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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 numbg(s): 34.80.Dp, 34.80-i, 34.80.Pa, 34.80.Qb

I. INTRODUCTION electron-impact ionizatioh8—10] was established and com-
parison of the results with theory revealed detailed informa-
The need for a detailed understanding of the process dfon on the influence of the short-range interactions between
ionization by electron impact for various fields of physics,the two outgoing electrons and the residual j6r8)].
such as atmospheric physics, plasma physics, and gas dis-In this paper we focus on the electron-impact ionization
charge physics, has led to extensive studies both experimeof sodium atoms laser pumped into a well defined angular
tal and theoretical of this particular process. The most commomentum magnetic substate. In this situation tRed)
plete information on the electron-impact ionization process igross section reveals a dependence on the inversion of the
obtained from so-callede(2e) experiments, where both the helicity of the exciting photori11,12. This dichroic effect
scattered and the ejected electrons from the target are dessults from the transfer of the initial-state orientation to the
tected in coincidence and their momenta are resolved. Thisutgoing correlated electron pair and hence has been termed
kind of measurement has proved indispensible when addresgrientational dichroismExperimental evidence for the exis-
ing the details of collision dynamics. Moreover, thede) tence of this effect has been provided recently by Detral.
technique can be employed for the spectroscopy of electronid 2]. Here, we present further experimental and theoretical
structure of atoms, molecules, and solids?]. These differ-  results and investigate in more detail the underlying physical
ent aspects of thee(2e) reaction can be highlighted by ju- processes.
dicious choice of the kinematic arrangement. Experimentally, the sodium atoms are prepared in the
In recent years, a new generation @&Z2e) experiments (32P,,, F=3, m==*3) hyperfine states and ionized us-
has emerged that uses polarized electron beams and/ig an initially unpolarized electron beam. Initial theoretical
atomic beams in which the constituent atoms are aligne@nd experimental studigd1-14 indicate a strong depen-
and/or oriented. The firse(2e) experiment of this type used dence of the cross section on the direction of the initial-state
a polarized electron beam to ionize lithium atoms prepared imtomic orientation. This dependence of the cross sections is
a particular quantum state by use of inhomogeneous magrnost easily analyzed within the theoretical framework of the
netic fields, and was primarily concerned with the study offirst Born approximatior(FBA), i.e., when we assume that
the exchange proce$8]. These experiments were followed the ejected electron moves in the field of the residual ion
by experimental arrangements using a polarized electrowhereas the scattered one is free. In this case the geometrical
beam at relativistic energy for the inner-shell ionization of properties of the orientational dichroism are given by the
various atomic targets such as silNéf and at intermediate triple product of the quantization axis of the atom, the mo-
energy for the outer-shell ionization of xenon, where the finementum transfer direction, and the vector momentum of the
structure energy splitting of the residual ion can be resolve@jected electroi11,12. According to the FBA model, the
experimentally{5,6]. High-energy experiments on the inner origin of the dichroism lies in the interaction of the slow
shells of heavy target atoms were primarily concerned wittelectron with the residual ion; the dichroism vanishes when
the study of the influence of relativistic interactions duringthis interaction is neglectdd.5]. Furthermore, the FBA pre-
the ionization proces/]. In the xenon experiments, experi- dicts that the cross sections for the electron-pair emission
mental verification of the so-called fine structure effect infrom left- or right-hand circularly laser-pumped Na atoms
are related to each other via reflection symmetry about the
direction of momentum transfédi5].
*Permanent address: Theoretical Division, Los Alamos National Recent experimental measuremdr2—14 reveal a con-
Laboratory, Los Alamos, NM 87545. siderable break of this symmetry property which indicates a
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dynamical transfer of the initial atomic orientation to the two  The first stage of the apparatus consists of two ultrahigh-
outgoing electrons through mechanisms beyond those simyacuum(UHV) chambers connected in series with one an-
lated by the FBA. On the grounds of an approximate modebther. In the first of these chambers, the so-called source
for the correlated many-body dynamics, it was proposed thathamber, electrons are produced by irradiation of a negative-
this symmetry breaking has its origin in the final-state elec-affinity p-doped GaAs crystal surface by laser light. The de-
tron correlation[12—14. As the theoretical interpretation is tails of the crystal composition, cleaning, and coating proce-
subject to the approximation adopted for the treatment of thelure have been described previoughg] and will not be
reaction dynamics, we contrast in this work the predictiongepeated here. This first chamber is pumped by a 30 I/s ion
of various approximative scattering models with experimenpump which maintains a background pressure in the'i0
tal findings. We first employ the distorted-wave Born ap-torr range. The combination of an UHV environment to
proximation[16,17], which is particularly convenient for iso- minimize contamination of the GaAs photocathode and a
lating the influence of the various interactions between theontinuous deposition of cesium onto the photocathode sur-
continuum and target electrons, and then the more refinefhce enables stable emission currents to be maintained over a
dynamically screened Coulomb wave metd8] to quan- period of many months. Linearly polarized light from a
tify the influence of the final-state electron correlations. GaAlAs diode laser of around 810 nm wavelength is used to
The paper is organized as follows. In the next section wayenerate the photoelectrons. The laser beam is first passed
give an outline of the experimental procedure. We then adthrough a focusing lens and a 1/4 wave plate to produce
dress the theoretical framework necessary to describe thisrcularly polarized radiation before impinging upon the
particular experimental situation. In the fourth section, wecrystal surface. Photon fluxes of a few milliwatts are suffi-
outline the main features of the scattering methods that areient to produce microamperes of current.
particularly relevant to the present study. In the last section, Using extraction by an electrostatic field, the photoelec-
we investigate the influence of the short- and long-range introns are formed into an electron beam. For excitation by
teractions and the electron-electron correlations on the calcwircularly polarized light incident perpendicular to the sur-
lated cross sections and compare them with our experimentéce, the beam is polarized either parallel or antiparallel to
data. the direction of electron motion, depending upon the helicity
of the radiation used in the photoexcitation process. For
ll. EXPERIMENTAL ARRANGEMENT GaAs the polarization of the electron beam is theoretically
limited to a maximum value of 50% due to the selection
rules governing the transitions excited in the photoemission
In Fig. 1 the apparatus is shown schematically. It can bgrocess. We obtain a polarization value routinely of around
divided into three components comprising the source an@4—-30% in our system, the difference between this value
differential pumping chambers in which generation andand the theoretical maximum being attributed to depolarizing
transport of the primary electron beam is achieved, the scagffects acting on the photoelectrons as they are transported
tering chamber in which the atom beam is formed, the interfrom within the bulk to the surface of the photocath¢ae.
section of the laser, electron, and atom beams occurs, and theversion of the electron beam polarization can be achieved
(e,2e) ionization processes are measured, and finally théy reversing the helicity of the laser light through rotation of
Mott chamber in which the degree of the incident electronthe 1/4 wave plate by 90°. As an applied electrostatic field
beam polarization can be determined. The Mott chamber wagill act on the trajectory of an electron beam but not on its
not utilized in the present measurements and will not beangular momentum, the initially longitudinally polarized
described here. Each of the other stages is discussed in sglectron beam is converted to one of transverse polarization
guence below. by deflecting it through a 90° electrostatic deflector. This

