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Exclusive and inclusive cross sections for Compton scattering from HÀ and He
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Absolute inclusive and exclusive cross sections for ionization of H2 and He by Compton scattering are
presented and analyzed. The exclusive cross section for ionization of one electron, leaving the second electron
in the ground state, is 20% smaller for H2 than for He. Furthermore, the exclusive cross section for ionization
with excitation to the first excited state is seven times larger for H2 than for He. However, at high energies the
inclusive Compton cross sections for both H2 and He are within 1% of two times the Thomson cross section
for elastic scattering of a free electron, even when ground-state correlation is accurately included. A general
analysis based on quasielastic scattering is applied to both shake and correlated calculations.

PACS number~s!: 32.80.Cy, 33.20.Rm, 33.60.Fy
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I. INTRODUCTION

Multiple electron effects have been widely studied in ph
ton impact ionization of atoms@1–3#. For double ionization
as well as for ionization excitation by Compton scatteri
and by photoionization, the multiple electron effects usua
dominate@3#, especially in interactions with weak photo
fields. Most theoretical@4–13# and experimental@14–18#
studies have been carried out for the helium atom at h
photon energies where multiple electron effects are relativ
easy to evaluate. For transitions of only one electron, a sin
electron model is usually adequate for total cross sect
@1–3,19,20#. However, accuracy of this model can be vari
for different types of cross sections, different atoms and p
ton energies. In this paper, we illustrate and analyze the
of multiple electron effects in single and multiple electr
transitions for Compton scattering. We analyze and comp
absolute cross sections in H2, where multiple electron ef-
fects are strong, with He, where correlation effects are m
erate.

H2 has two bound electrons, like He. But unlike He,
H2 correlation is required to obtain a bound state, where
outer electron sits at around four Bohr radii from the nucle
with the inner electron at one Bohr radius. Thus one mi
expect multiple electron effects to be different in He and H2.
Theoretical results for ratios of ionization with excitation a
double ionization to single ionization for both Compton sc
tering @6# and for photoionization@11# have been obtained in
the limit of high photon energies for both He and H2. How-
ever, no absolute cross sections are available for H2, so that
direct comparison of cross sections with other systems is
possible. Also, little has been done to analyze the ionizat
excitation results. There has been no thorough discussio
relations between cross sections for excitation to spec
states and total cross sections summed over final states o
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second electron. In this paper, we report calculations of
solute cross sections for ionization excitation of H2 by
Compton scattering, compare to corresponding abso
cross sections for He, and present a detailed analysis.

Our analysis makes use of the concept ofexclusiveand
inclusivecross sections, which has been used extensively
scattering by charged particles@3,21#, but has not been
widely applied to scattering by photons. In exclusive cro
sections the final state of all of the electrons is specifi
while the final states of all but the so-called active electr
are summed over in inclusive cross sections. Both exclus
and inclusive cross sections can be measured experimen
but the inclusive cross sections are generally easier to
serve since only the final state of one electron needs to
determined. Often, inclusive ionization cross sections are
sensitive to multiple electron effects, while exclusive cro
sections are quite sensitive to these effects@3#. How can
these contradictory trendsbothhold? Also, when is it neces
sary to distinguish between multiple electron effects and c
relation effects? We address these issues here.

In this paper, we also apply the idea of quasielastic sc
tering to unify analysis of cross sections for exclusive a
inclusive cross sections. To our knowledge, such an anal
has not been previously applied to multiple electron tran
tions. In quasielastic scattering, cross sections for inela
scattering, such as Compton scattering, are expresse
terms of cross sections for scattering of free electrons, e
Thomson scattering. In an uncorrelated effective single e
tron model, shake terms are used to estimate multiple e
tron effects by a simple change in electron screening of
nucleus during the collision. Sum rules are used to re
cross sections for Compton scattering to elastic scattering
the target electrons. However, when correlation, i.e., a m
tiple electron effect beyond simple shake, is included, th
©2000 The American Physical Society02-1
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sum rules do not apply. Nevertheless, analysis in terms
quasielastic scattering is still valid.

