relevant binding energyEb

(n) is

Eb
(n)5En~N21!2E0~N! ~3!

in terms of the ground-state energy of theN-particle system
and that of the (N21) particle ionized target. In the one
particle approximation,Eb

(n) will correspond to the energy o
the orbital from which the outgoing electron is ejected. T
energy conservation then yields

v12v25Eb
(n)1Ee

(n) . ~4!

In addition to energy and momentum, the total spin is a
conserved in the scattering process. If the target is initially
a S50 state, then the final state will also be a singlet.

As shown in Ref. 14, in the high-energy transfer regio
where v12v2@Eb

(n) , the interaction between the electro
magnetic field and the target can be approximated by45

Vint5
e2

2mc2
A2, ~5!

FIG. 1. ~a! Schematic diagram of the elementary scatter
event involved in the Compton scattering process. The incom
photon scatters from the target to produce an outgoing photon
an electron and leaves the singly ionized target~not shown! in a
definite quantum state denoted by indexn. The notation for kine-
matic variables is obvious.~b! Momentum conservation in the pro
cess of~a!, whereq is the momentum transferred to the ionize
target.
4-2



tia

a
d
ep
n

fs
t

io
al

in
-

te
-
o

n

on
io
tio
o

s
fin

-

n
t

ole
the

pin

e

the
tem.
ne-
-

cu-
st

ot

for
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whereA is the vector potential of the field. Using this form
of the interaction, the expression for the double-differen
Compton scattering cross section in the IA was obtained
Ref. 14. The IA corresponds in effect to modeling the sc
tering process as an elastic collision between a photon an
electron of a particular momentum with the target being r
resented by a distribution of such independent electro
states.

More relevant for our purposes is the treatment of Re
15 and 16. These authors obtain the cross section for
elementary Compton scattering process~in which the ion is
left behind in a specific quantum state! from a many-body
molecular system in the nonrelativisticA2 approximation of
Eq. ~5!. It is natural to refer to such a cross section as
partial triple differential scattering cross section~PTDSC!,
since the total triple differential scattering cross sect
~TTDSC! is obtained by summing the PTDSC over fin
states~see Sec. II B!. The expression for the PTDSC is15,16

d3sn

dv2dV2dVe
5

r 0
2

2
~11cos2u!

v2

v1
uM (n)u2

3d~v12v22Eb
(n)2Ee

(n)!, ~6!

where thed-function reflects the energy-conservation law
Compton scattering,r 05e2/mc2 is the classical electron ra
dius,u is the scattering angle, and

M (n)5K C f
(n)~x1 , . . . ,xN!U(

n51

N

exp~ ikr n!UC i~x1 , . . . ,xN!L
~7!

is the transition matrix element calculated withN-electron
wave functions of initial and final states of the target. No
that expression~6! for the PTDSC assumes an implicit sum
mation over the vibrational states within the framework
the Born-Oppenheimer approximation;16,46 in any event, it
will be difficult to resolve vibrational levels in the Compto
scattering regime.

The antisymmetry of the many-electron wave functi
implies that the contribution from each term in express
~7! is the same. Therefore, we may replace the summa
overn by the last term, which corresponds to the ejection
the Nth electron, yielding

M (n)5N^C f
(n)~x1 , . . . ,xN!uexp~ ikr N!uC i~x1 , . . . ,xN!&.

~8!

We assume now that the initial state possesses a total
S50, as is the case in most nonmagnetic materials. The
state will then be a singlet state~due to spin conservation in
the Compton scattering process! and the associated antisym
metric singlet wave function can be represented as47

C f
(n)~x1 , . . . ,xN!5Â 1

A2
@Cna~x1 , . . . ,xN21!cpb~xN!

2Cnb~x1 , . . . ,xN21!cpa~xN!#. ~9!

Here cps(xN) is the wave function of the ejected electro
with momentumpn and spin projections that can accep
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only two values:s51/2 denoted bya ands521/2 by b.
Cna and Cnb are the two doublet components of the (N
21)-electron ionic wave function in thenth quantum state
~in the one-electron picture, this describes an ion with a h
in the nth shell!. The ionic states are the eigenstates of
(N21)-electron Hamiltonian.Â is an antisymmetrization
operator given by

Â5
1

AN
S 12 (

n51

N21

PnND , ~10!

where the permutationPnN transposes the ejectedNth elec-
tron with thenth electron in the ion.