A. Apparatus
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action is desirable as for many of our experiments a trans- Collimating
versely polarized electron beam is required. However, for the Aperture
present measurements unpolarized electrons were used. This ¢
was achieved by rotating the quarter wave plate to an angular F
position producing linearly polarized radiation. After extrac- .
tion of the photoelectrons and their transmission through the  geam.”"
90° deflector, a system of electrostatic cylindrical tube lenses  Dump
and deflectors is used to focus and accelerate the electron Faraday
beam to 1000 eV and steer it through the 3-mm-diameter  Cage
aperture separating the source chamber from the differential )
pumping chamber. Interagtion
The purpose of the differential pumping chamber is to 9
provide a differential pumping stage between the source
chamber and the non-UHV scattering chamber to minimize
contamination of the GaAs photocathode. The differential o g
pumping chamber is pumped by a 180 I/s turbo molecular @)
pump and maintains a base pressure of around® *° torr. ;ase'
It is separated from the scattering chamber by a second 3 mm eam
aperture at its exit. Within the differential pumping chamber FIG. 2. Outline of recirculating sodium oven and interaction
are two sets of quadrupole deflectors to steer the 1000 eXégion. The copper walls of the oven surround are water cooled.
electron beam through the exit aperture into the main scaffhe exit aperture and beam dump are cooled by liquid nitrogen.
tering chamber, compensating for perturbations to the beam
trajectory from spurious magnetic fields and surface charginglane of each analyzer, behind a slit in the radial direction,
effects within the electron optics. Transporting the beanenabling simultaneous measurement of scattered electrons
from the source to the scattering chamber at high energy haser a 6 eVenergy band with an energy resolution of around
two advantages. First, it renders the beam less sensitive @00 meV and at an angular resolution of around 2° full
the effects of deflection and defocusing by stray magnetievidth at half maximum.
fields. Secondly, the narrower beam profile achieved by us- The sodium oven, constructed of stainless steel, is shown
ing higher beam energies enables the use of smaller apertursshematically in Fig. 2 and is similar in design to that de-
at the entrance and exit of the differential pumping chamberscribed in Ref[22]. It is comprised of three distinct compo-
increasing the pressure gradient that can be maintained beents, namely, the reservoir, the nozzle, and the recirculator.
tween the source and scattering chambers. The reservoir consists of a cylindrical vessel containing so-
In the scattering chamber the electron passes through dium around which heating wire is wrapped to provide
further series of cylindrical tube lenses which are used tawhmic heating. Reservoir temperatures of between 400 and
both collimate and decelerate the beam to the required im450 °C are necessary to produce the required target densities
pact energy. A target beam of sodium atoms is produced bfor our measurements. The temperature of the reservoir and
effusion of sodium vapor throlga 1 mmaperture in the other key components is monitored by use of thermocouples.
output stage of a recirculating metal vapor oven described ivapor leaving the reservoir is formed into a beam of sodium
detail below. The interaction region lies in the scatteringatoms within the nozzle stage, which is terminated by a
plane defined by the momentum vectors of the sodium bearb-mm-bore capillary of around 10 mm length. The separately
and the incident and detected scattered electrons, the lattheated nozzle is maintained at a temperature at least 100°
three quantities constrained to share a common plane undhigher than that of the reservoir to prevent blockage due to
the coplanar reaction kinematics employed for the preserthe buildup sodium within its narrow exit capillary. The so-
work. The intersection of the sodium and electron beamslium beam emerging from the nozzle is skimmed through
defines the interaction region from whick,2e) events are the action of an aperture positioned at the exit of the oven
measured. The interaction region also lies on the axis ofecirculation stage. Atoms not contained within the central
rotation of three rotatable turntables. On one of the turntablesone of the nozzle beam are recondensed to the liquid phase
the sodium oven is mounted. On each of the remaining twaipon impact with the recirculator walls, which are main-
turntables an electron spectrometer is mounted. tained at a temperature of between 150 and 200 °C, and sub-
Each of the two electron spectrometers comprises a 180sequently returned to the sodium reservoir. The inclusion of
hemispherical electrostatic electron analyzer preceded by the recirculation stage extends the operating lifetime between
five-element cylindrical lens system. The combination of thesodium refills and, by maintaining the collimating aperture
energy selecting analyzer and the angle resolving lens sysurrounds at a temperature above that required for the for-
tem defines the momentum and energy of measured scatterathtion of solid sodium, circumvents the problems of the
electrons. The lens system is similar in design to that deelosing over of cold collimation apertures with time.
scribed in Ref[21] and comprises two three-element zoom The whole oven assembly is enclosed within a water
lenses in series sharing a common central lens, allowing ineooled rectangular copper box whose purpose is twofold.
dependent control over energy and angular resolution to bEirst, it provides a heat sink for radiation emitted by the oven
achieved. Position-sensitive detectors are mounted at the exdround 150 Wand, secondly, it offers additional protection
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o Position modulator by mutual induction with a single-loop drive coil.
Q“a']:fi:m" ‘ g:"‘::,";f The application of a resonator ensures that for modest rf
power inputs, a large voltage is built up across adjacent faces
ot of the LiTaGQ; crystal. To first order, the refractive index of
Recirculating e LiTaO; varies linearly with strength of the applied field. It
Na Oven follows then from Fourier analysis that for a sinusoidal driv-
; Q ing frequencyw,, and for an incident laser beam of fre-
( ‘il\ — < W/foe 7 quencyw, passing through the crystal, the output field con-
Bectron Gun 3 sists of the primary frequency, and additional sidebands
separated by multiples @$,,,. In the present case for sodium
1 Hemispherioa t_he laser I_Jeam is mod_ulated at a frequency of 856 MHz, _the
1/ 4 Wave Plate Electron first two sidebands being separated by 1712 MHz. One side-