II. METHOD

We have calculated total Compton cross sections for i
ization as well as ionization excitation of H2 and He using
accurate correlated ground-state wave functions. These c
sections for Compton scattering arise from theA2 term in the
Hamiltonian for an atom in the weak field of a photon, whe
AW is the plane wave vector potential of the photon field. T
cross section for Compton scattering within the lowest-or
relativistic quantum electrodynamics is given by@2,3#,

sCompton5E dq
dsCompton

dq

5r 0
2E dqS v f

v i
D uêf* •êi u2

3E dkWU^kW u (
j 51,2

exp~ ıqW •rW j !u i &U2

, ~1!

where u f &5ukW & describes a two-electron final state with
unbound electron of momentumkW , q is the magnitude of the
momentum transfer~one could alternatively use energ
transfer, the scattering angle of the photon or some o
variable!, andv i andv f are the energies of the incident an
outgoing photons.

Our initial wave function is taken as a correlated config
ration interaction function, expanded in terms of Sturm
wave functions,@10,12#, namely,

u i &5(
j

cj@cnlm
S ~rW1!cn8 l 8m8

S
~rW2!1cnlm

S ~rW2!cn8 l 8m8
S

~rW1!#,

~2!

where cnlm
S (rW)5Anlr

le2r/2Ln2 l 21
2l 11 (r)Yl

m(V), r52ra/( l
11), a is a scale parameter andAnl is a normalization con-
stant. At high photon energy, we expect the final stateu f & to
be weakly dependent on multielectron effects. Then
choose the uncorrelated limit that consists of a linear com
nation of a hydrogenlike wave function for the bound sta
cnlm(rW), and a Coulomb wave function,ckW

C(rW), for the

ejected electron, namely,u f &5ukW &5(1/A2)@cnlm(rW1)ckW
C(rW2)

1cnlm(rW2)ckW
C(rW1)#. At high incident energy, the total cros

section for Compton scattering is dominated@23# by large
momentum transferq and large electron momentumk. These
wave functions have given results in good agreement w
experiment for the ratio of double to single ionization of H
for both Compton scattering@10# and photoionization@12#.

The cross sections we evaluate from Eq.~1! specify the
initial and final states of both electrons in the system. Th
are called exclusive cross sections. Below we present re
for exclusive cross sections for Compton ionization in wh
one electron is ionized and the other is either in the gro
state or excited to a specificn level. The corresponding ex
perimental data must exclude excitation to levels other t
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the n level specified. Inclusive cross sections are summ
over the final states of any electrons whose final state is
specified. In our case, the inclusive cross section is sum
over all states of the second electron. This correspond
data for ionization where all events in which ionization o
curs are included. We call this total single ionization. If t
electrons are uncorrelated, then the transition probability
the second electron is not affected by what happens to
first electron, and the probabilities for all possible outcom
for the second electron sum to unity. For uncorrelated s
tems, these inclusive cross sections may be described
one-electron model.

In this paper, we distinguish between the terms ‘‘multip
electron’’ and ‘‘correlation.’’ The main difference betwee
these terms occurs in shake, where transition of a sec
electron may occur due to a change in the electronic scre
ing of the target nucleus that occurs due to a change in
electron-electron interactions. Thus, we regard shake a
multiple electron effect. Shake is uncorrelated because
expressed as a multiplicative part of the transition proba
ity. The term ‘‘multiple electron’’ includes both shake an
correlation. Our exclusive ionization-excitation cross se
tions are largely due to multiple electron effects. Our inc
sive cross sections for total single ionization summed o
the exclusive cross sections are well described in terms
single effective electron. This appears to be contradicto
However, the multiple electron effects effectively disappe
because the multiple electron shake probabilities sum
unity in the inclusive cross section. This sum rule, whi
holds for ionization-excitation cross sections approxima
by uncorrelated shake terms, does not hold if the exact
related terms are used. We shall develop this point syst
atically in the analysis section beginning with the one el
tron model, adding shake terms, and leading an analysi
terms of quasielastic scattering including correlation.

