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Role of the postcollision interaction in electron-impact ionization of argon and krypton
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There has been impressive progress in the theoretical treatment of electron collisions with atoms in the last
decade. As a result, the fundamental collision problems of electron-hydrogen or electron-helium scattering are
now understood fairly well. For heavier atoms, an accurate treatment of atomic ionization remains more elusive
than atomic excitation due to the final-state three-body Coulomb problem. For higher impact energies, the
first-order distorted-wave Born approximation is typically in reasonable agreement with fully differential cross
sections(FDCS for ionization. However, FDCS measurements are starting to be reported for lower incident
electron energies and here agreement between experiment and theory is not good. In this paper we examine the
importance of exchange distortion and the final-state electron-electron interaction on these collision processes.
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[. INTRODUCTION ment was found with the DWBA calculations of Madison
and Lang[24], McCarthy[25], and Biavaet al. [26]. For
Fully differential cross sectiofFDCS measurements ionization of the 3 shell of argon in the coplanar asymmet-
have been made for ionization of hydrogen and helium foric case, the DWBA calculations predicted incorrect posi-
almost three decadédeeviews of this work have been given tions for the peaks, incorrect shapes and incorrect ratios of
by Weigold and McCarthy1], McCarthy and Weigold2],  binary to recoil peaks. The DWBA recoil peaks were larger
Weigold [3], Lahmam-Bennani 4], Walters, Zhang, and than the binary peaks and apparently significantly larger than
Whelan[5], Whelanet al. [6], Coplan, Moore, and Doering the experimental measurements. The experimental binary
[7], and Jones and Madisd®®]). The first-order distorted- and recoil peaks were shifted away from the DWBA in the
wave Born approximatiofDWBA) has been successful for direction that would be expected if there were a strong final-
incident electrons with energies of about 200 eV or greatestate repulsion between the ejected and ionized electrons.
(Madison, Calhoun, and Sheltd®]). For energies in the Since PCI is not included in the DWBA except through first-
50-200 eV range, the DWBA breaks down primarily due toorder perturbation theory, it was thought that this might ac-
the neglect of the final-state electron-electron interactiorcount for some of the discrepancy between experiment and
[normally called post collision interactiofPCl)]. If PCl is  theory. However, one of the standard methods for including
properly included in the final-state wave function, much im-PCI, which has been relatively successful, is to approximate
proved agreement with experiment is four@rauner, PCI using the Gamov factdiWhelanet al. [27]) and it was
Briggs, and Klar{10], Berakdar and Brigggll], and Jones found that the Gamov factor produced much smaller shifts in
and Madison 8)). the peaks than the observed differences between experiment
There has been fewer studies on electron-impact ionizaand theory.
tion of heavier atoms. Heavier atoms are of interest since An even more severe test of theory is normally presented
multiple electron interactions could potentially introduce by the symmetric collisions in which both final-state elec-
new physical effects that would not be seen for lighter atomstrons have the same energy and are observed at the same
For example, screening of the nucleus provided by the passcattering angles on opposite sides of the beam direction in
sive electrons or the possible exchange between an actiibe scattering plane. Measurements of this type have been
electron and a passive electron might have an important inmade on the & and 2o shells of neor{Rioualet al.[28,29),
pact on the ionization results. Additionally, for atoms with the 3s shell of argon(Haynes and Lohmanf21]), the 3
multiple shells, it is of interest to examine ionization of both shell of argon(Bell, Gibson and LohmanfL5] and Rouvel-
the inner and outer shells to see if there are important differtou et al. [30]) and the 4 shell of krypton(Hayneset al.
ences. In this paper, we will examine ionization of the inner{23]). DWBA calculations including PCI using the Gamov
s shells for argon and krypton. factor were performed for neon and arg@tioualet al.[28],
For ionization of heavier inert gases, similar to ionizationRouvellouet al.[29], and Haynes and Lohman@1]) and it
of hydrogen and helium, the DWBA normally yields rela- was found that this effect led to a small improvement in the
tively good agreement with the experimental data particuoverall agreement with experimental data, but significant dis-
larly for energies higher than about 100 ¢ihrhardtet al.  crepancies between theory and experiment were found par-
[12], Zhanget al.[13,14), Bell, Gibson, and Lohmanfil5], ticularly for incident energies below 100 eV.
Cavanagh and Lohman[i6], Brion et al. [17], Cavanagh Brauner, Briggs, and Klaf10] demonstrated that the
et al.[18], and Taouilet al.[19]). However, Haynes and Lo- proper way to include PCI in a calculation is to include the
hmann[20-22 and Hayneset al. [23] have recently re- Coulomb interaction directly into the final-state wave func-
ported FDCS results for ionization of thes and 3p shells of  tion. Including the Coulomb interaction in the final-state
argon and ionization of the sAshell of krypton for lower wave function means that the PCI Coulomb repulsion is con-
energy incident electrons. In those works, very poor agreetained to infinite order in perturbation theory in the final
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state. They demonstrated, for electron-hydrogen scattering, Il. THEORY
that this Coulomb distortion factor greatly improved agree-
ment between experiment and theory for incident energy
electrons less than about 250 eV. For hydrogen scattering, Tri=(W|H—Hq| D)), &y