Analyser band is used to pump the transitions!S,(F=1)
—3pt2P,,(F=2) and the other the £ °2S,,(F=2)
—3pt2P5,(F=3) transition. In this way a relative fraction
*** « of around 40% B* 2P, excited-state atoms can be rou-
Art Laser Modulator tinely achieved 24]. After a few excitation/decay cycles the
atoms gather exclusively in the two-level system
§sl 25 (F=2me=+2),3p 2Py (F=3mz=+3)  for
pumping by right-hand circularly polarized light, or in the
system 3' %S, (F=2mg=—2),3p' ?P5,(F=3mg=—3)
for pumping by left-hand circularly polarized light. This is
for delicate vacuum components from residual backgroun onfirmed numerically by solving the corresponding rate
quations. The degree of orientation of the excited state in

sodium vapor or accidental spills of liquid sodium underthe interaction region was estimated to be between 96% and

vacuum. The box is kept compact in design by incorporatin o . . : ;
V-shaped channels through each of its 8-mm-thick sidewaIIg%]? ggv?gugog?ﬁ c:lrrégz?uperelastlc scattering data with those

through which cooling water is passed. The compact nature
of the desigh maximizes the angular range through which the
spectrometers can rotate within the scattering plane.
Mounted off the box is a final stage liquid nitrogen cooled In order to discriminate between ionization events result-
collimating aperture and sodium beam dump to provide furing from the removal of 8 and 3 electrons, respectively,
ther collimation of the beam and additional protectionthe binding energy, of the ejected electron is determined
against contamination of the vacuum environment by gasfrom the energies of both outgoing continuum electréns
eous sodium. Both are thermally isolated from the box byandE, and the energy of the incoming electrig from the
ceramic insulators and cooled by means of a flexible coppetelation
braid connected to a cold finger protruding through the wall
of the scattering chamber. €=Eo—(Et+Ey). (1)

Linear Polarizer

FIG. 3. Schematic of the experimental arrangement showing th
coplanar arrangement of the incident and outgoing electron an
sodium beams intersecting at the collision region with the perpen
dicular laser beam.

C. Experimental procedure

B. Laser preparation of the target For each measured coincidence event the summed energy

Intersecting the scattering plane at right angles and comspectrum of both detected outgoing electrons is stored on a
pletely encompassing the interaction region is a frequencynultichannel analyzer yielding a binding-energy spectrum
modulated 589 nm laser beam used to excite and orientatgith a binding-energy resolution given by the convolution of
the sodium target atoms by preparing them in a specific hythe energy spreads of the incoming beam and the apparatus
perfine magnetic substate. The initially linearly polarized la-functions of both of the electron analyzers. In the present
ser light is converted to circularly polarized radiation by case, an €,2e) binding-energy resolution of around 0.9 eV
transmission through a quarter wave plate, the rotation ofvas achieved, more than sufficient to resolve events corre-
which by 90° reverses the helicity of the radiation field andsponding to ionization of the ground- and excited-state at-
thus the orientation of the excited-state atoms. The lasedms, which are separated by 2.14 eV in binding energy.
beam preparation is shown in Fig. 3, which shows schemati- It should be noted, however, that an energy average has
cally the experimental arrangement. been performed at each binding energy over all combinations

In order to reach a high fraction of laser excited atoms inof values forE; and Eg within the 6 eV acceptance band of
the interaction region, the laser excitation is performed byeach analyzer that satisfy E@l). This was undertaken to
means of two frequencies produced by frequency modulatioenable the data to be displayed in a compact form and to
of a single-mode dye laser beam. Frequency modulation ignprove statistics. Thus, although a high value for binding-
achieved by passing the laser beam through an electr@nergy resolutiork ¢, of 0.9 eV is achieved, the energy reso-
optical modulator which is similar in design to that reportedlution for both slow and fast scattered electrons; and
in [23]. It consists of a rectangular LiTa@rystal embedded AE;, respectively, is 6 eV for the experimental data pre-
within a copper foil resonator. Power is coupled into thesented in this paper.

012706-4



DICHROISM IN THE ELECTRON-IMPACT IONIZATION . .. PHYSICAL REVIEW A62 012706

Fo=90eV Es=20eV entation M;=+3 or m;=—3), is derived from the corre-
= 5=

[ Na . , sponding ¢,2e) count ratesN3g and N3y corresponding to
B 3p of = 20 05 =65 ionization of ground- and excited-state atoms, respectively,
© my=-1 measured with the pump laser beam on. This is achieved
- l oem, =+1 through the relation
3s
100 l / Ngg a 3
i O3s Uap—N—% 1o 3

In the present series of measuremeats,0.45+0.04 for the
151 eV measurements and 0:36.05 for the remainder,
leading to an error in the relative normalizations of ground-
and excited-state data of around 20%.