III. RESULTS

The results of our correlated calculations of exclus
cross sections for ionization of one electron with the seco
electron remaining in the ground state are shown in Fig. 1
our calculations, we expanded@22# the initial ground-state
wave function in 20 Sturmian terms for He and 35 terms
H2, as described in Sec. II, achieving an accuracy of 1023 in
the ground-state energy. Our calculations were done for p
ton energies ranging from 2 to 60 keV. The lower limit
determined by the classical Compton thresholds and the
per limit by relativistic effects@23#. The cross sections be
come small at low photon energies due to the class
thresholds for Compton scattering—2.59 keV for He a
0.44 keV for H2. Differences inv f andv i included in Eq.
~1! lead to a slow decrease of the cross sections with incr
ing photon energy shown in Fig. 1.

At high photon energies, the Compton cross section
ionization with the second electron left in the ground st
becomes proportional to the Thomson cross section for s
tering of a free electron. As seen in Table I and Fig. 1,
ratio of Compton to Thomson scattering is about 1.6 in H2,
while in He it is close to 2. This difference between the H2
2-2



ta

tio
n

a

f

re
io

ng
rl
to

a

i
o

low.
d
t
ive

a-
ed

w to
ed
the
or-
are
uric
ur
Th-
rre-

on
ss

ns
r
s in

u-
ell-
del

lso
get,

n
iv
le
to
on

EXCLUSIVE AND INCLUSIVE CROSS SECTIONS FOR . . . PHYSICAL REVIEW A 62 012702
and He ratios is reduced when a sum over the excited s
of the remaining electron is included. In the H2, Compton to
Thomson ratio increases from 1.56 to 1.94 when excita
to the n52 level is included and is 1.95 when excitatio
throughn55 is included. Summing throughn55 in He in-
creases the high-energy ratio from 1.89 to 1.95. We estim
excitation to all bound levels aboven55 to be about 1%
and double ionization to be about 0.8% in both H2 and He.
We do not understand why the exclusive cross sections
ionization with excitation aboven52 are so similar for such
different atomic targets. If the multielectron effects are
moved from our calculations, then the exclusive ionizat
cross sections without excitation, corresponding ton51 in
Fig. 1, are the same as the inclusive cross sections for si
ionization and at high energies are numerically very nea
twice the cross section for Thomson scattering for a pho
from a free electron for both H2 and He. A small remaining
difference, well less than 1%, is probably due to Ram
scattering as we discuss below Eq.~5!. In our best calcula-
tion with accurate correlated initial states, H2 is about 20%
smaller than He, relative to Thomson scattering. This
shown in Fig. 1. This large difference is due to excitation

FIG. 1. Total cross sections for Compton scattering of He a
H2. The full lines represent our correlated calculations of exclus
cross sections for ionization of one electron with the second e
tron remaining in its ground state. The dashed lines represent
Thomson scattering of a photon by either one or two free electr
at rest. The data are from Samsonet al. @14#.
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the second electron to excited states as discussed be
Similar differences between H2 and He have been predicte
for photoionization@11–13#. We emphasize that in the limi
of weak photon fields considered here, the exclus
ionization-excitation cross sections forn.1 are entirely due
to multielectron effects.

Both exclusive cross sections for ionization with excit
tion to n51 andn52 and inclusive cross sections summ
over n are given in Table I for both H2 and He. The uncor-
related results use a simple shake model described belo
find the ionization-excitation results. For the uncorrelat
case, the inclusive cross sections sum exactly to twice
free-electron result as detailed below. Our results for the c
related exclusive cross sections for ionization excitation
in agreement with relative percentages given earlier by S´
et al. @6#. Within our numerical accuracy of about 1%, o
inclusive absolute cross sections are equal to twice the
omson cross section for the uncorrelated case. When co
lation is included, the inclusive total ionization cross secti
falls slightly below the value of twice the free electron cro
section for both He and H2. The effects of correlation are
less than 1% in the inclusive total ionization cross sectio
for both H2 and He.Effects of correlation are much large
in exclusive cross sections than in inclusive cross section
both H2 and He. We explain this, in part, via multielectron
sum rules in Sec. IV B.

