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Dichroism in the electron-impact ionization of excited and oriented sodium atoms
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Measurements are reported for kinematically complete electron-impact ionization collisions with oriented
3P sodium atoms excited from the ground state by right- and left-hand circularly polarized light. The mea-
surements reveal a strong dependence of the ionization cross section on the helicity inversion of the exciting
photon. This dichroic effect and the magnetic state resolved cross sections are described using the distorted-
wave Born approximation and the dynamically screened Coulomb wave method. Within the context of these
methods we investigate the role of different short- and long-range interactions involved in the process. For
moderate values of incident energy we conclude that the shape and magnitude of the dichroism is predomi-
nantly determined by the Coulomb interactions of the outgoing electrons with the residual ion. For slow
escaping electrons the dichroism is also influenced by the interelectronic correlations.

PACS number~s!: 34.80.Dp, 34.80.2i, 34.80.Pa, 34.80.Qb
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I. INTRODUCTION

The need for a detailed understanding of the proces
ionization by electron impact for various fields of physic
such as atmospheric physics, plasma physics, and gas
charge physics, has led to extensive studies both experim
tal and theoretical of this particular process. The most co
plete information on the electron-impact ionization proces
obtained from so-called (e,2e) experiments, where both th
scattered and the ejected electrons from the target are
tected in coincidence and their momenta are resolved. T
kind of measurement has proved indispensible when addr
ing the details of collision dynamics. Moreover, the (e,2e)
technique can be employed for the spectroscopy of electr
structure of atoms, molecules, and solids@1,2#. These differ-
ent aspects of the (e,2e) reaction can be highlighted by ju
dicious choice of the kinematic arrangement.

In recent years, a new generation of (e,2e) experiments
has emerged that uses polarized electron beams an
atomic beams in which the constituent atoms are alig
and/or oriented. The first (e,2e) experiment of this type use
a polarized electron beam to ionize lithium atoms prepare
a particular quantum state by use of inhomogeneous m
netic fields, and was primarily concerned with the study
the exchange process@3#. These experiments were followe
by experimental arrangements using a polarized elec
beam at relativistic energy for the inner-shell ionization
various atomic targets such as silver@4# and at intermediate
energy for the outer-shell ionization of xenon, where the fi
structure energy splitting of the residual ion can be resol
experimentally@5,6#. High-energy experiments on the inn
shells of heavy target atoms were primarily concerned w
the study of the influence of relativistic interactions duri
the ionization process@7#. In the xenon experiments, exper
mental verification of the so-called fine structure effect
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electron-impact ionization@8–10# was established and com
parison of the results with theory revealed detailed inform
tion on the influence of the short-range interactions betw
the two outgoing electrons and the residual ion@6,9#.

In this paper we focus on the electron-impact ionizati
of sodium atoms laser pumped into a well defined angu
momentum magnetic substate. In this situation the (e,2e)
cross section reveals a dependence on the inversion o
helicity of the exciting photon@11,12#. This dichroic effect
results from the transfer of the initial-state orientation to t
outgoing correlated electron pair and hence has been ter
orientational dichroism. Experimental evidence for the exis
tence of this effect has been provided recently by Dornet al.
@12#. Here, we present further experimental and theoret
results and investigate in more detail the underlying phys
processes.

Experimentally, the sodium atoms are prepared in
(32P3/2, F53, mF563) hyperfine states and ionized u
ing an initially unpolarized electron beam. Initial theoretic
and experimental studies@11–14# indicate a strong depen
dence of the cross section on the direction of the initial-st
atomic orientation. This dependence of the cross section
most easily analyzed within the theoretical framework of t
first Born approximation~FBA!, i.e., when we assume tha
the ejected electron moves in the field of the residual
whereas the scattered one is free. In this case the geome
properties of the orientational dichroism are given by t
triple product of the quantization axis of the atom, the m
mentum transfer direction, and the vector momentum of
ejected electron@11,12#. According to the FBA model, the
origin of the dichroism lies in the interaction of the slo
electron with the residual ion; the dichroism vanishes wh
this interaction is neglected@15#. Furthermore, the FBA pre
dicts that the cross sections for the electron-pair emiss
from left- or right-hand circularly laser-pumped Na atom
are related to each other via reflection symmetry about
direction of momentum transfer@15#.

Recent experimental measurements@12–14# reveal a con-
siderable break of this symmetry property which indicate
l
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FIG. 1. Schematic of the electron source a
coincidence spectrometer.
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dynamical transfer of the initial atomic orientation to the tw
outgoing electrons through mechanisms beyond those s
lated by the FBA. On the grounds of an approximate mo
for the correlated many-body dynamics, it was proposed
this symmetry breaking has its origin in the final-state el
tron correlation@12–14#. As the theoretical interpretation i
subject to the approximation adopted for the treatment of
reaction dynamics, we contrast in this work the predictio
of various approximative scattering models with experim
tal findings. We first employ the distorted-wave Born a
proximation@16,17#, which is particularly convenient for iso
lating the influence of the various interactions between
continuum and target electrons, and then the more refi
dynamically screened Coulomb wave method@18# to quan-
tify the influence of the final-state electron correlations.

The paper is organized as follows. In the next section
give an outline of the experimental procedure. We then
dress the theoretical framework necessary to describe
particular experimental situation. In the fourth section,
outline the main features of the scattering methods that
particularly relevant to the present study. In the last sect
we investigate the influence of the short- and long-range
teractions and the electron-electron correlations on the ca
lated cross sections and compare them with our experime
data.

II. EXPERIMENTAL ARRANGEMENT

A. Apparatus

In Fig. 1 the apparatus is shown schematically. It can
divided into three components comprising the source
differential pumping chambers in which generation a
transport of the primary electron beam is achieved, the s
tering chamber in which the atom beam is formed, the in
section of the laser, electron, and atom beams occurs, an
(e,2e) ionization processes are measured, and finally
Mott chamber in which the degree of the incident electr
beam polarization can be determined. The Mott chamber
not utilized in the present measurements and will not
described here. Each of the other stages is discussed i
quence below.
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The first stage of the apparatus consists of two ultrahi
vacuum~UHV! chambers connected in series with one a
other. In the first of these chambers, the so-called sou
chamber, electrons are produced by irradiation of a negat
affinity p-doped GaAs crystal surface by laser light. The d
tails of the crystal composition, cleaning, and coating pro
dure have been described previously@19# and will not be
repeated here. This first chamber is pumped by a 30 l/s
pump which maintains a background pressure in the 10211

torr range. The combination of an UHV environment
minimize contamination of the GaAs photocathode and
continuous deposition of cesium onto the photocathode
face enables stable emission currents to be maintained o
period of many months. Linearly polarized light from
GaAlAs diode laser of around 810 nm wavelength is used
generate the photoelectrons. The laser beam is first pa
through a focusing lens and a 1/4 wave plate to prod
circularly polarized radiation before impinging upon th
crystal surface. Photon fluxes of a few milliwatts are su
cient to produce microamperes of current.