Coincidence Counts

Ill. THEORY

w0 :
V%1 100) A. Formulation

1 2 3 4 5 6 7 In the most general case of state-selecte@d) experi-
ments, the atomic beam may be oriented and/or aligned
while the incident electron beam may be partially polarized
FIG. 4. Sodium €,2e) binding-energy spectra fdE,=90 eV,  perpendicular to the collision plane defined by the momenta
E,=20 eV, #;=20°, 6,=65°, with left- and right-hand circularly ~of the incoming and scatterg@ias) electrons, respectively
polarized optical pumping light, showing the ground-state anddenoted a%, andk;. Following the methodology used for
excited-state transitions. the description of state-selected elastic and inelastic scatter-
ing experiment$26—28, we use the density matrix formal-
For each chosen angular setting of the analyzers, specttém to describe suche(2e) experiments and to take into
corresponding to positive and negative target orientation araccount the information relevant to the initial-state prepara-
recorded, as well as random coincidence background specttian [29]. Within this formulation, the atomic and electron
which are subtracted from the binding-energy spectra in th@eams are characterized by density operators whose matrix
usual mannef25]. A typical binding-energy spectrum for representations reflect the statistical mixture of pure states,
the two helicities of the incident radiation is shown in Fig. 4. each corresponding to the state of one atom or electron
The experiments consisted of measurimg2€) binding-  present in the beam. The density operaiBrdescribing the
energy spectra for a fixed scattering andle of the fast initial state of the electron-atom system is given by the direct
emitted electron as a function of the scattering ar@jléor  product of the density operatogs and p? that represent,
the slow electron and for both positiveng=+3) and nega- respectively, the electron and atomic beams. This is because
tive (mg= — 3) orientations of the excited state. These stateshe electron and atomic beams are initially prepared far from
consist of maximal projections of the nuclear spir-@/2),  the interaction region, and as such are assumed to be uncor-
the orbital angular momentuni< 1), and the electron spin related before the interaction begif6]. Thus we write
along the laser beam direction. Neglecting the spin-orbit in- 0 ew a
teraction and for unpolarized incident electrons and no po- pr=p Xp°. (4)
larization analysis of the final electron, the cross section de-
pends only on the orbital orientation = =1, and not on the [N the present study, as the initial electron beam is unpolar-
nuclear and electron spin orientations. ized, the reduced density matrix of the electron beam is sim-
Many scans were performed in each experiment to averPly the unit matrix, the normalization coefficient reflecting
age over the effects of instrumental drifts. Cross normalizathe dimension of the incoming electron spin space,
tion of the experimentally derived ground- and excited-state
cross sections for each particular kinematic arrangement was in 1

Binding Energy (eV)

. J
achieved in the following manner. For any arbitrary reaction P73 MEM, 70,9, M){v0, I, M"|pjy . - ©)
kinematics, the relative fractionr of excited-state atoms is o

determined by measuring thee,Re) count ratesN3. and

N3T, corresponding to the ionization of ground-state atomsThe superscripa has been dropped from the density matrix

with the pump laser on and off, respectively, through thedescribing the atomic beam. Furthermore, for the pure initial

relation atomic state]F,Mg), we assume that the nonzero nuclear
spin of the atom plays no dynamical role in the collision

a=1—N3UNIT. (2)  procesg30]. The atom is thus described as being prepared in

a quantum statgl,M), whereJ is the total angular momen-

Having determined the value af, the ratio of ground- to tum of the atom and/ its projection along the quantization

excited-state cross sectionss/o3,, for a given target ori-  axis. The effect of the nonzero nuclear spin will appear only
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through recoupling coefficients which are dropped in the rescribed by the state multipoleand reaction dynamidgon-
lation (5). The quantum number, in Eq. (5) labels the tained in the tensorial parametetg).
electron spin projections. For low-energy scattering from a light target atom, such
The atomic beam is most easily described in the photoras sodium, one can neglect the relativistic interactions that
frame where the quantization ax¥' is parallel to the direc- might alter the spin projections of the continuum electrons
tion of propagation in the case of circularly polarized light without conservation of the total spin of the system. In this
and to the direction of the electric field in the case of linearlysituation, the exchange process is the only spin-dependent
polarized light[31]. In the photon frame the density matrix process that needs to be taken into account. The spin part of
of the excited atomic state and the ground state becomehe T-matrix elements appearing in relatiod) can then be

diagonal. factored out. In the present case of a sodium target,(#q.
The differential cross section for the ejection of two elec-can be expanded §%2,15
trons from an atomic target, initially prepared in a particular

quantum statéJLM), upon the impact of an unpolarized d°o 1 ) 1 O W W
electron beam can be expressed 246] d0d0dE, Aot E(Pn —p1-1AG
d°o — ion atom 1
dQdQdE - KVZM- <kakaVSq)JiLiMi|T|(DJLMkOVO> + _(1_3P§)%)))AE)2)- (10)
T 6
x(@j‘mkoyo|TT|kfyfksyscpgf:[iMi)pﬂﬂM, The tensorial components along the quantization axis of

the target are expressed in terms of the state-resolved cross
(6)  sectionso , as

whereE; is the energy of one emitted electrgthe energy of «

the other electron is deduced from E#))] anddQ anddQ, AP =— (o1 1+ 019t 01_1), (11)
are the solid angles associated withand k.. Equation(6) NER ' '

assumes no resolution of the spin projectiepand v of the

two outgoing electrons and no detection of the orientation 1y_ K

and/or alignment for the residual ion. The wave function of Ag :E(Ul,l_ o1-1), (12
the atom (residual ion in a particular quantum state