IV. ANALYSIS

A. One-electron model

As noted in the Introduction and illustrated by our n
merical results, inclusive cross sections are often w
described by a one-electron model. In the one-electron mo
there is a useful one electron sum rule@23#, which we later
extend to multielectron sum rules in shake terms, and a
relate to quasielastic scattering. In a one-electron tar
hereafter ignoring the factor of (v f /v i) in Eq. ~1!, we oper-
ate to the left and to the right withA25(AW )•(AW ) and obtain
@2,3#,

dsCompton

dq
5

ds f ree

dq
z^ f ue2 ikW f•rWeikW i•rWu i & z2

5
ds f ree

dq
z^ f ueiqW •rWu i & z2. ~3!

d
e
c-
tal
s

la-
e

TABLE I. Exclusive and inclusive cross sections for Compton scattering in He and H2. These cross
sections are given in units of the cross sections f ree for scattering of a free electron by a photon. Nonre
tivistically, this is the Thomson cross section,s f ree56.65310225 cm2. The factor of 2 corresponds to th
number of electrons in these two electron targets.

Correlated n51 n52 Sum (n51 –5) 2s f ree

H2 ~20 keV! 1.56 0.38 1.95 2
He ~60 keV! 1.89 0.05 1.95 2

Uncorrelated~Shake! n51 n52 Sum~all states! 2s f ree

H2 ~20 keV! 1.33 0.66 2 2
He ~60 keV! 1.98 0.008 2 2
2-3
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In Compton scattering the final state is in the continuu
Here s f ree is the nonrelativistic Thomson cross section f
scattering of a free electron by a photon. The total Thom
cross section from Eq.~1! in the nonrelativistic limit where
v f5v i averaged over photon polarizations and summ
over momentum transfers iss f ree5(8p/3)r 0

256.65
310225 cm2, where r 05a2a052.818310213 cm is the
classical electron radius. This cross section does not dep
on the size of the atomic target, but rather on the class
electron radius.

Using conventional definitions for Rayleigh, Rama
Compton, and Thomson scattering, the total cross section
a (g,g8) reaction may be written as

(
f

ds

dq
5

ds
ground
state

dq
1 (

bound
states

ds

dq
1 (

f ree
states

ds

dq

[
dsRayleigh

dq
1

dsRaman

dq
1

dsCompton

dq

5(
f

ds f ree

dq
z^ f ueiqW •rWu i & z2

5
ds f ree

dq U^ i ue2 iqW •rW(
f

u f &^ f ueiqW •rWu i &U
5

ds f ree

dq
[dsThomson/dq, ~4!

where ( f u f &^ f u51. The elastic scattering factor is define
as, Fel(q)[^ i ueiqW •rWu i &. The elastic term may be separat
from the inelastic term, namely,

ds inelastic

dq
5

ds f ree

dq
2

dselastic

dq
5

ds f ree

dq
$12uFel~q!u2%,

~5!

where the inelastic scattering is the sum of Compton
Raman scattering. Thus, in the one-electron model, Co
ton, Raman, Rayleigh, and Thomson scattering are in
related. Resonant Raman scattering due to the second-
pW •AW term is not considered. The termuFel(q)u2 varies from 1
to 0 smoothly asq increases from 0 to infinity. Raman sca
tering is often relatively small and it also goes to zero
large q. In this paper, we are primarily interested in hig
photon energies where smallq effects are small. Then
Compton scattering from a one-electron atom reduces to
omson scattering of a photon by a free electron. For a ta
with N independent electrons, a factor ofN is conventionally
included @24,3# with ds f ree /dq in Eqs. ~4! and ~5!, corre-
sponding to scattering fromN free electrons. We retain th
12uFel(q)u2 term that subtracts off elastic~Rayleigh! scat-
tering because this is included in the formula for quasiela
scattering below and because it is sometimes used
simple way to account for effects of elastic scattering, wh
can be large in cases not considered here@4,24#. The one-
electron model is widely applied to calculate inclusive cro
01270
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sections@1–3#. We use the one-electron model as a start
point for analysis of exclusive cross sections in the next t
subsections.