Using extraction by an electrostatic field, the photoele
trons are formed into an electron beam. For excitation
circularly polarized light incident perpendicular to the su
face, the beam is polarized either parallel or antiparalle
the direction of electron motion, depending upon the helic
of the radiation used in the photoexcitation process.
GaAs the polarization of the electron beam is theoretica
limited to a maximum value of 50% due to the selecti
rules governing the transitions excited in the photoemiss
process. We obtain a polarization value routinely of arou
24–30 % in our system, the difference between this va
and the theoretical maximum being attributed to depolariz
effects acting on the photoelectrons as they are transpo
from within the bulk to the surface of the photocathode@20#.
Inversion of the electron beam polarization can be achie
by reversing the helicity of the laser light through rotation
the 1/4 wave plate by 90°. As an applied electrostatic fi
will act on the trajectory of an electron beam but not on
angular momentum, the initially longitudinally polarize
electron beam is converted to one of transverse polariza
by deflecting it through a 90° electrostatic deflector. Th
6-2
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action is desirable as for many of our experiments a tra
versely polarized electron beam is required. However, for
present measurements unpolarized electrons were used.
was achieved by rotating the quarter wave plate to an ang
position producing linearly polarized radiation. After extra
tion of the photoelectrons and their transmission through
90° deflector, a system of electrostatic cylindrical tube len
and deflectors is used to focus and accelerate the elec
beam to 1000 eV and steer it through the 3-mm-diame
aperture separating the source chamber from the differe
pumping chamber.

The purpose of the differential pumping chamber is
provide a differential pumping stage between the sou
chamber and the non-UHV scattering chamber to minim
contamination of the GaAs photocathode. The differen
pumping chamber is pumped by a 180 l/s turbo molecu
pump and maintains a base pressure of around 5310210 torr.
It is separated from the scattering chamber by a second 3
aperture at its exit. Within the differential pumping chamb
are two sets of quadrupole deflectors to steer the 1000
electron beam through the exit aperture into the main s
tering chamber, compensating for perturbations to the be
trajectory from spurious magnetic fields and surface charg
effects within the electron optics. Transporting the be
from the source to the scattering chamber at high energy
two advantages. First, it renders the beam less sensitiv
the effects of deflection and defocusing by stray magn
fields. Secondly, the narrower beam profile achieved by
ing higher beam energies enables the use of smaller aper
at the entrance and exit of the differential pumping chamb
increasing the pressure gradient that can be maintained
tween the source and scattering chambers.

In the scattering chamber the electron passes throug
further series of cylindrical tube lenses which are used
both collimate and decelerate the beam to the required
pact energy. A target beam of sodium atoms is produced
effusion of sodium vapor through a 1 mmaperture in the
output stage of a recirculating metal vapor oven describe
detail below. The interaction region lies in the scatteri
plane defined by the momentum vectors of the sodium be
and the incident and detected scattered electrons, the l
three quantities constrained to share a common plane u
the coplanar reaction kinematics employed for the pres
work. The intersection of the sodium and electron bea
defines the interaction region from which (e,2e) events are
measured. The interaction region also lies on the axis
rotation of three rotatable turntables. On one of the turntab
the sodium oven is mounted. On each of the remaining
turntables an electron spectrometer is mounted.

Each of the two electron spectrometers comprises a 1
hemispherical electrostatic electron analyzer preceded b
five-element cylindrical lens system. The combination of
energy selecting analyzer and the angle resolving lens
tem defines the momentum and energy of measured scat
electrons. The lens system is similar in design to that
scribed in Ref.@21# and comprises two three-element zoo
lenses in series sharing a common central lens, allowing
dependent control over energy and angular resolution to
achieved. Position-sensitive detectors are mounted at the
01270
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plane of each analyzer, behind a slit in the radial directi
enabling simultaneous measurement of scattered elect
over a 6 eVenergy band with an energy resolution of arou
200 meV and at an angular resolution of around 2° f
width at half maximum.

The sodium oven, constructed of stainless steel, is sh
schematically in Fig. 2 and is similar in design to that d
scribed in Ref.@22#. It is comprised of three distinct compo
nents, namely, the reservoir, the nozzle, and the recircula
The reservoir consists of a cylindrical vessel containing
dium around which heating wire is wrapped to provi
ohmic heating. Reservoir temperatures of between 400
450 °C are necessary to produce the required target dens
for our measurements. The temperature of the reservoir
other key components is monitored by use of thermocoup
Vapor leaving the reservoir is formed into a beam of sodi
atoms within the nozzle stage, which is terminated by
1-mm-bore capillary of around 10 mm length. The separat
heated nozzle is maintained at a temperature at least 1
higher than that of the reservoir to prevent blockage due
the buildup sodium within its narrow exit capillary. The s
dium beam emerging from the nozzle is skimmed throu
the action of an aperture positioned at the exit of the ov
recirculation stage. Atoms not contained within the cent
cone of the nozzle beam are recondensed to the liquid p
upon impact with the recirculator walls, which are mai
tained at a temperature of between 150 and 200 °C, and
sequently returned to the sodium reservoir. The inclusion
the recirculation stage extends the operating lifetime betw
sodium refills and, by maintaining the collimating apertu
surrounds at a temperature above that required for the
mation of solid sodium, circumvents the problems of t
closing over of cold collimation apertures with time.