the final-state wave function was chosen to be a product of a

Coulomb wave for the projectile, a Coulomb wave for thewhereH is the full Hamiltonian for the systenki, is an
ejected electron, and the Coulomb distortion factor for the2BPproximate initial-state Hamiltonian and the wave functions
final-state PCl(this wave function is called the @ wave in the T matrix are eigenfunctions of the two Hamiltonians
function). For heavier atoms, one would not expect @ 3 _

, - H[W¢)=E|[¥y), )
wave function to be accurate since a Coulomb wave of some
effective charge will not_ accurately rep_resent_the flnal-_state Hol® ) =E|®)). @)
wave function for a continuum electron in the field of an ion.

A much better generalization of theC3wave function for  In terms of the physics contained in tfiematrix, any inter-
heavier targets would consist of distorted waves for bothaction, which is included in the calculation of the initial-and
final-state electrons in the field of the ion plus the Coulombfinal-state wave functions, is contained to all orders of per-
distortion factor for PCKwe call this wave function 3DW turbation theory for that channel, while any interactions con-
We investigate the importance of PCI for ionization of heavytained in the operator{—H) are contained to first order in
targets using a wave function of this type in this work. perturbation theory. To evaluate thE matrix, one must

A second effect that could cause the DWBA calculationschooseH, and approximatel's .
to fail for low-energy incident electrons is electron exchange. One of the most successful approximations for calculating
Electron exchange enters a calculation in two different waysatomic ionization by electron impact has been the first-order
The first is through the exchange amplitude in which the roledistorted-wave Born approximatidi9,24-28. In the stan-
of the projectile and ejected electron is reversed. Typicallydard DWBA the initial-state Hamiltonian is chosen to be
theories include the calculation of both the direct and ex-
change amplitudes and this is not the concern for this paper.

The second effect of exchange occurs in the calculation ofyhereH 1 is the Hamiltonian for the atom with eigenfunc-
the continuum electron wave function. In the standardion ¥aom: Tp is the kinetic energy operator for the projec-
distorted-wave treatment, the continuum wave function igile, andU; is an initial-state distorting potential. The distort-
found by solving the Schabnger equation for some effective ing potential consists of the nuclear term plus a spherically
static potential representing the atom or ion. This static posymmetric approximation for the interaction between the
tential does not take into account the fact that the projectilgrojectile electron and the atomic electrons obtained from
electron can potentially exchange with any of the atomicthe Hartree-Fock charge density of the atom. The initial-state
electrons. This is the type of exchange that will be examinedlistorted wavey; is an eigenfunction obtained from the
in this paper and we call this effect exchange distortion.  initial-state distorting potential

The importance of this exchange distortion has been
known for several years now. It first became apparent (TprUixi=eixi, ®)

through the investigation of &(2e) processes for spin- yhere . is the energy of the incoming projectile. In the

polarized electrons. Investigations of spin effects have beef\yga the exact final-state wave function is approximated
performed for inert gase€Duemmler, Hanne and Kessler a5 3 product of wave functions for each of the final three
[31], Guoetal. [32], Dorn et al. [33], Granitzaet al. [34],  particles:

and Metteet al. [35]) and alkali atomgBaum et al. [36]).