[JLM) (]JiLiM;)) is @O (d°") whereasT is the transi-

tion operator. The kinematical factaris given by A(Z):L(Ul =20, g+ 0 _1). (13
0 \/6 ) ) )
- 4 KiKs .
k=(2) ko (7) " The cross sections n, are themselves expressed as func-

tions of the symmetrized-matrix elements as
As shown in recent article§ll1,15, the effect of the 1
initial-state preparation on the collision dynamic is most con- _ ion [ TS| g, ato 2
X ) =k, =—|A{K;viksv T3 D2k vo) |4
veniently seen when state multipoleg, are used rather L Es 25+ 1I (keviksrs "Mi| (@l kovo)l
than density matrices. The state multipoles, are related to (14

the density matrix elemenisy;, by [27] ) )
These relations allow the calculation of the state-resolved

cross section for arbitrary angles between the momentum
pum=>0 (—1)X I "MI—MIM|KO)pko-o, (8)  transfer vectorg=Kk,—k; and the quantization axig”. In
K the experimental arrangement under consideration the atoms
_ _ ) are prepared using circularly polarized light propagating per-
whereK and Q in relation (8) stand, respectively, for the pendicular to the scattering plafig2]. In this situation the
rank of the tensor and its projection along the quantizatiorEph quantization axis coincides witlf the quantization axis

axis. The relatior(8) indicates that only t'he?:O COMPO-  of the natural frame. As for the case of inelastic scattering
nents of the state multipoles are nonvanishing as the denS'B{udies[BZ] we define, for the present study, the natural

matrix describing the atomic beam is diagonal in the photor, e a5 5 right-handed coordinate system. In the natural
frame. Using relation$6) and (8) the cross sections can be . ~oh s ) Soho £ Ul
frame, the quantization ax®" is defined ag”'=kgx ks .

expressed in terms of irreducible tensor componentd . . -
P P 1% The cross sections are calculated usually in the collision

d5o 2J frame, where the quantization axi$ is defined along the
—_ = pKOAE)K), (99  incident electron momentuiky and where, in coplanar kine-
dQdQdEs K=o matics, the fast electron is scattered in thg)(plane. The

. _ collision and natural frames are related as
Expression(9) shows that the use of the state multipoles

renders possible a separation of geometrical propefties x"=z% y"=x% and Zz"=yC (15
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The natural frame cross sectiom@mL appearing in the ex- whereh; andh, are the Hamiltonians of the active electrons,
pressions of the tensor components, H34)—(13), can be  consisting of the kinetic energy operatdyand potentialV; .
expressed as functions of the collision frame Scattering am?12 is the electron-electron interaction potential not included
plitudes by using the appropriate frame transformationin V;.

through Euler anglek33,34. The natural and collision frame ~ The DWBA approximation is formulated by partitioning
scattering amplitudes, respectiveflyy andfy, , are related the collision Hamiltonian into two par{s6,17,

by H=(Ky+Uy+ Kyt Vo) + (Vi to1-Uyp), (23
£, =7 A i(FE— £ )], (16) kav o
fo=—i \/g(f(ﬁfc—l)' 17) whereU, is the distorting potential, which needs to be de-

fined[35]. WhenLS coupling is assumed to be valid for the

. o . X t('N+ 1)-electron state, the exact unsymmetriZechatrix el-
tering, reflection in the scattering plane also imposes the fol:

: . - . : ements are approximated, within the DWBA, as
lowing relation for the collision frame scattering amplitudes: PP

foo _fC . (19) (kiks®3T [ TID5NKo)
This reduces relation&6) and (17) to =(x (k) x (k) VI pLmx M (ko)). (25)
o \/I[fc+ifc] (19 In relation(25), ¢, v is the one-electron orbital of the active
+17 20— 1

target electron, the electron ejected from the atom during the
ionization process. The distorted wavg§™)(k) are one-
electron state solutions of the channel Hamiltoniarsepa-
rable in the electron coordinates. The DWHBAmatrix ele-
ments (25) can be derived by considering a post or prior
form derivation[16,17. In the former case, the entrance
channel distorted wavg{™)(k,), which is the solution of the

2 1 electron scattered by a central local potentigl, approxi-
AE= \/;A(O)' @D mates a formal distorted wav€ ")(k,) obtained by project-

fl=0. (20)

Using relations(18) and (19) in the expressions of the
tensorial component&l1)—(13), we see that the alignment
parameter\ (? is related to the tensorial componeht® as

This indicates that in the present experimental arrangemg the one-electron orbitab, ,, from an exact collision state

P (+) is situati i =)
ment the measurement of the initial-state averaged and statlev-a (ko). In this situation, the distorted waves=)(k) are

selected cross sections allows determination of all three pa2Ptained by solving the elastic scattering problem in the field
rameters describing the process, the scalar compoh@ht Of( +§hs aton; Eclr) ihe '”EOT“'”E af.ntlj d sr;at;err—;d ?Iectrr]ons,
which is the quantity usually measured in a conventionaX ( 0). and x (. ), and in the fie 0 the on for t. €

(e,2e) experiment, and the vector componei®), which is calculation of the distorted waves describing the scattering of

: . . i (=) i -
a measure of the change in the cross sections resulting frome slow outgoing electrony™’(ks). In _the prior formula
an inversion of the initial target orientation. tion, the product of the two outgoing distorted waves

X (ks) and x((ky), calculated in the field of the ion,

approximates the exact collision state with final-state bound-

ary conditionW(7)(k; k). In the next section we will use
To investigate the influence of the short- and long-rangéoth of these formulations. We will refer to the post-form

interactions, as well as the electron-electron interaction in théormulation as DWBAS and the prior-form formulation as

final state, we use two different scattering methods to evalubWBAI.