The whole oven assembly is enclosed within a wa
cooled rectangular copper box whose purpose is twofo
First, it provides a heat sink for radiation emitted by the ov
~around 150 W! and, secondly, it offers additional protectio

FIG. 2. Outline of recirculating sodium oven and interacti
region. The copper walls of the oven surround are water coo
The exit aperture and beam dump are cooled by liquid nitrogen
6-3
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for delicate vacuum components from residual backgro
sodium vapor or accidental spills of liquid sodium und
vacuum. The box is kept compact in design by incorporat
V-shaped channels through each of its 8-mm-thick sidew
through which cooling water is passed. The compact na
of the design maximizes the angular range through which
spectrometers can rotate within the scattering plane.

Mounted off the box is a final stage liquid nitrogen cool
collimating aperture and sodium beam dump to provide f
ther collimation of the beam and additional protecti
against contamination of the vacuum environment by g
eous sodium. Both are thermally isolated from the box
ceramic insulators and cooled by means of a flexible cop
braid connected to a cold finger protruding through the w
of the scattering chamber.

B. Laser preparation of the target

Intersecting the scattering plane at right angles and c
pletely encompassing the interaction region is a freque
modulated 589 nm laser beam used to excite and orien
the sodium target atoms by preparing them in a specific
perfine magnetic substate. The initially linearly polarized
ser light is converted to circularly polarized radiation
transmission through a quarter wave plate, the rotation
which by 90° reverses the helicity of the radiation field a
thus the orientation of the excited-state atoms. The la
beam preparation is shown in Fig. 3, which shows schem
cally the experimental arrangement.

In order to reach a high fraction of laser excited atoms
the interaction region, the laser excitation is performed
means of two frequencies produced by frequency modula
of a single-mode dye laser beam. Frequency modulatio
achieved by passing the laser beam through an elec
optical modulator which is similar in design to that report
in @23#. It consists of a rectangular LiTaO3 crystal embedded
within a copper foil resonator. Power is coupled into t

FIG. 3. Schematic of the experimental arrangement showing
coplanar arrangement of the incident and outgoing electron
sodium beams intersecting at the collision region with the perp
dicular laser beam.
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modulator by mutual induction with a single-loop drive co
The application of a resonator ensures that for modes
power inputs, a large voltage is built up across adjacent fa
of the LiTaO3 crystal. To first order, the refractive index o
LiTaO3 varies linearly with strength of the applied field.
follows then from Fourier analysis that for a sinusoidal dr
ing frequencyvm and for an incident laser beam of fre
quencyv0 passing through the crystal, the output field co
sists of the primary frequencyv0 and additional sideband
separated by multiples ofvm . In the present case for sodium
the laser beam is modulated at a frequency of 856 MHz,
first two sidebands being separated by 1712 MHz. One s
band is used to pump the transition 3s1 2S1/2(F51)
→3p1 2P3/2(F52) and the other the 3s1 2S1/2(F52)
→3p1 2P3/2(F53) transition. In this way a relative fraction
a of around 40% 3p1 2P3/2 excited-state atoms can be ro
tinely achieved@24#. After a few excitation/decay cycles th
atoms gather exclusively in the two-level syste
3s1 2S1/2(F52,mF512),3p1 2P3/2(F53,mF513) for
pumping by right-hand circularly polarized light, or in th
system 3s1 2S1/2(F52,mF522),3p1 2P3/2(F53,mF523)
for pumping by left-hand circularly polarized light. This i
confirmed numerically by solving the corresponding ra
equations. The degree of orientation of the excited state
the interaction region was estimated to be between 96%
100% by comparing superelastic scattering data with th
of previous authors@22#.

C. Experimental procedure

In order to discriminate between ionization events res
ing from the removal of 3s and 3p electrons, respectively
the binding energye I of the ejected electron is determine
from the energies of both outgoing continuum electronsEf
andEs and the energy of the incoming electronE0 from the
relation

e I5E02~Ef1Es!. ~1!

For each measured coincidence event the summed en
spectrum of both detected outgoing electrons is stored o
multichannel analyzer yielding a binding-energy spectr
with a binding-energy resolution given by the convolution
the energy spreads of the incoming beam and the appa
functions of both of the electron analyzers. In the pres
case, an (e,2e) binding-energy resolution of around 0.9 e
was achieved, more than sufficient to resolve events co
sponding to ionization of the ground- and excited-state
oms, which are separated by 2.14 eV in binding energy.

It should be noted, however, that an energy average
been performed at each binding energy over all combinati
of values forEf andEs within the 6 eV acceptance band o
each analyzer that satisfy Eq.~1!. This was undertaken to
enable the data to be displayed in a compact form and
improve statistics. Thus, although a high value for bindin
energy resolutionDe I of 0.9 eV is achieved, the energy res
lution for both slow and fast scattered electrons,DEs and
DEf , respectively, is 6 eV for the experimental data p
sented in this paper.

e
d

n-
6-4



c
a
c
th
r
4

te

in
po
d

ve
za
at
w
io
s

m
th

ely,
ved

,
d-

ned
ed
nta

r
tter-
-
o
ra-
n
atrix
tes,
tron

ect

use
om
cor-

lar-
im-
g

rix
tial
ar
n
in

-
n
nly

n
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For each chosen angular setting of the analyzers, spe
corresponding to positive and negative target orientation
recorded, as well as random coincidence background spe
which are subtracted from the binding-energy spectra in
usual manner@25#. A typical binding-energy spectrum fo
the two helicities of the incident radiation is shown in Fig.

The experiments consisted of measuring (e,2e) binding-
energy spectra for a fixed scattering angleu f of the fast
emitted electron as a function of the scattering angleus for
the slow electron and for both positive (mF513) and nega-
tive (mF523) orientations of the excited state. These sta
consist of maximal projections of the nuclear spin (I 53/2),
the orbital angular momentum (l 51), and the electron spin
along the laser beam direction. Neglecting the spin-orbit
teraction and for unpolarized incident electrons and no
larization analysis of the final electron, the cross section
pends only on the orbital orientationml561, and not on the
nuclear and electron spin orientations.

Many scans were performed in each experiment to a
age over the effects of instrumental drifts. Cross normali
tion of the experimentally derived ground- and excited-st
cross sections for each particular kinematic arrangement
achieved in the following manner. For any arbitrary react
kinematics, the relative fractiona of excited-state atoms i
determined by measuring the (e,2e) count ratesN3s

on and
N3s

off , corresponding to the ionization of ground-state ato
with the pump laser on and off, respectively, through
relation

a512N3s
on/N3s

off . ~2!