Substituting the final state wave function~9! into Eq. ~8!
and invoking the condition of strong orthogonality

^@Cna~x1 , . . . ,xN21!cpb~xN!

2Cnb~x1 , . . . ,xN21!cpa~xN!#uC i~x1 , . . . ,xN!&50

~11!

for all i, we obtain

M (n)5AN

2
^@Cna~x1 , . . . ,xN21!cpb~xN!

2Cnb~x1 , . . . ,xN21!cpa~xN!#

3uexp~ ikr N!uC i~x1 , . . . ,xN!&. ~12!

This can be represented in terms of the Dyson s
orbitals,48–52 defined by

gn~xN!5ANE Cn~x1 , . . . ,xN21!*

3C0~x1 , . . . ,xN!dx1 , . . . ,dxN21 , ~13!

where the integration overdxi includes a summation over th
spin coordinates. The Dyson spin orbitalsgn(xN) may thus
be thought of as generalized overlap amplitudes between
ground state and the ionized states of the many-body sys
They naturally appear in the spectral resolution of the o
particle Green function,53,54 and have been exploited suc
cessfully in some studies of ionization of atomic and mole
lar systems by electromagnetic radiation or fa
electrons.55–57 Note that, in general, Dyson orbitals do n
form an orthonormal set. Some authors52 define Dyson orbit-
als without the prefactor ofAN. The Dyson spin orbital with
the spin projections may be written in terms of the spin
function s(z) as

gn~xN!5gn„rN ,s~zN!…5gn~rN!s~zN!. ~14!

The wave function of the ejected electron similarly is

cpna~xN!5cpn
~rN!a~zN!. ~15!

Introducing definition~13! into Eq. ~12! and performing
spin integration, we obtain a compact general expression
the transition matrix element
4-3
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M (n)5A2E gn~r !exp~ ikr !fpn
* ~r !dr . ~16!

In the region of large energy transfer, Eq.~16! provides an
exact expression for the matrix element in terms of
Dyson orbitalgn(xN) and the wave function of the ejecte
electron in the potential field of the ion. Electron correlati
effects enter throughgn(xN) and can be included in any pa
ticular scheme to the extent to which these are incorpora
in the computation of this quantity. In general, Dyson orb
als can be expanded into linear combinations of Hartr
Fock or other one-particle wave functions. In the so-cal
diagonal approximation, the Dyson orbital is equal to t
square root of the pole strength times the HF orbital,50,52and
can be calculated using special code58 implemented into the
Gaussian 98program suite;59 see also Ref. 60.

Under the conditionv12v2@Eb
(n) , the wave function of

ejected electronfpn
(r ) may be approximated as a plan

wave

fpn
~r !5

1

~2p!3/2
exp~ ipnr !, ~17!

allowing the transition-matrix element to be expressed
the Dyson orbitalgn(q) in momentum space

M (n)5
1

2p3/2E gn~r !exp~ iqr !dr5A2 gn~q!, ~18!

Here, q5k2pn is the momentum transferred to the io
Since the ejected electron is considered as being free~with
energypn

2/2m), the absolute value of the vectorpn is com-
pletely determined by the energy-conservation law and
equal to

pn5A2m~v12v22Eb
(n)!. ~19!

The direction of the vectorpn is undetermined so that onl
the maximum and minimum values of the vectorq are con-
strained as follows:

uk2pnu<q<k1pn . ~20!

In this sense, vectorq involves an implicit dependence o
the indexn.

Using Eqs.~18! and~6!, we obtain the final expression fo
the PTDSC with the ion created in a definite electronic st
n as

d3sn

dv2dV2dVe
5r 0

2~11cos2u!
v2

v1
ugn~q!u2

3dS v12v22Eb
(n)2

pn
2

2mD . ~21!

Note that here the IPM is not invoked. In the IPM, the Fo
rier component of the Dyson orbital in Eq.~21! reduces to
the Fourier component of the Hartree-Fock or the Koh
Sham orbital from which the electron is removed. Moreov
aside from the use of the plane-wave form~17! for the
23510
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ejected electron wave function, expression~21! does not in-
voke the impulse approximation.