ate the state-resolved cross sections. The first is the distorted- In both cases, the radial part of the distorted waves is

wave Born approximatiofDWBA) [16,17]), which accounts derived as a solution of a radial equation of the type

for the short- and long-range interactions in both the initial

B. Scattering methods

and the final states but treats the two outgoing electrons as d2  1(1+1)
independent particles. The second is the dynamically - > —2v(r)+k?|u(r)=0. (26)
screened three-Coulomb-wave meth@S30 [18], which dr r

accounts explicitly for the electron-electron correlation in the ) ) )

final state but in contrast neglects the short-range interactiol Ed- (26), the potentiab (r) corresponds to the distorting

in both the initial and final states. potential U,(r) chosen as the equivalent local static-
In both approximations, the scattering from the Na atomgXchange potential of Furness and McCaitB§] when scat-

is reduced to a three-body problem by considering only thdering in the field of the atom is consider¢e.g., for the

active (valence electron of the Na atom. The total Hamil- incident and scattered electron distorted wavése corre-

tonianH of the projectile electron and target is sponding local static-exchange potential for the ion is cho-
sen, in addition to the Coulomb potential, when the distorted
H=h;+h,+v,, (220  waves are considered as electron-ion states.
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We remark that in both alternatives of the DWBA the potential in both the entrance and exit channels. It is noted
electron-electron interaction is not included in the calculatiorhere that the DWBA calculations presented in this paper
of the outgoing distorted waves. Thus, the bound-electromave not been energy averaged over the 6 eV energy band
orbital and the distorted waves representing the slow escagver which scattered electrons are detected, but rather calcu-
ing electron are orthogonal. Therefore, only the electroniated at the mean value of this energy band for each of the

electron interaction potential;, contributes to Eq(25). two analyzers separately.
In the second method considered here, the DS3C method, Figure 5 shows DWBA calculations for the two different
the exactT-matrix elements are approximated as derivations of the DWBAT-matrix elements presented in the
on atomy, \ — (=) previous section compared to measurement. The dashed line
(Keks® 3T, I TIP3 Ko) = (W3 (K¢ Ko [V] b m Ko)- corresponds to the post-form derivation, where both the in-

(27) cident and scattered distorted waves are calculated in the
distorting potentiall, and the solid line to the prior-form

In relation (27), the initial state of the electron-atom system derivation where both outgoing electrons are calculated as
consists of the product of a plane wave describing the incomelectron-ion states. Since the measurements are not absolute,
ing projectile and a bound state describing the laser-exciteghe only valid comparison of theory with experiment is one
atom state. The final state is reduced to a three-body systegt shape. Having chosen the form of the DWBA, normaliza-
by assuming that the residual ion (Naacts as a point tion of the data to theory is via thep3cross section as
charge on the two escaping electrons. The state of this thregliscussed later. This gives the ground-state normalization

body system is approximately represented by factors indicated in the caption of Fig. 5. Shape comparison
= e ) ) with the experimental measurements indicates that the prior-
Wi (e, rg) =NerTre s s Fo[i B, 1,—i(Ker g+ ke 1) ] form derivation provides a better description of the ioniza-

. : tion process of the ground-state sodium atom for all the ki-
XaFali Be 1 (ke st Ky 1) ] nematics considered here. The post-form formulation results
X F4[i Bisl,—i(Kiol ts+Kes T )], (28)  in a cross section where the maximum is slightly shifted
toward lower values of the slow electron angle. This shift of
whereri=r¢—rg and kis=(k;—kg)/2. 1F[a,b,c] is the the maximum of the cross sections toward smaller values of
confluent hypergeometric function whil is a normaliza- the slow electron angle increases in the DWBAS calculation
tion factor. The form of the dynamical Sommerfeld param-as the incident energy decreases. For the lowest value of the
etersB; can be found in18,37. The interpretation of the incident electron energy considered hekg~=60 eV, the
wave function(28) is straightforward. It assumes that the binary peak of the cross sections when calculated using the
three-body system consists of three two-body subsystem®WBAS formulation is shifted to lower values of the slow
The interaction strength within each individual subsystem iglectron angle by almost 20° when compared to both the
dictated by the coupling to the other remaining two-bodyDWBAI calculation and the experimental measurements. In
subsystems. This coupling is contained in the Sommerfelderms of the magnitudes of the ionization cross section, while
parameters. The final-state wave function within the firsthe DWBAS and DWBAI calculations predict values of al-
Born approximation is readily obtained from E@8) upon  most identical magnitude for the incident energy=151
the replacemeng;=0= B;,, Bs= —Zna /Ks, WhereZy,+ is €V, the DWBAI formulation predicts smaller magnitudes for
the charge of the residual ion. If we consider the two final-the cross sections as the incident energy decreases. However,
state electrons to be moving independently in the field oince the measurements) to (d) have not been cross-
Na', the Sommerfeld parameters in the wave funci@®  normalized experimentally, the energy dependence of the
reduce toB8s= —Zna+ Ks, Bs=—Zna+ Ks , Bss=0. two calculations cannot be directly compared against that of
experiment.
Normalization of experiment to theory has been per-
formed in the following manner. The excited-state experi-
To establish the validity of the two scattering methodsmental 3 cross sections, which form the main focus of this
presented in the previous section for the particular kinematpaper, are normalized to the DWBAI theory based on its
ics considered here, we first concentrate on the description superior description of the shapes of the ground-state cross
the ionization process of ground-state sodium atoms. In Figsections. Given that thesBp cross-section ratios are deter-
5, we present DWBA calculations for the ionizationi8,,  mined experimentally for each kinematics, within an error of
ground-state sodium for four different kinematical arrange-20% [see Eqs(2) and (3)], multiplicative coefficients are
ments. applied to the ground-state theoretical calculations shown in
Within the DWBA method, a Slater representation of theFig. 5 for best comparison with the shape of the experimental
sodium Hartree-Fock orbitals, as tabulated by Clementi andross sections. The coefficients for the DWBAI calculations
Roetti[38], is used for the target radial orbitals. This repre-reflect how the $/3P cross-section ratio, as predicted within
sentation is used to generate the bound-electron radial orbitéthe DWBAI model, compares to that derived from experi-
as well as the static potential in the calculation of the dis-ment. The values of these coefficients, which vary from 1.32
torted waves. As mentioned earlier, the equivalent spinat 151 eV to 2.15 at the lowest energy, clearly indicate that
average local exchange potential of Furness and McCarththe branching ratio is underestimated for three of the kine-
[36] is used to generate the exchange part of the distortingnatic regimes considered hegraphs(a), (b), and (d)]. A