Having determined the value ofa, the ratio of ground- to
excited-state cross sectionss3s /s3p , for a given target ori-

FIG. 4. Sodium (e,2e) binding-energy spectra forE0590 eV,
Es520 eV,u f520°, us565°, with left- and right-hand circularly
polarized optical pumping light, showing the ground-state a
excited-state transitions.
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entation (mf513 or mf523), is derived from the corre-
sponding (e,2e) count ratesN3s

on and N3p
on corresponding to

ionization of ground- and excited-state atoms, respectiv
measured with the pump laser beam on. This is achie
through the relation

s3s /s3p5
N3s

on

N3p
on

a

12a
. ~3!

In the present series of measurements,a50.4560.04 for the
151 eV measurements and 0.3560.05 for the remainder
leading to an error in the relative normalizations of groun
and excited-state data of around 20%.

III. THEORY

A. Formulation

In the most general case of state-selected (e,2e) experi-
ments, the atomic beam may be oriented and/or alig
while the incident electron beam may be partially polariz
perpendicular to the collision plane defined by the mome
of the incoming and scattered~fast! electrons, respectively
denoted ask0 andk f . Following the methodology used fo
the description of state-selected elastic and inelastic sca
ing experiments@26–28#, we use the density matrix formal
ism to describe such (e,2e) experiments and to take int
account the information relevant to the initial-state prepa
tion @29#. Within this formulation, the atomic and electro
beams are characterized by density operators whose m
representations reflect the statistical mixture of pure sta
each corresponding to the state of one atom or elec
present in the beam. The density operatorr in describing the
initial state of the electron-atom system is given by the dir
product of the density operatorsre and ra that represent,
respectively, the electron and atomic beams. This is beca
the electron and atomic beams are initially prepared far fr
the interaction region, and as such are assumed to be un
related before the interaction begins@26#. Thus we write

r in5re3ra. ~4!

In the present study, as the initial electron beam is unpo
ized, the reduced density matrix of the electron beam is s
ply the unit matrix, the normalization coefficient reflectin
the dimension of the incoming electron spin space,

r in5
1

2 (
M ,M8

n0

un0 ,J,M &^n0 ,J,M 8urM ,M8
J . ~5!

The superscripta has been dropped from the density mat
describing the atomic beam. Furthermore, for the pure ini
atomic stateuF,MF&, we assume that the nonzero nucle
spin of the atom plays no dynamical role in the collisio
process@30#. The atom is thus described as being prepared
a quantum stateuJ,M &, whereJ is the total angular momen
tum of the atom andM its projection along the quantizatio
axis. The effect of the nonzero nuclear spin will appear o

d

6-5
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through recoupling coefficients which are dropped in the
lation ~5!. The quantum numbern0 in Eq. ~5! labels the
electron spin projections.

The atomic beam is most easily described in the pho
frame where the quantization axiszph is parallel to the direc-
tion of propagation in the case of circularly polarized lig
and to the direction of the electric field in the case of linea
polarized light@31#. In the photon frame the density matr
of the excited atomic state and the ground state beco
diagonal.

The differential cross section for the ejection of two ele
trons from an atomic target, initially prepared in a particu
quantum stateuJLM&, upon the impact of an unpolarize
electron beam can be expressed as@2,16#

d5s

dV fdVsdEs
5k (

n0Mi
n f nS

^k fn fksnsFJiLi Mi

ion uTuFJLM
atomk0n0&

3^FJLM
atomk0n0uT†uk fn fksnsFJiLi Mi

ion &rMM
J ,

~6!

whereEs is the energy of one emitted electron@the energy of
the other electron is deduced from Eq.~1!# anddV f anddVs
are the solid angles associated withk f andks. Equation~6!
assumes no resolution of the spin projectionsn f andns of the
two outgoing electrons and no detection of the orientat
and/or alignment for the residual ion. The wave function
the atom ~residual ion! in a particular quantum stat
uJLM& (uJiLiM i&) is Fatom (F ion) whereasT is the transi-
tion operator. The kinematical factork is given by

k5~2p!4
kfks

k0
. ~7!

As shown in recent articles@11,15#, the effect of the
initial-state preparation on the collision dynamic is most co
veniently seen when state multipolesrKQ are used rathe
than density matrices. The state multipolesrKQ are related to
the density matrix elementsrMM

J by @27#

rMM
J 5(

K
~21!K2J2M^J2MJMuK0&rKQ50 , ~8!

where K and Q in relation ~8! stand, respectively, for the
rank of the tensor and its projection along the quantizat
axis. The relation~8! indicates that only theQ50 compo-
nents of the state multipoles are nonvanishing as the den
matrix describing the atomic beam is diagonal in the pho
frame. Using relations~6! and ~8! the cross sections can b
expressed in terms of irreducible tensor components as@15#

d5s

dV fdVsdEs
5 (

K50

2J

rK0L0
(K) . ~9!

Expression~9! shows that the use of the state multipol
renders possible a separation of geometrical properties~de-
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scribed by the state multipoles! and reaction dynamics~con-
tained in the tensorial parametersL0

(K)).
For low-energy scattering from a light target atom, su

as sodium, one can neglect the relativistic interactions
might alter the spin projections of the continuum electro
without conservation of the total spin of the system. In th
situation, the exchange process is the only spin-depen
process that needs to be taken into account. The spin pa
the T-matrix elements appearing in relation~6! can then be
factored out. In the present case of a sodium target, Eq.~9!
can be expanded as@12,15#

d5s

dV fdVsdEs
5

1

3
L0

(0)1
1

A2
~r11

(1)2r2121
(1) !L0

(1)

1
1

A6
~123r00

(1)!L0
(2) . ~10!

The tensorial components along the quantization axis
the target are expressed in terms of the state-resolved c
sectionssL,mL

as

L0
(0)5

k

A3
~s1,11s1,01s1,21!, ~11!

L0
(1)5

k

A2
~s1,12s1,21!, ~12!

L0
(2)5

k

A6
~s1,122s1,01s1,21!. ~13!

The cross sectionssL,mL
are themselves expressed as fun

tions of the symmetrizedT-matrix elements as

sL,ml
5k(

S

1

2S11
zA^k fn fksnsFLi Mi

ion uTSuFLM
atomk0n0& z2.

~14!