When the experiment and the theory were compared for the W+~ XprojXejection - (6)
inert gases, it was found that the standard first-order DWBA ) ] ) )

was in good accord with the spin-asymmetry measuremenﬂé‘ere Yion IS 'Fhe final-state wave function for th_e ion and the
in some cases, but not others. It was subsequently detefinal-state distorted waveg,o(xejec) are obtained from a

mined that the discrepancy between experiment and theofy@l-state distorting potentidlio,:

The exact transition amplitude for ionization is given by

HO:Hatom+Tp+Ui ) (4)

lay not in relativistic effects, as one might assume, but rather T +U. _ 7

. . . . ( p ion) Xa= €aXa > 0
in an inadequate treatment of exchange distortdadison

et al. [37-39, and Mazevet, McCarthy, and Weigol[dO—  where “a” is a generic label for either the projectile or

41]). Whereas a proper treatment of exchange distortiojected electron. The final-state distorting poteritig}, con-
would consist of a Hartree-Fock treatment for the projectilesists of the nuclear term plus a spherically symmetric ap-
electron wave function, Biavat al. [26,42 showed that a proximation for the interaction between the continuum elec-
local potential approximation could be accurately used foitron and the atomic electrons obtained from the Hartree-Fock
ionization ofs shells, but nop shells. We study ionization of charge density of the ion. As a result, the DWBAnatrix is

s shells here, so the local potential approximation of Biavagiven by

et al. [26] is used to study the importance of exchange dis- oW

tortion in this work. Th " = {XproXejectlion| Vi — Uil YratomXi) - (8)
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HereV, is the initial-state interaction between the projectile For the initial state, the Coulomb interaction between the
and the atom. We will label results obtained from E8).as  projectile and a screened nuclear charge for a neutral atom is
DW. The physical effects contained in the DWmatrix are  contained to all orders of perturbation theory. Similar to the
the following. For the final state, the Coulomb interaction DWBA, the only interaction contained only to first order in
between the projectile and a screened nuclear charge is cotire 3DW is the initial-state nonspherical projectile-atomic-
tained to all orders of perturbation theory and the Coulomtelectron interaction.

interaction between the ejected electron and a screened Here we treat ionization of heavier atoms as a three-body
nuclear charge is contained to all orders of perturbatiorproblem. In the following section, we will examine ioniza-
theory. For the initial state, the Coulomb interaction betweerion of the 3 shell of argon and thesishell of krypton. For

the projectile and a screened nuclear charge for a neutréhese cases, the three particles are two electrons and an ion
atom is contained to all orders of perturbation theory. Thewith a s shell vacancy. Consequently, we approximate the
interactions contained inv;—U;) are the nonspherical part initial-state interaction as

of the projectile-atomic-electr@g) interaction (the nuclear

terms cancel and the spherically symmetric part of the 1
. ; . V,=——+Ujs,. (12
electron-electron interaction cangedo the nonspherical part lab
of the initial-state projectile-electron interaction is contained
to first order only. Here—1/r 5, represents the interaction between the projectile

The DWBA has been highly successful for calculating theelectron and the active atomic electron, ang, is the inter-
FDCS for ionization by higher-energy electrons. However, afiction between the projectile electron and the rest of the
the energy of the electron is decreased, the DWBA starts tgtomic electrons and the nucleus. The initial-state distorting
fail and one source of this failure is an inadequate treatmerotential is given by
of the projectile-electron interaction. Brauner, Briggs, and
Klar [10] demonstrated that good agreement with experiment
for electron-hydrogen scattering could be achieved for Iowe\r/vhereu is the spherically symmetric interaction potential
incident electron energies by including the final—statefor the ancstivens elé)ctron A}; ayresult P
projectile-electron interaction in the approximation for the ' '