B. Simple shake model

A simple model for including multielectron effects is th
shake model, which modifies a one-electron model with
product of quasi-one-electron, uncorrelated probabilities
final-state rearrangement due to a change in electron scr
ing. The uncorrelated total scattering wave function is co
ventionally defined as a product of independent one-elec
wave functions. Only in this case may one extend the o
electron sum rules to include simple shake effects due
rearrangement in the final state due to changes in elec
screening@22#. Then the one electron sum rule of Eq.~5!,
modified for N electrons as explained above, may be e
tended to multielectron sum rules by using the identity

ds inelastic

dq
5N

ds f ree

dq
@12uFel,av~q!u2#

5(
j 51

N ds f ree
j

dq
@12uFel, j~q!u2#

3)
kÞ j

(
f

PShake
k

5(
j 51

N ds f ree
j

dq
@12uFel, j~q!u2#

3)
kÞ j

(
f

z^f f8
kuf i

k& z2, ~6!

where $f f8
k% and $f i

k% are complete sets of atomic eige
states with different electron screening@3#, so that
^f j8

kuf l
k&Þd j l . Here, 12uFel,av(q)u2 is an average value o

the 12uFel, j (q)u2. By completeness,( f PShake
k 51 for each

kth electron. Thus, the notion that exclusive cross secti
are largely due to multiple electron effects and that inclus
cross sections may be described in terms of a single effec
electron, even when the exclusive cross sections are r
tively large, is not contradictory because the multiple ele
tron shake probabilities sum to unity and effectively disa
pear in the summed inclusive cross section. Equation~6!
does not hold if the wave functions are not simple produc
then one may use Eq.~7! with C(q)Þ0.

This simple formula enables one to make an estimate
exclusive ionization-excitation cross sections by multiplyi
the inclusive cross section,Nds f ree /dq, by shake probabili-
ties PShake

k , to specific states. The shake probabilities a
found from the overlap of initial- and final-state wave fun
tions with different screening parameters, i.e.,PShake

k

5 z^f f8
kuf i

k& z2. In He, we take both of theN52 terms to be
the same, and use a screening parameters55/16, in the ini-
tial stateuf i

k&, ands50 in the final statê f f8
ku. In H2 we

take $f f8
1%5$f i

1% ~no shake! for the inner electron and
$f f8

2%Þ$f i
2% for the outer electron@1#, with s50.72 in the
2-4
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EXCLUSIVE AND INCLUSIVE CROSS SECTIONS FOR . . . PHYSICAL REVIEW A 62 012702
initial state ands50 in the final state. In He, the ratio o
Compton to Thomson scattering is 1.98 when the remain
electron is left in the ground state. In H2 the ratio is 1.33 for
an electron remainingn51, increasing to 1.99 when excita
tion to n52 is added. Here the outer electron in H2 tends to
stay nearn52, and then51 contribution acts like shake
down. This shake estimate of 0.66 for excitation inton52 is
a relatively crude overestimate of the more accurate co
lated calculation of 0.38 forn52, correct to 0.01 or better
listed in Table I. For the relative distributions of excite
states~e.g., in ratios of exclusive to inclusive cross section!,
correlation is required to distinguish between Compton s
tering and photoannihilation.

C. Quasielastic scattering

Scattering from multielectron systems is more comp
than scattering from effective one-electron atoms. Thus
often convenient to use an independent electron model
starting point to understand multielectron systems, and t
to add correlation. This idea is used in quasielastic scatte
that occurs in inelastic scattering when the excitation ene
is small compared to the energy of the incident project
which applies in our case. In the nomenclature of Goldber
and Watson, the impulse approximation is defined as
quasielastic approximation for one electron@24#. For quasi-
elastic scattering from a target withN electrons one has@24#

ds inelastic

dq
5N

ds f ree

dq
$12uFel~q!u22~N21!C~q!%. ~7!

Hereds inelastic/dq is the cross section for inelastic~mostly
Compton! scattering,Nds f ree /dq is the ~Thomson! cross
section for elastic scattering ofN free electrons,uFel(q)u2

compensates for loss of flux to elastic scattering as expla
above, andq is the momentum transfer. The termC(q) is the
relative strength per electron of the many electron effect
first order in a BBGKY correlation expansion@24#, so that
the form is correct only forN52 or when correlation func-
tions third order and higher are small. In this paper, wh
we consider onlyN52, the form is correct. Note that Eq.~7!
reduces to Eq.~5! as modified forN electrons whenC(q)
50.