These relations allow the calculation of the state-resol
cross section for arbitrary angles between the momen
transfer vectorq5k02k f and the quantization axiszph. In
the experimental arrangement under consideration the at
are prepared using circularly polarized light propagating p
pendicular to the scattering plane@12#. In this situation the
ẑph quantization axis coincides withẑn, the quantization axis
of the natural frame. As for the case of inelastic scatter
studies@32#, we define, for the present study, the natu
frame as a right-handed coordinate system. In the nat
frame, the quantization axisẑph is defined asẑph5 k̂03 k̂ f .

The cross sections are calculated usually in the collis
frame, where the quantization axisẑc is defined along the
incident electron momentumk0 and where, in coplanar kine
matics, the fast electron is scattered in the (xy) plane. The
collision and natural frames are related as

xn5zc, yn5xc, and zn5yc. ~15!
6-6
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The natural frame cross sectionssL,mL
appearing in the ex-

pressions of the tensor components, Eqs.~11!–~13!, can be
expressed as functions of the collision frame scattering
plitudes by using the appropriate frame transformat
through Euler angles@33,34#. The natural and collision frame
scattering amplitudes, respectivelyf mL

n and f mL

c , are related

by

f 61
n 57A 1

2 @ f 0
c6 1

2 i ~ f 1
c2 f 21

c !#, ~16!

f 0
n52 iA 1

2 ~ f 1
c1 f 21

c !. ~17!

For the case of ionization, as for the case of inelastic s
tering, reflection in the scattering plane also imposes the
lowing relation for the collision frame scattering amplitude

f 1
c52 f 21

c . ~18!

This reduces relations~16! and ~17! to

f 61
n 57A 1

2 @ f 0
c6 i f 1

c#, ~19!

f 0
n50. ~20!

Using relations~18! and ~19! in the expressions of the
tensorial components~11!–~13!, we see that the alignmen
parameterL (2) is related to the tensorial componentL (0) as

L0
(2)5A 1

2 L (0). ~21!

This indicates that in the present experimental arran
ment the measurement of the initial-state averaged and s
selected cross sections allows determination of all three
rameters describing the process, the scalar componentL (0),
which is the quantity usually measured in a conventio
(e,2e) experiment, and the vector componentL (1), which is
a measure of the change in the cross sections resulting
an inversion of the initial target orientation.

B. Scattering methods

To investigate the influence of the short- and long-ran
interactions, as well as the electron-electron interaction in
final state, we use two different scattering methods to ev
ate the state-resolved cross sections. The first is the disto
wave Born approximation~DWBA! @16,17#, which accounts
for the short- and long-range interactions in both the ini
and the final states but treats the two outgoing electron
independent particles. The second is the dynamic
screened three-Coulomb-wave method~DS3C! @18#, which
accounts explicitly for the electron-electron correlation in t
final state but in contrast neglects the short-range interac
in both the initial and final states.

In both approximations, the scattering from the Na at
is reduced to a three-body problem by considering only
active ~valence! electron of the Na atom. The total Hami
tonianH of the projectile electron and target is

H5h11h21v12, ~22!
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whereh1 andh2 are the Hamiltonians of the active electron
consisting of the kinetic energy operatorKi and potentialVi .
v12 is the electron-electron interaction potential not includ
in Vi .

The DWBA approximation is formulated by partitionin
the collision Hamiltonian into two parts@16,17#,

H5~K11U11K21V2!1~V11v122U1!, ~23!

5K1V, ~24!

whereU1 is the distorting potential, which needs to be d
fined @35#. WhenLS coupling is assumed to be valid for th
(N11)-electron state, the exact unsymmetrizedT-matrix el-
ements are approximated, within the DWBA, as

^k fksFJiLi Mi

ion uTuFJLM
atomk0&

[^x (2)~k f !x
(2)~ks!uVufLMx (1)~k0!&. ~25!

In relation~25!, fLM is the one-electron orbital of the activ
target electron, the electron ejected from the atom during
ionization process. The distorted wavesx (6)(k) are one-
electron state solutions of the channel HamiltonianK, sepa-
rable in the electron coordinates. The DWBAT-matrix ele-
ments ~25! can be derived by considering a post or pri
form derivation @16,17#. In the former case, the entranc
channel distorted wavex (1)(k0), which is the solution of the
electron scattered by a central local potentialU1, approxi-
mates a formal distorted waveX(1)(k0) obtained by project-
ing the one-electron orbitalfLM from an exact collision state
Ca

(1)(k0). In this situation, the distorted wavesx (6)(k) are
obtained by solving the elastic scattering problem in the fi
of the atom for the incoming and scattered electro
x (1)(k0) and x (2)(k f), and in the field of the ion for the
calculation of the distorted waves describing the scattering
the slow outgoing electron,x (2)(ks). In the prior formula-
tion, the product of the two outgoing distorted wav
x (2)(k f) and x (2)(ks), calculated in the field of the ion
approximates the exact collision state with final-state bou
ary conditionC (2)(k f ,ks). In the next section we will use
both of these formulations. We will refer to the post-for
formulation as DWBAS and the prior-form formulation a
DWBAI.

In both cases, the radial part of the distorted waves
derived as a solution of a radial equation of the type

S d2

dr2
2

l ~ l 11!

r 2
22v~r !1k2D ul~r !50. ~26!

In Eq. ~26!, the potentialv(r ) corresponds to the distortin
potential U1(r ) chosen as the equivalent local stati
exchange potential of Furness and McCarthy@36# when scat-
tering in the field of the atom is considered~e.g., for the
incident and scattered electron distorted waves!. The corre-
sponding local static-exchange potential for the ion is c
sen, in addition to the Coulomb potential, when the distor
waves are considered as electron-ion states.
6-7
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We remark that in both alternatives of the DWBA th
electron-electron interaction is not included in the calculat
of the outgoing distorted waves. Thus, the bound-elect
orbital and the distorted waves representing the slow es
ing electron are orthogonal. Therefore, only the electr
electron interaction potentialv12 contributes to Eq.~25!.

In the second method considered here, the DS3C met
the exactT-matrix elements are approximated as

^k fksFJiLi Mi

ion uTuFJLM
atomk0&[^C f

(2)~k f ,ks!uVufL,ML
k0&.

~27!