Ui=UpstUion, (13

final-state wave function. In the Brauner, Briggs, and Klar 1
[10] approach, the exact final state is approximated as V,—U;=— r——UnS. (14
ab
Wi~C Wprojc Wejecpproj—ejecta ©)

We evaluate the direct term in tHematrix only. Neglecting

where CW is a Coulomb wave for a nuclear charge of unitythe €xchangel matrix is justified by the fact that, for the
and C is the Coulomb distortion factor, which contains the @ymmetric cases we will examine in the following section,
effects of the final-state Coulomb interaction between thdhere is a large energy difference between the two final-state
projectile and the ejected electréRCl). The wave function  €lectrons such that DWBA results both with and without the
(9) is called the & wave function. For heavier atoms, £3 €xchangel matrix are almost the same. For the symmetric
approach would not be appropriate since heavy ions canné@Ses, the direct and exchange amplitudes are identical; so
be reasonably represented as a point charge even if effecti@¥1€ gets the same answer with direct only as one gets with
charges are used. For this case, a generalization ofghe3 direct and exchange. , o _

the distorted-wave approach is required. The DWBA equiva- EXchange enters theoretical calculations in two different

lent of the 3C wave function for the final-state wave function Ways. One is through the exchangematrix mentioned
would be above. The second place exchange enters lies in the calcula-

tion of the continuum wave functions. Equatiai@ and (7)
Wt~ XproiX ejecCproj-ejec ion - (10 for Fhe disto_rted waves trefat the elgctron charge cloud as a
static potential. Such a static potential neglects the fact that a
Asymptotically this wave function would be a phase-shiftedcontinuum electron is indistinguishable from the atomic elec-
3C wave function. We will call the wave functiofd0) 3DW.  trons. A proper continuum wave function should take this
One of the attractive features of this wave function is that itinto account. One of the standard methods for treating all the
is an exact asymptotic solution of the three-body problemelectrons on an equal footing is the Hartree-Fock approxima-
The distorted-wavd matrix with the final-state wave func- tion (HF). In the HF method, Eq5) for the initial projectile
tion (10) is given by wave function is replaced by

T?iDW: <Xpronejecpproj—ejec¢i0n| V-U; | atonXi > . (1Y

The physics contained in 3DW is the following. The final-

state Coulomb interaction between the projectile and avhereV,, is the nonlocal exchange potential that takes into
screened nuclear charge, the Coulomb interaction betweetcount the effect of all the other electrons in the system.
the ejected electron and a screened nuclear charge, and tbee to the difficulties involved in obtaining solutions to the
Coulomb interaction between the projectile and the ejectethtegrodifferential equatiofil5), it is desirable to make sim-
electron are contained to all orders of perturbation theoryplifying approximations. The standard approximation is to

(Tp+Ui_8i)Xi+(r)=fVex(rvrl)XiJr(r,)dr,' (19
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assume that the nonlocal exchange poteigl can be re- Coplanar Asymmetric Ar 3S
placed by a local approximatiqiiara[43], Furness and Mc- 16 - - - -
Carthy[44], Riley and Truhlaf45,4€, Vanderpoorteri47],
and Bransderrt al. [48]):

10 eV ]

(To+Ui—eDxi (N=Uen)x; (). (16)

A commonly used expression for the local potential is the
semiclassical exchange approximation of Riley and Truhlar
[45,46], which is given by

Uex=—3[(&i=U)) —(ei—U)?—(—)%2p(r)], (17)

FDCS (10° a.u.)

whereSis either zero(singled or one (triplet) and p is the
radial charge density. For the final channel, EG®) and
(17) are replaced with equivalent expressions for the final-
state ion. Biaveet al. [26,42 showed that, with a proper
choice for the radial charge densipy the local potential
approximation is an accurate approximation for the full HF
solution for Eq.(15) for ionization of s states, but nop
states. Since this paper is concerned with ionizatiors of
states, we use the local potential approximation of Biava
et al. [26] to examine the effects of exchange. We label re-
sults obtained including electron exchange in the calculation
of the distorted waves with EX and we call this effect ex-  FIG. 1. Fully differential cross section for electron impact ion-
change distortion, since adding the exchange potential to Eggzation of the % shell of argon in coplanar asymmetric geometry.
(16) has the effect of providing an additional part to the The atomic units araZ/(sr? H). The incident electron has an en-

potential used in calculating the distorted waves. ergy of 113.5 eV and the faster final-state electron is detected at an
angle of 345%(—15°). The energy of the ejected electron is shown