Equation~7! may be applied indifferentways:C(q) may
represent either correlation effects or multiple electron
fects, as distinguished in Sec. II. For example, in an unc
related case, the inclusive cross section for total single
ization may be decomposed so thatC(q) represents the
exclusive ionization-excitation cross sections forn.1 corre-
sponding to Eq.~6!. Alternatively in calculations with corre
lation, C(q) may used to describe all multielectron effec
~shake and correlation! or C(q) may be used to describe co
relation effects not included in shake. In this paper, we
the later interpretation for our calculations that include c
relation. Thus, Eq.~7! is remarkably robust.

If C(q)50, then the inelastic cross section for Compt
scattering is proportional to Thomson scattering by two f
electrons in both H2 and He. The factor@12uFel(q)u2# acts
like a cloaking term that accounts for flux going into elas
01270
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scattering at smallq. When we remove correlation in ou
initial-state wave functions, our cross sections exhibit t
behavior and the cross sections for H2 and He are numeri-
cally equal at largeq, since ds f ree /dq is the same and
uFel(q)u2→0. This is a useful test for the accuracy of n
merical calculations.

WhenC(q)Þ0 in Eq. ~7!, the cross sections for H2 and
He differ, reflecting a difference in H2 and He. In H2, flux is
being lost largely due to excitation of the second elect
into n52 of the remaining H atom. In Table I the exclusiv
cross section for ionization with excitation inton52, which
is entirely due to multiple electron effects, is seven tim
larger in H2 than in He. This is physically plausible since th
outer electron in H2 has a radius close to then52 orbit of
H. A similar effect has been noted@12,13# in photoionization
of H2. Although C(q) may be applied to either shake o
correlation, the specific values forC(q) can be quite different
in these two cases.

Equation ~7! suggests two regimes. In the first regim
(N21)C(q),12uFel(q)u2<1. This is the usual regime
where Compton scattering is nearly that ofN free electrons.
In the second regime,u(N21)C(q)u.12uFel(q)u2>0.
Here, Compton cross sections are dominated by ma
electron effects.

V. DISCUSSION

The introductory idea of a cross section is an area prop
tional to the size of the target: the larger the target, the lar
the cross section. For example, the total cross section
ionization by fast, but nonrelativistic, charged particles v
ies as the geometric size, i.e., as the square of the radiu
the atomic target when the energy of the incident parti
scaled to the binding energy of the target@3#. However, pho-
ton cross sections, even at high energy, do not vary as
geometric size of the atomic target. TheK-shell photoanni-
hilation cross section varies only linearly with the radius
the target atom for photons with high, but nonrelativist
energies similarly scaled to the binding energy@2#. Photoan-
nihilation of a free electron is forbidden by energy and m
mentum conservation, and consequently the photon tend
favor high momentum components of that atomic target
small distances at high photon energy. The Compton t
scattering cross section for ionization of atomic syste
without electron correlation depends only on the cross s
tion for Thomson scattering of free electrons by photo
independent of the size of the atom@24,25#. This Compton
cross section is proportional to the Thomson cross sec
multiplied by the number of target electronsN, and is inde-
pendent of the size, binding energy, shape, and other p
erties of the uncorrelated atom.

This simple, relatively featureless picture of Compt
scattering breaks down when multielectron~e.g., shake! ef-
fects are brought into the picture@4–10#. Using accurate cor-
related initial-state wave functions, we have evalua
Compton cross sections for single ionization with the seco
electron left in its ground state of He and H2. With multi-
electron effects included, the total cross section for sin
ionization of H2 is about 20% smaller than for He photo
2-5



th
e

t
t
lt

en

a
i

th
b

ve
b
ly
tr
-
la

n
g
a
r

le
as
o

rg
n

ifi-
a

ge

ob
so
e

a
in

th
o-
,
e

on
th

ive

ula-
in

ron

cts
ta-
e

ains
n-
sec-
l. In

be
of a
ec-
ult-
ed,
oss

x-
lec-
or
are

ron
ex-
ula

for-
ake
ul-
e

are
les
they
hat
the

ti,
ork
ce
the

J. H. McGUIREet al. PHYSICAL REVIEW A 62 012702
energies well above threshold. This is noteworthy since
radial size of H2 is about four times larger than He, and th
geometric size is about 16 times larger@1#. Here we presen
this unusual case where the larger atomic target has
smaller cross section. The reduction in size is due to mu
electron effects; specifically, to a large extent, to the
hanced simultaneous excitation of the second electron.