In relation ~27!, the initial state of the electron-atom syste
consists of the product of a plane wave describing the inc
ing projectile and a bound state describing the laser-exc
atom state. The final state is reduced to a three-body sys
by assuming that the residual ion (Na1) acts as a point
charge on the two escaping electrons. The state of this th
body system is approximately represented by

C f
(2)~r f ,r s!5Neik f•r feiks•rs

1F1@ ib f ,1,2 i ~kfr f1k f•r f !#

31F1@ ibs,1,2 i ~ksr s1ks•r s!#

31F1@ ib f s,1,2 i ~kf sr f s1k f s•r f s!#, ~28!

where r f s5r f2r s and k f s5(k f2ks)/2. 1F1@a,b,c# is the
confluent hypergeometric function whileN is a normaliza-
tion factor. The form of the dynamical Sommerfeld para
etersb i can be found in@18,37#. The interpretation of the
wave function~28! is straightforward. It assumes that th
three-body system consists of three two-body subsyste
The interaction strength within each individual subsystem
dictated by the coupling to the other remaining two-bo
subsystems. This coupling is contained in the Sommer
parameters. The final-state wave function within the fi
Born approximation is readily obtained from Eq.~28! upon
the replacementb f[0[b f s , bs52ZNa1 /ks , whereZNa1 is
the charge of the residual ion. If we consider the two fin
state electrons to be moving independently in the field
Na1, the Sommerfeld parameters in the wave function~28!
reduce tobs52ZNa1 /ks , b f52ZNa1 /kf , b f s[0.

IV. RESULTS AND DISCUSSION

To establish the validity of the two scattering metho
presented in the previous section for the particular kinem
ics considered here, we first concentrate on the descriptio
the ionization process of ground-state sodium atoms. In
5, we present DWBA calculations for the ionization of2S1/2
ground-state sodium for four different kinematical arrang
ments.

Within the DWBA method, a Slater representation of t
sodium Hartree-Fock orbitals, as tabulated by Clementi
Roetti @38#, is used for the target radial orbitals. This repr
sentation is used to generate the bound-electron radial or
as well as the static potential in the calculation of the d
torted waves. As mentioned earlier, the equivalent sp
average local exchange potential of Furness and McCa
@36# is used to generate the exchange part of the distor
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potential in both the entrance and exit channels. It is no
here that the DWBA calculations presented in this pa
have not been energy averaged over the 6 eV energy b
over which scattered electrons are detected, but rather ca
lated at the mean value of this energy band for each of
two analyzers separately.

Figure 5 shows DWBA calculations for the two differe
derivations of the DWBAT-matrix elements presented in th
previous section compared to measurement. The dashed
corresponds to the post-form derivation, where both the
cident and scattered distorted waves are calculated in
distorting potentialU1, and the solid line to the prior-form
derivation where both outgoing electrons are calculated
electron-ion states. Since the measurements are not abs
the only valid comparison of theory with experiment is o
of shape. Having chosen the form of the DWBA, normaliz
tion of the data to theory is via the 3p cross section as
discussed later. This gives the ground-state normaliza
factors indicated in the caption of Fig. 5. Shape compari
with the experimental measurements indicates that the p
form derivation provides a better description of the ioniz
tion process of the ground-state sodium atom for all the
nematics considered here. The post-form formulation res
in a cross section where the maximum is slightly shift
toward lower values of the slow electron angle. This shift
the maximum of the cross sections toward smaller value
the slow electron angle increases in the DWBAS calculat
as the incident energy decreases. For the lowest value o
incident electron energy considered here,E0560 eV, the
binary peak of the cross sections when calculated using
DWBAS formulation is shifted to lower values of the slo
electron angle by almost 20° when compared to both
DWBAI calculation and the experimental measurements
terms of the magnitudes of the ionization cross section, w
the DWBAS and DWBAI calculations predict values of a
most identical magnitude for the incident energyE05151
eV, the DWBAI formulation predicts smaller magnitudes f
the cross sections as the incident energy decreases. How
since the measurements~a! to ~d! have not been cross
normalized experimentally, the energy dependence of
two calculations cannot be directly compared against tha
experiment.

Normalization of experiment to theory has been p
formed in the following manner. The excited-state expe
mental 3p cross sections, which form the main focus of th
paper, are normalized to the DWBAI theory based on
superior description of the shapes of the ground-state c
sections. Given that the 3s/3p cross-section ratios are dete
mined experimentally for each kinematics, within an error
20% @see Eqs.~2! and ~3!#, multiplicative coefficients are
applied to the ground-state theoretical calculations show
Fig. 5 for best comparison with the shape of the experime
cross sections. The coefficients for the DWBAI calculatio
reflect how the 3S/3P cross-section ratio, as predicted with
the DWBAI model, compares to that derived from expe
ment. The values of these coefficients, which vary from 1
at 151 eV to 2.15 at the lowest energy, clearly indicate t
the branching ratio is underestimated for three of the ki
matic regimes considered here@graphs~a!, ~b!, and ~d!#. A
6-8
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FIG. 5. Variation of the cross
sections as a function of the slow
electron angle for the ionization o
ground-state sodium. DWBAI
~solid line!, DWBAS ~dashed
line!. ~a! E05151 eV, Es520.5
eV, andu f520°; ~b! E0590 eV,
Es520 eV, andu f520°; ~c! E0

590 eV, Es510 eV, and u f

515°; and ~d! E0560 eV, Es

520 eV, andu f520°. The DW-
BAI calculations are multiplied by
1.32 ~a!, 1.46 ~b!, 1 ~c!, and 2.15
~d!. The DWBAS calculations are
multiplied by 1.2~a!, 1.1 ~b!, 0.78
~c!, and 1.2~d!. The data are nor-
malized to the DWBAS excited-
state cross sections as discussed
the text.
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coefficient of 1.0 is applied to the DWBAI calculation
shown on graph~c!, indicating that in this case the ratio o
the 3S/3P cross section now appears to be slightly overe
mated.

Nevertheless, the figure does show that the prior-form
mulation is superior in describing quantitatively the angu
behavior of the experimental data over the whole kinemat
range considered here. The comparison between prior-f
results and experimental measurements suggests tha
proximating the exact final-state wave functionC (2)(k f ,ks)
as the product of two Coulomb waves gives a reasona
description of the position of the binary peak of the cro
sections over the range of kinematics considered here.