. RESULTS on each part of the figure and the horizontal axis is the angle of

observation for the ejected electron measured clockwise relative to

A. Effect of PCI the beam direction as viewed from above. The solid curve is the

Very recently, Haynes and Lohmaiigi0,21] have mea- 3DW-EX calculation and the dashed curve is DW-EX.

sured FDCS for electron-impact ionization of the innex 3

shell of argon in both the coplanar asymmetric and coplanar The repulsive effect of PCI would logically increase the
symmetric geometry. In Fig. 1, the coplanar asymmetric reangular separation between the two final-state electrons. As a
sults are compared with the first-order DWBA including ex-result, one would expect the binary peak to be shifted to
change distortion in the calculation of the distorted wavedarger scattering angles and the recoil peak to smaller angles.
(DW-EX) and the present results including both PClI andOne would also guess that the binary peak would be shifted
exchange distortiof3DW-EX). For argon, the DW-EX re- by a larger amount than the recoil peak since the angle be-
sults are the same as the DWHMistorted wave Furness- tween the electrons is around 85° for the binary peak and
McCarthy) results of Biavaet al. [26], although normalized around 120° for the recoil peak. These qualitative shifts are
differently. Note that the only difference between these twoobserved in Fig. 1. For the two higher energies of the ejected
calculations is the inclusion of the projectile-ejected-electrorelectron, 3DW-EX is in noticeably better agreement with ex-
Coulomb interaction in the final-state wave functig@f  periment. For the lower energies, the shift in the binary peak
course, numerically this is a huge difference—DW-EX re-is too large as compared to the data and the data appears to
sults take seconds to generate, while 3DW-EX results takbave a much smaller recoil peak than predicted by the theory.
days) For Fig. 1, the energy of the incident electron is 113.50n the other hand, the size and location of the experimental
eV and the faster final-state electron is observed at 84i5° recoil peak is not clear due to the problems associated with
—159) in the coordinate system we are using. The energy ofnaking measurements near the backward direction.

the slower final-state electron is indicated in the figure and The coplanar symmetric measurements of Haynes and
the horizontal axis is the observation angle for the slowetohmann[20,21] for ionization of the 3 shell of argon are
electron measured clockwise from the beam direction whegompared with the present theoretical results in Fig. 2. For
viewed from above the scattering plane. The experimentahis case, both final-state electrons have the same energy
data are not absolute, so we have normalized the experimenoted in the figure and both electrons are measured at the
and DW-EX to the 3DW-EX at the first peak located nearsame scattering angle on opposite sides of the beam direction
70° (normally referred to as the binary pgakhe second in the scattering plane. In this geometry, the cross section for
peak at large scattering angles is called the recoil peak sincgero-degree scattering should be zero since two equal energy
it is associated with a double scattering process. electrons would not both come out in the forward direction.
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~ FIG. 2. Fully differential cross section for electron impact ion- i 3, Fully differential cross section for electron impact ion-
ization of the 3 shell of argon in coplanar symmetric geometry. jzation of the 4 shell of krypton in coplanar symmetric geometry.
Both the ejected and projectile electrons have the same energioih the ejected and projectile electrons have the same energy,
which is indicated on each part of the figure and both electrons argch is indicated on each part of the figure and both electrons are
observed at the same anghrizontal axis on opposite sides of the ~ gpserved at the same angl®rizontal axi$ on opposite sides of the
beam direction in the scattering plane. The solid curve is th&eam direction in the scattering plane. The solid curve is the
3DW-EX calculation and the dashed curve is DW-EX. 3DW-EX calculation and the dashed curve is DW-EX.