Compton scattering and charged particle scattering h
the same matrix element in the first-order weak-field lim
@3,26–29#. Thus, the analysis used in this paper including
quasifree scattering analysis is applicable to scattering
fast charged particles with an appropriate change in the o
all free-electron term. The Compton analysis may also
applied to photoannihilation without retardation where on
dipole matrix elements are used. In this case a one-elec
sum rule, similar to Eq.~5!, may be applied even for corre
lated cross sections. In the dipole limit the troublesome e
tic terms may be shown@30# to disappear sinceEi5Ef .

Understanding multielectron Coulomb effects in the co
tinuum is a significant limitation in analyzing data involvin
more than two charged particles unless very fast particles
detected. Compton scattering has the advantage over cha
particle scattering that cross sections for fast outgoing e
trons are relatively large in Compton scattering. In contr
to photoionization, Compton scattering can probe small m
mentum components of an initial-state wave function at la
k by choosingkW'qW . Thus the need to understand unknow
effects of Coulomb interactions in the continuum is sign
cantly reduced in Compton scattering. Wave functions m
also be probed in (e,2e) experiments wherekW'qW terms also
dominate, although, unlike Compton scattering the char
particle cross sections include a Rutherford scattering term
1/q4 that weights smallq values.

We note that synchrotron radiation can be used to pr
the second regime above for various materials including
ids @31# and molecules@32# where multielectron effects ar
usually strong. Since the photon energies and intensities
both high in third- and fourth-generation synchrotrons,
outer shells the Compton cross section will dominate
usual photoeffect that falls off quickly with increasing ph
ton energy~i.e., asv27/2). In fourth-generation synchrotrons
the brightness may be high enough to induce strong fi
effects even in Compton scattering. The analysis for str
photon fields, however, are expected to be different since
matrix elements are different.
d

-

ing
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VI. SUMMARY

In summary, we have calculated and analyzed exclus
and inclusive cross sections for ionization of H2 and He via
Compton scattering. We have presented results of calc
tions for exclusive ionization excitation for an electron left
n51 and n52. Although H2 is geometrically larger than
He, the exclusive ionization cross section leaving an elect
in its ground state (n51) is smaller for H2 than that for He.
This reduction in cross section is due to multielectron effe
and much of the difference is due to ionization with exci
tion to the first excited state of the remaining ion. If on
sums over all final states of the second electron, one obt
the inclusive cross section for total single ionization. If u
correlated wave functions are used, this inclusive cross
tion is the same as one finds using a one-electron mode
this case, the cross section for Compton scattering may
related to the Thomson cross section for the scattering
photon from a free electron. Summing exclusive cross s
tions dramatically reduces multielectron effects in the res
ing inclusive cross sections. When correlation is includ
multiple electron effects are less than 1% for inclusive cr
sections for both He and H2 at high photon energies. In
contrast, multiple electron effects are relatively strong in e
clusive cross sections, especially when the remaining e
tron is excited, where multiple electron effects dominate. F
these exclusive cross sections, simple shake calculations
significantly less accurate than calculations with elect
correlation. The main features of both the inclusive and
clusive Compton cross sections are described by a form
for quasielastic scattering. This quasielastic scattering
mula may be used to characterize either multielectron sh
or correlation effects. All sum rules discussed here for m
tipole operators apply only in the uncorrelated limit. Th
results of this paper for Compton scattering by photons
expected to be similar to scattering of fast charged partic
since the basic matrix elements are the same, although
are differently weighted. Photoannihilation is also somew
similar since the basic matrix elements are the same in
dipole limit.
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