IV. RESULTS AND DISCUSSION
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coefficient of 1.0 is applied to the DWBAI calculations  The thick solid and dashed curves of Fig. 6 shows the
shown on graplic), indicating that in this case the ratio of state-resolved cross sectiomg; ando; —;, when calculated
the 3S/3P cross section now appears to be slightly overesti-using the prior form of the DWBA method. The experimen-
mated. tal measurements have not been normalized to one another
Nevertheless, the figure does show that the prior-form forand hence are individually normalized to the excited-state
mulation is superior in describing quantitatively the angularDWBAI theory for each of the kinematics considered, as
behavior of the experimental data over the whole kinematicatliscussed earlier. The figure shows that the DWBAI model is
range considered here. The comparison between prior-formeasonably successful in predicting the correct relative mag-
results and experimental measurements suggests that aptude of the state-resolved cross sections at each of the ki-
proximating the exact final-state wave functiét ~)(k; k) nematics presented. The most obvious discrepancy is at the
as the product of two Coulomb waves gives a reasonablacident energy of 151 eV, where the theoretical prediction
description of the position of the binary peak of the crossindicates that the state-resolved cross sections are of almost
sections over the range of kinematics considered here.  the same magnitude while the experimental cross sections, in
We now turn to the main focus of the present study, decontrast, show thes; ; cross section to be significantly
scription of the ionization of laser-excited3sodium atoms. smaller than ther; _; cross section. The double-peak struc-
In the DWBA calculations, the excited sodium atoms areture in theo ; cross section is also not reproduced in the
also described using a Slater representation of the Hartreealculation. Recently, it has been argyd@] that the origin
Fock orbitals. The Hartree-Fock orbitals are in this case genef this structure lies in the final-state interaction of the slow
erated using the Hartree-Fock program of Fisdi8}. For  electron with the residual ion. However, the scattering geom-
the DS3C calculations, a Klapisch-type potential is used tetry investigated was slightly different from the present case.
generate the excited bound electron orhjiti),41]. For the lower value of the incident electron energy,
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=90 eV, the relative magnitudes of the experimental crossion we used two additional models to calculate the state-
sectionso; _; andoy ; are also clearly different. In this case, resolved cross sections. In the first model, DWBAPF, the
for a slow electron ejected at an eneigyof either 10 or 20  scattered electron is described by a plane wave while the
eV and at a scattering anglg of 15° and 20°, respectively, incident and ejected electron are described using the same
the magnitude ofr, ; is consistently smaller thas; _;. As  distorting potential as described in the previous section. In
can be seen from Fig. 6, the relative magnitudes of the statehe second model, DWBACF, the distorting potential used to
resolved cross sections are predicted reasonably well by thealculate the fast-electron distorted wave is replaced by the
DWBA method; however the ratio of peak heights is under-Coulomb potential only.
estimated by the theoretical model while the experimental The DWBACF calculations are represented by the thin
measurements of; ; suggest a slightly narrower binary solid and dashed curves in Fig. 6. Comparison between the
peak for both kinematics. Further, a mild shoulder evident irDWBA and DWBACF calculations in this figure indicates
the experimentaldr; ; is not reproduced by the theory when that, for the kinematics considered in this study, the short-
the slow electron is ejected with an energyEaE=10 eV. At range interactions, static and exchange, between the scattered
Eo,=60 eV, the relative magnitude of; _; and o ; is still electron and the remaining electrons of the ion have a mini-
reasonably well described by the DWBA model althoughmal influence on the position of the maximum of the cross
again underestimated. However, the theoretical predictiosections or on the relative magnitudes of the state-resolved
for the position and relative height of the binary peak incross sections. We note in the figure that thg cross sec-
011 is now at variance with the experimental data, its angletions calculated within the DWBACF are normalized to the
being shifted by around 5° toward lower angles. corresponding DWBA calculations for each kinematics.
To further investigate the mechanism responsible for thifNonetheless, we can see that the short-range interactions
breaking of symmetry around the momentum transfer directend to increase the difference in magnitude between
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andoy —; by the same amount for all cases. in both of the state-resolved cross sections are shifted toward

In contrast, the comparison between the DWBAPF andarger ejection angles. The dichroism is then correspondingly
DWBA calculations, shown in Fig. 7, indicates an increas-modified. At the moment it is not clear why this shift pro-
ingly strong influence of the Coulomb interaction of the scat-ceeds in that direction when the final-state interaction of the
tered electron with the residual ion when the incident elecprojectile electron is taken into account.
tron energy decreases. This is comprehensible, as the atyet lower energiesi,=60 eV), the situation becomes
dichroism as such vanishes when all interactions of thengre delicate. Obviously the magnitude of the dichroism is
ejected electrons with the ion are neglected. At lower energnderestimated by the DWBA calculatiofe. Fig. 7). Nev-
gies the interactions of both electrons with the residual iorertheless, the DWBA model predicts a shift of the binary
become of the same order and hence we can expect the gjeak positions with respect to the momentum transfer direc-
chroism to be influenced by both of these interactions. tjon in the direction shown by the experiments. Again this

~ For an incident electron energy of 151.6 eV and at theshift can be associated with the Coulomb final-state interac-
kinematical arrangement of the present experiment, theorjon of the scattered electron with the residual ieh Fig.
suggests that the Coulomb interaction between the scatterey

electron and the residual ion has a minor effect on the shape |n earlier work [12] we suggested that the electron-
and magnitude of the dichroism. This situation changes drasslectron final-state interaction, missing in the DWBA, be-
tically when the incident energy is lowered to 90 eV. As comes important at this low energy. This conjecture is tested
deduced from Fig. 7 the Coulomb interaction of the fast elechy the DS3C calculations shown in Fig(d8 in which we
tron with the ion is largely responsible for the break in re-gystematically switch on the various final-state interactions
flection symmetry of the state-resolved cross sections witlynd explore their influence.