We now turn to the main focus of the present study,
scription of the ionization of laser-excited 3P sodium atoms.
In the DWBA calculations, the excited sodium atoms a
also described using a Slater representation of the Har
Fock orbitals. The Hartree-Fock orbitals are in this case g
erated using the Hartree-Fock program of Fischer@39#. For
the DS3C calculations, a Klapisch-type potential is used
generate the excited bound electron orbital@40,41#.
01270
i-

r-
r
al
m
ap-

le
s

-

e
e-

n-

o

The thick solid and dashed curves of Fig. 6 shows
state-resolved cross sectionss1,1 ands1,21, when calculated
using the prior form of the DWBA method. The experime
tal measurements have not been normalized to one ano
and hence are individually normalized to the excited-st
DWBAI theory for each of the kinematics considered,
discussed earlier. The figure shows that the DWBAI mode
reasonably successful in predicting the correct relative m
nitude of the state-resolved cross sections at each of the
nematics presented. The most obvious discrepancy is a
incident energy of 151 eV, where the theoretical predict
indicates that the state-resolved cross sections are of al
the same magnitude while the experimental cross section
contrast, show thes1,1 cross section to be significantl
smaller than thes1,21 cross section. The double-peak stru
ture in thes1,1 cross section is also not reproduced in t
calculation. Recently, it has been argued@42# that the origin
of this structure lies in the final-state interaction of the slo
electron with the residual ion. However, the scattering geo
etry investigated was slightly different from the present ca

For the lower value of the incident electron energy,E0
6-9
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FIG. 6. Variation of the cross
sections as a function of slow
electron angle for the ionization o
3P excited sodium. Filled circles
measureds1,21 (Na 32P3/2, mF

523); open circles,s1,1 (mf5
13). DWBAI calculationss1,21

~thick solid line! and s1,1 ~thick
dashed line! and DWBACF calcu-
lations s1,21 ~thin solid line! and
s1,1 ~thin dashed line!. See text
for details. The experimental mea
surements are normalized to th
maximum of the DWBA s1,21

calculations for~a!–~c! and to the
maximum of DWBAs1,1 for ~d!.
The kinematics are as in Fig. 5
The arrow indicates the direction
of the momentum transferq.
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590 eV, the relative magnitudes of the experimental cr
sectionss1,21 ands1,1 are also clearly different. In this cas
for a slow electron ejected at an energyEs of either 10 or 20
eV and at a scattering angleu f of 15° and 20°, respectively
the magnitude ofs1,1 is consistently smaller thans1,21. As
can be seen from Fig. 6, the relative magnitudes of the st
resolved cross sections are predicted reasonably well by
DWBA method; however the ratio of peak heights is und
estimated by the theoretical model while the experimen
measurements ofs1,1 suggest a slightly narrower binar
peak for both kinematics. Further, a mild shoulder eviden
the experimentals1,1 is not reproduced by the theory whe
the slow electron is ejected with an energy ofEs510 eV. At
E0560 eV, the relative magnitude ofs1,21 ands1,1 is still
reasonably well described by the DWBA model althou
again underestimated. However, the theoretical predic
for the position and relative height of the binary peak
s1,21 is now at variance with the experimental data, its an
being shifted by around 5° toward lower angles.

To further investigate the mechanism responsible for
breaking of symmetry around the momentum transfer dir
01270
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l
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n
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tion we used two additional models to calculate the sta
resolved cross sections. In the first model, DWBAPF,
scattered electron is described by a plane wave while
incident and ejected electron are described using the s
distorting potential as described in the previous section
the second model, DWBACF, the distorting potential used
calculate the fast-electron distorted wave is replaced by
Coulomb potential only.

The DWBACF calculations are represented by the t
solid and dashed curves in Fig. 6. Comparison between
DWBA and DWBACF calculations in this figure indicate
that, for the kinematics considered in this study, the sh
range interactions, static and exchange, between the scat
electron and the remaining electrons of the ion have a m
mal influence on the position of the maximum of the cro
sections or on the relative magnitudes of the state-reso
cross sections. We note in the figure that thes1,1 cross sec-
tions calculated within the DWBACF are normalized to t
corresponding DWBA calculations for each kinematic
Nonetheless, we can see that the short-range interac
tend to increase the difference in magnitude betweens1,1
6-10
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FIG. 7. Influence of the Cou-
lomb interaction for the scattere
electron on the variation of the
cross sections as a function of th
slow electron angle for the ioniza
tion of 3P sodium. Same legend
details as in Fig. 6; the DWBAI
calculations are shown as thic
lines, the DWBAPF calculations
as thin lines. The DWBAPF cal-
culations are multiplied by 0.87
~a!, 0.80 ~b!, 0.83 ~c!, and 0.75
~d!. Same kinematics as in Fig. 5
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In contrast, the comparison between the DWBAPF a

DWBA calculations, shown in Fig. 7, indicates an increa
ingly strong influence of the Coulomb interaction of the sc
tered electron with the residual ion when the incident el
tron energy decreases. This is comprehensible, as
dichroism as such vanishes when all interactions of
ejected electrons with the ion are neglected. At lower en
gies the interactions of both electrons with the residual
become of the same order and hence we can expect th
chroism to be influenced by both of these interactions.

For an incident electron energy of 151.6 eV and at
kinematical arrangement of the present experiment, the
suggests that the Coulomb interaction between the scatt
electron and the residual ion has a minor effect on the sh
and magnitude of the dichroism. This situation changes d
tically when the incident energy is lowered to 90 eV. A
deduced from Fig. 7 the Coulomb interaction of the fast el
tron with the ion is largely responsible for the break in r
flection symmetry of the state-resolved cross sections w
respect toq̂. Furthermore, the positions of the binary pea
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in both of the state-resolved cross sections are shifted tow
larger ejection angles. The dichroism is then correspondin
modified. At the moment it is not clear why this shift pro
ceeds in that direction when the final-state interaction of
projectile electron is taken into account.

At yet lower energies (E0560 eV!, the situation becomes
more delicate. Obviously the magnitude of the dichroism
underestimated by the DWBA calculations~cf. Fig. 7!. Nev-
ertheless, the DWBA model predicts a shift of the bina
peak positions with respect to the momentum transfer dir
tion in the direction shown by the experiments. Again th
shift can be associated with the Coulomb final-state inter
tion of the scattered electron with the residual ion~cf. Fig.
8!.