The determination of the PTDSC in Eq.~21! requires
measurements of the angular and energy characteristic
both the scattered photon and the ejected electron take
coincidence. In order to understand the relevant experime
geometries, it is helpful to refer to the momentum
conservation condition depicted in Fig. 1~b!. Kaplan and
Yudin15 suggested a scheme in which the characteristics
the outgoing photon beam@i.e., the angleu and energyv2 in
Fig. 1~a!# are fixed, but the angleue of the ejected electron is
varied to access differentq values. The fixed value ofv2
should be selected near the peak of the Compton line15,16

~i.e., close to the value given by the Compton formula for t
scattering from a free electron at rest!. By measuring the
energy of the ejected electron then, one can, in princip
select the specific quantum staten involved in the scattering
process through the energy-conservation condition~4!. An-
other approach, followed more recently by Itoh and collab
rators, is to fix the position of the electron as well as t
photon detector@i.e., the anglesu and ue in Fig. 1~a!#, but
energy analyze both the scattered photon and the recoil e
tron in coincidence.29,30

B. Summation over final states

The TTDSC is obtained from Eq.~21! by summing over
the available final statesn as61

d3s

dv2dV2dVe
5r 0

2~11cos2u!
v2

v1

3(
n

ugn~q!u2dS v12v22Eb
(n)2

pn
2

2mD .

~22!

In the high-energy transfer region,v12v2@Eb
(n) , the bind-

ing energy in thed-function on the right-hand side may b
neglected,62 so that the absolute value of momentumpn in
Eq. ~19! becomes independent ofn and the summation ove
n simplifies to yield

(
n

ugn~q!u2dS v12v22Eb
(n)2

pn
2

2mD
5dS v12v22

pe
2

2mD(
n

ugn~q!u2, ~23!

wherepn is replaced bype to emphasize that the momentu
of the outgoing electron is independent of staten.

The sum ofugn(q)u2 over all occupied statesn can be
expressed via the one-particle reduced density matrix63–65

for an N-electron system defined as

G1~r ;r 8!5NE C~x1 , . . . ,xN21 ,r ,z!*

3C~x1 , . . . ,xN21 ,r 8,z!dx1 , . . . ,dxN21dz.

~24!
4-4
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In the momentum space

G1~q;q!5
1

~2p!3E G1~r ,r 8!exp@ iq~r2r 8!#drdr 8.

~25!

We now recall the following decomposition of the on
particle reduced density matrix:54

G1~r ;r 8!5(
n

gn~r !gn~r 8!* . ~26!

Substituting this decomposition into Eq.~25!, one obtains

(
n

ugn~q!u25~2p!3G1~q;q![~2p!3r~q!. ~27!

Thus, in the high-energy transfer region, the TTDSC is
rectly related to the 3D EMD as follows:

d3s

dv2dV2dVe
5~2p!3r 0

2~11cos2u!
v2

v1
r~q!

3dS v12v22
pe

2

2mD . ~28!

It is this TTDSC that is measured in the (g,eg) experi-
ments by Bell and collaborators,26–28 issues of experimenta
resolution notwithstanding. Note, however, that there is
interesting difference in the way the momentum density f
tor r occurs in Eq.~28! compared to the analytical expre
sions employed by Refs. 26–28. In our case, the EM
@r(q)# is sampled at the momentum

q5k2pe , ~29!

which is the momentum transferred to the ion, whereas in
cross section of Refs. 26–30, the EMD involved isr(p),
wherep is the initial momentum of the electron before sc
tering. The reason is that the study of Refs. 26–28 is ba
on the formulas of Ribberfors66 for double differential cross
sections in the IA. As already noted, in the IA the scatter
is the same as for free electrons, but weighted with the pr
ability with which the plane-wave state of momentump oc-
curs in the ground state. For a system of bound particles,
picture does not constitute a useful starting point, and
more general treatment indicates that the quantity that oc
naturally is the momentumq transferred to the ion. Never
theless, in the IA, the two pictures are equivalent becaus
this regime, from momentum conservation, one obtains

p1k15pe1k2 ~30!

or equivalently

*Corresponding author. Email address: kaplan@fisica.unam.m
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p5pe2k. ~31!

Comparing Eqs.~29! and~31!, we see that in the high-energ
transfer limit,q andp differ only by direction~they are op-
posite!, as the outgoing electron loses all memory of t
bound state it came from. The range ofq in formula ~20!
becomes

0<q<2k. ~32!

Thus, the maximum momentum transferred to the ion
given by 2k. In the IA, 2k may be interpreted as the highe
momentum of an electron in the initial system that can
ejected.