respect tog. Furthermore, the positions of the binary peaks For all DS3C calculations presented in this work an aver-
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FIG. 8. The same kinematical arrangement as in Fig. %a)inhe incident energy i§€,=151.62 eV, the median energy of the ejected
electron isE,=21.5 eV (additional 1.0 eV energy due to weaker binding energy pfedectron, and the scattered electron angleis
=20°. The calculations forr; _; (solid curvg and o, ; (dashed curveare performed within the DS3C model including exchange. An
average has been performed over the 6 eV range of energies over which the outgoing electrons are detected in all the calculations at all the
kinematics. For best shape comparison, the experimental results have been normalized to the DS3C theory. The inset shows the FBA results
(light solid curve fore; _; and light dashed curve far, ;) and the resultésolid curve represents; _; and dashed curve is; ;) when the
two escaping electrons move independently in the field of the residual ion, i.e., we set iR8EqB;s=0, Bs=—Zna+ 'Ks, Bi=
—Zya+ 1K . For inset in(a) only the experimental results, after normalization to the DS3C theory, have been multiplied by an additional
factor of 1.5 to facilitate comparison with the FBA calculations(Bpthe same labeling of curves as(a but the incident energy is lowered
to E;=90 eV. In(c) the same as ib) but the scattering angle is fixed t&g=15° and the ejected electron energy is choseBas10 eV.
The FBA calculations are not shown in the indef. the 60 eV data with the same descriptions of curves.
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FIG. 8 (Continued.

age has been performed over the 6 eV range of energies ovgiplacing in Eq(28) B1=0= Bis, Bs= — Zna+ /Ks (the FBA
which outgoing electrons are detected. For best shape congasg¢ we obtain a finite dichroism with the symmetry prop-
parison, the experimental results have been normalized to th&ties mentioned above. If we set in EQ8) B:s=0, Bs=
DS3C theory. If all final-state interactions are neglected—Z,.+/Ks, B:=—Zna+ /Ks (independent Coulomb particles
[Bi=Bs=PBts=0 in Eq.(28)] the dichroism vanishes. Upon the binary peaks in the cross sections are shifted toward
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larger ejection angles, as in the case of Fig. 7. Now takingatom laser pumped into a selected magnetic sublevel. It is
the electron-electron final-state interactions into account redemonstrated, experimentally and theoretically, that the
sults in a further shift of the binary peaks and an increase igpectra of the emitted electrons depend in a nontrivial man-
the dichroism. The direction of the shift, however, is notner on the helicity of the absorbed photon. For the asymmet-
simply one to larger angles as would be expected on theic kinematics considered in this work, our findings can be

basis of mutual repulsion of the two escaping electrons. Figsummarized as follows. At an intermediate incident energy

ure 8d) shows the direction and magnitude of the shift togf 151.6 eV and for the scattered angles presented here,
depend upon the initial magnetic quantum state of the boungheory suggests that the dichroism and the individual cross

electron state. This implies a dynamical role of the electrongectigns are essentially determined by the interactions of the

electron interaction beyond a simple repulsion effect. In parg|ow outgoing electron with the residual ion, whereas the

ticular, the ionization via dlrect_ scattering f_rom the COT€ ISinterelectronic coupling as well as the interaction of the fast
greatly enhanced when the interelectronic correlation is

: o . ... outgoing electron with the residual ion play a minor role.
taken into account. This is because, in the FBA and within a}—|owever, discrepancies between theory and experiment still

frozen core approximation, ionization following direct scat- . g . _—
bp g exist under these conditions, precluding definitive statements

tering from the nucleus is not allowed due to the orthogonal h f the dichroi A | ies. 90 eV
ity of initial and final target states. This situation is not al- on the nature of the dichroism. At yet lower energies, 90 eV,

tered when the interaction of the scattered electron with thé1€ Scattering dynamics, and hence the cross sections, be-
residual ion is taken into account, since the two escapin§®Me sensm_ve to f[he mte_ractlon _of the fast outgoing electron
electrons are still decoupled. It is the coupling between thes®ith the residual ion while the final-state electron-electron
two e|ectr0ns that makes possib'e an ionization event after ﬁorrelation is of less importance. This situation is reflected in
direct projectile-core scattering. At yet lower energies, mordncreasing deviations from reflection symmetwith respect
drastic effects of the electron-electron interaction have beetp the momentum transfer directioof the state-resolved
anticipated 15]. All DS3C calculations shown in Fig. 8 are cross section. The strong symmetry breaking is confirmed by
energy averaged over the 6 eV range over which the outgexperimental measurements. At the lowest incident energy
ing electrons are detected. considered herés0 eV), the cross sections become sensitive
For the higher-incident-energy cag€sgs. 8a)—8(c)] the  to all interactions, and, in particular, the final-state electron-
effect of the electron-electron final-state interaction on theeslectron interaction needs to be taken into account. These
shapeof the cross sections becomes less pronounced undebnclusions are substantiated by the experimental findings.
the kinematics of concern here, which are primarily dictatedas a result of the present study, it is anticipated that even at
by the final-state interactions of the escaping electrons witlhigher incident energy, the inclusion of the electron-electron
the residual ion. This in accord with the conclusions of thejnteraction will prove indispensible for certain kinematical
DWBA calculations. From the results depicted in Fig. 7 andsjtations where the two electrons are close to each other in

Figs. 8a)-8(d) we can conclude, however, that the absolute g|ocity space or when a strong scattering from the nucleus
valuesof the cross sections are considerably affected by the |\ oidable. e g., in backscattering geometry

interelectronic final-state interaction. This is in line with re-
cent conclusions for the electron-impact ionization of isotro-
pic targetg43]. It is interesting to note that the double peak
in the oy ; cross section for the 151 eV kinemat[¢sg. 8a)]

is reproduced in the DS3C calculations.
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