In earlier work @12# we suggested that the electro
electron final-state interaction, missing in the DWBA, b
comes important at this low energy. This conjecture is tes
by the DS3C calculations shown in Fig. 8~d! in which we
systematically switch on the various final-state interactio
and explore their influence.

For all DS3C calculations presented in this work an av
6-11



ed

An
s at all the
BA results

itional
d

LOWER, ELLIOTT, WEIGOLD, MAZEVET, AND BERAKDAR PHYSICAL REVIEW A 62 012706
FIG. 8. The same kinematical arrangement as in Fig. 5. In~a! the incident energy isE05151.62 eV, the median energy of the eject
electron isEs521.5 eV ~additional 1.0 eV energy due to weaker binding energy of 3p electron!, and the scattered electron angle isus

520°. The calculations fors1,21 ~solid curve! and s1,1 ~dashed curve! are performed within the DS3C model including exchange.
average has been performed over the 6 eV range of energies over which the outgoing electrons are detected in all the calculation
kinematics. For best shape comparison, the experimental results have been normalized to the DS3C theory. The inset shows the F
~light solid curve fors1,21 and light dashed curve fors1,1) and the results~solid curve representss1,21 and dashed curve iss1,1) when the
two escaping electrons move independently in the field of the residual ion, i.e., we set in Eq.~28! b f s[0,bs52ZNa1 /ks , b f5
2ZNa1 /kf . For inset in~a! only the experimental results, after normalization to the DS3C theory, have been multiplied by an add
factor of 1.5 to facilitate comparison with the FBA calculations. In~b! the same labeling of curves as in~a! but the incident energy is lowere
to E0590 eV. In ~c! the same as in~b! but the scattering angle is fixed tou f515° and the ejected electron energy is chosen asEs510 eV.
The FBA calculations are not shown in the inset.~d! the 60 eV data with the same descriptions of curves.
012706-12
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FIG. 8 ~Continued!.
o
o
t

te
n

p-

ard
age has been performed over the 6 eV range of energies
which outgoing electrons are detected. For best shape c
parison, the experimental results have been normalized to
DS3C theory. If all final-state interactions are neglec
@b f[bs[b f s[0 in Eq. ~28!# the dichroism vanishes. Upo
01270
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d

replacing in Eq.~28! b f[0[b f s , bs52ZNa1 /ks ~the FBA
case! we obtain a finite dichroism with the symmetry pro
erties mentioned above. If we set in Eq.~28! b f s[0,bs5
2ZNa1 /ks , b f52ZNa1 /kf ~independent Coulomb particles!
the binary peaks in the cross sections are shifted tow
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larger ejection angles, as in the case of Fig. 7. Now tak
the electron-electron final-state interactions into account
sults in a further shift of the binary peaks and an increas
the dichroism. The direction of the shift, however, is n
simply one to larger angles as would be expected on
basis of mutual repulsion of the two escaping electrons. F
ure 8~d! shows the direction and magnitude of the shift
depend upon the initial magnetic quantum state of the bo
electron state. This implies a dynamical role of the electr
electron interaction beyond a simple repulsion effect. In p
ticular, the ionization via direct scattering from the core
greatly enhanced when the interelectronic correlation
taken into account. This is because, in the FBA and withi
frozen core approximation, ionization following direct sca
tering from the nucleus is not allowed due to the orthogon
ity of initial and final target states. This situation is not a
tered when the interaction of the scattered electron with
residual ion is taken into account, since the two escap
electrons are still decoupled. It is the coupling between th
two electrons that makes possible an ionization event aft
direct projectile-core scattering. At yet lower energies, m
drastic effects of the electron-electron interaction have b
anticipated@15#. All DS3C calculations shown in Fig. 8 ar
energy averaged over the 6 eV range over which the ou
ing electrons are detected.

For the higher-incident-energy cases@Figs. 8~a!–8~c!# the
effect of the electron-electron final-state interaction on
shapeof the cross sections becomes less pronounced u
the kinematics of concern here, which are primarily dicta
by the final-state interactions of the escaping electrons w
the residual ion. This in accord with the conclusions of t
DWBA calculations. From the results depicted in Fig. 7 a
Figs. 8~a!–8~d! we can conclude, however, that the absol
valuesof the cross sections are considerably affected by
interelectronic final-state interaction. This is in line with r
cent conclusions for the electron-impact ionization of isot
pic targets@43#. It is interesting to note that the double pe
in thes1,1 cross section for the 151 eV kinematics@Fig. 8~a!#
is reproduced in the DS3C calculations.

V. CONCLUSIONS

In this work we have presented fully differential cro
sections for the electron-impact ionization of the sodiu
W
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atom laser pumped into a selected magnetic sublevel.
demonstrated, experimentally and theoretically, that
spectra of the emitted electrons depend in a nontrivial m
ner on the helicity of the absorbed photon. For the asymm
ric kinematics considered in this work, our findings can
summarized as follows. At an intermediate incident ene
of 151.6 eV and for the scattered angles presented h
theory suggests that the dichroism and the individual cr
sections are essentially determined by the interactions of
slow outgoing electron with the residual ion, whereas
interelectronic coupling as well as the interaction of the f
outgoing electron with the residual ion play a minor ro
However, discrepancies between theory and experiment
exist under these conditions, precluding definitive stateme
on the nature of the dichroism. At yet lower energies, 90 e
the scattering dynamics, and hence the cross sections
come sensitive to the interaction of the fast outgoing elect
with the residual ion while the final-state electron-electr
correlation is of less importance. This situation is reflected
increasing deviations from reflection symmetry~with respect
to the momentum transfer direction! of the state-resolved
cross section. The strong symmetry breaking is confirmed
experimental measurements. At the lowest incident ene
considered here~60 eV!, the cross sections become sensiti
to all interactions, and, in particular, the final-state electro
electron interaction needs to be taken into account. Th
conclusions are substantiated by the experimental findin
As a result of the present study, it is anticipated that eve
higher incident energy, the inclusion of the electron-elect
interaction will prove indispensible for certain kinematic
situations where the two electrons are close to each othe
velocity space or when a strong scattering from the nucl
is unavoidable, e.g., in backscattering geometry.
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