III. SUMMARY AND CONCLUSIONS

We start by considering the elementary process invol
in Compton scattering, namely, the scattering of an incom
photon from the ground state of anN-electron target to yield
a final state containing a singly ionized target with (N21)
electrons in a specific quantum state together with an ou
ing photon and an ejected electron. The associated PTDS
obtained rigorously without resorting to the approximatio
inherent in either the IA or the IPM. It is shown that th
PTDSC can be expressed in terms of the Dyson orbit
which give the overlap between the wave function of t
ground state of theN-electron initial system with the (N
21) electron ionized final state wave function.

The TTDSC is then obtained by summing over fin
states, which is equivalent to summing over the occup
Dyson orbitals. Interestingly, in our general treatment,
momentum that plays a fundamental role in the formula
the cross section is the momentumq transferred to the ion in
the scattering process and not the momentump associated
with the electronic system as is the case in the IA ba
treatment. We show how in the limiting case of the hig
energy transfer regime, our formalism reduces to the s
dard IA description. Although our treatment is nonrelativ
tic, extension to the relativistic case is straightforward
using relevant results in the literature.66,67 Our formalism
will permit the analysis and interpretation of electronic tra
sitions in correlated electron systems via IXS beyond
constraints of the IA and the IPM. Applications of the prese
formalism are in progress.
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51Y. Öhrn and G. Born, Adv. Quantum Chem.13, 1 ~1981!.
52J.V. Ortiz, in Computational Chemistry: Reviews of Curre

Trends, edited by J. Leszczynski~World Scientific, Singapore,
1997!, Vol. 2, p. 1.

53A.A. Abrikosov, L.P. Gorkov, and IE. Dzyaloshinski,Quantum
Field Theory in Statistical Physics~Prentice-Hall, Englewood
Cliffs, NJ, 1963!.

54O. Goscinski and P. Lindner, J. Math. Phys.11, 1313~1970!.
55M. Deleuze, B.T. Pickup, and J. Delhalle, Mol. Phys.83, 655

~1994!.
56M. Deleuze and L.S. Cederbaum, Int. J. Quantum Chem.63, 465

~1997!.
57W.N. Pang, J.F. Gao, C.J. Ruan, R.C. Shang, A.B. Trofimov,

M. Deleuze, J. Chem. Phys.112, 8043~2000!.
58V.G. Zakrzewski, O. Dolgounitcheva, and J.V. Ortiz, Int. J. Qua

tum Chem.75, 607 ~1999!.
59M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M

Robb, J.R. Cheeseman, V.G. Zakrzewski, J.A. Montgomery,
R.E. Stratmann, J.C. Burant, S. Dapprich, J.M. Millam, A.
Daniels, K.N. Kudin, M.C. Strain, O. Farkas, J. Tomasi, V. Ba
one, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adam
4-6



K
D
J.
P.
T.
a-
L.
J.A
,

od

e

bi

nal

s

try

COMPTON SCATTERING BEYOND THE IMPULSE . . . PHYSICAL REVIEW B 68, 235104 ~2003!
S. Clifford, J. Ochterski, G.A. Petersson, P.Y. Ayala, Q. Cui,
Morokuma, P. Salvador, J.J. Dannenberg, D.K. Malick, A.
Rabuck, K. Raghavachari, J.B. Foresman, J. Cioslowski,
Ortiz, A.G. Baboul, B.B. Stefanov, G. Liu, A. Liashenko,
Piskorz, I. Komaromi, R. Gomperts, R.L. Martin, D.J. Fox,
Keith, M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, M. Chall
combe, P.M.W. Gill, B. Johnson, W. Chen, M.W. Wong, J.
Andres, C. Gonzalez, M. Head-Gordon, E.S. Replogle, and
Pople,GAUSSIAN 98, Revision A.1x~Gaussian, Inc., Pittsburgh
PA, 2001!.

60M.F. Guest, J. Kendrick, J.H. van Lenthe, and P. Sherwo
Gamess-UK User’s Guide and Reference Manual~Daresbury
Laboratory, Daresbury, UK, 2001!.

61The occupied Dyson orbitalsgn are defined via the overlap of th
N-electron ground-state wave function and the (N21)-electron
ionized states. Similarly one can define unoccupied Dyson or
23510
.

.
V.

.

,

t-

als f n by considering states of the system with an additio
added electron.

62If the energy-conservingd-function is not neglected, one obtain
a Compton profile, which is asymmetric aroundq50 in general,
see Ref. 14 and also F. Bloch, Phys. Rev.46, 674 ~1934!.
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