The 3DW-EX cross sections for zero degrees are very smalj eV, the 3DW-EX small angle peak shift yields a very
as would be expected. The DW-EX results, on the Oth?/good agreement with experiment, while the corresponding

hand, are frequently very large at zero_degrees. Ir_1 the D rgon case is not nearly as satisfactory. Also, the krypton
calculation, the electron-electron repulsion is contained °n|¥ecoil peak is not enhanced for high energies; so there is

to first order in the initial-state interaction potential and it IS much better agreement in this angular range. Similar to ar-

]Slea}r fLom thle figure th"."t the hlgheJ—qrdethCI termls In the on, the binary peak for the intermediate energies appear to
inal channel are very important. Using the same logic ag\¢ ghifted too much as compared to data and there is much

above, one would expect PCI to shift the small angle peak tQgyer han expected agreement between experiment and
larger angles and the large angle peak to smaller a”gleﬁweory for the lowest energy

While this behavior is generally observed, the binary peak is
shifted to a significantly larger angle than was found in the
data. PCI also tends to significantly increase the recoil peak.
For the higher energies, the 3DW-EX recoil peaks are sig- It is of interest to examine the effect of electron-exchange
nificantly larger than the experimentally observed onesdistortion in the calculation of the projectile wave function,
However, as the energy is lowered, the experimental recosince it is expected that this may be important for lower
peaks get relatively larger and it is interestifand surpris- energy collisions. Another interesting effect lies in tHg,
ing) that the best agreement with experiment is found at théerm in the initial-state interaction potential of E44). The
lowest energy. spherically symmetric potentid) s depends only on the ra-
Hayneset al. [23] have recently reported coplanar sym- dial coordinate of the projectile electron. Sindg, depends
metric results for ionization of the innersdhell of krypton  only on the coordinates of the projectile, it is often referred
and Fig. 3 contains a comparison of the present results witto as the single-particle term. For the first order DW calcu-
those data. For this case, the highest measured energy wasla@fon of Eq.(8), this single-particle term will vanish if the
eV and at this energy there is very little difference betweerejected-electron wave function is orthogonal to the initial
DW-EX and 3DW-EX, and both calculations are in good bound-state wave function, since the single-particle term
agreement with experiment. The krypton results are qualitacontains the overlap between these two wave functions with
tively similar to the argon results except that, overall, agreeno interaction in the middle. In most DW calculations, it is
ment with experiment is better for krypton. For example, ateither assumed that this orthogonality exists or the ejected-

B. Effect of exchange distortion and single-particle term
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Coplanar Asymmetric Ar 3S Coplanar Symmetric Ar 3S
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FIG. 4. Fully differential cross section for electron impact ion-  FIG. 5. Fully differential cross section for electron impact ion-
ization of the 3 shell of argon in coplanar asymmetric geometry. ization of the 3 shell of argon in coplanar symmetric geometry.
The incident electron has an energy of 113.5 eV and the fasteBoth the ejected and projectile electrons have the same energy,
final-state electron is detected at an angle of 34515°. The  which is indicated on each part of the figure and both electrons are
energy of the ejected electron is shown on each part of the figurebserved at the same angl®rizontal axi$ on opposite sides of the
and the horizontal axis is the angle of observation for the ejectetbeam direction in the scattering plane. The solid curve is 3DW-EX,
electron measured clockwise relative to the beam direction athe dashed is 3DW-EX without the single-particle term, and the
viewed from above. The solid curve is 3DW-EX, the dashed isdashed-dotted is 3DW.

3DW-EX without the single-particle term, and the dashed-dotted is ]
3DW. agreement between experiment and theory.

Also included in the figures are 3DW-EX calculations in-

| ¢ ion is f q b h | h cluding and ignoring th&) s term in the interaction potential
electron wave function is forced to be orthogonal to the Eq. (14) (solid curves vs dashed curye$or the argon

bound-state wave function so that the term can be ignoret,sianar asymmetric case of Fig. 4, the single-particle term
However, in the 3DW matrix elemeitl), theU sterm will  haq 5 huge effect on the ratio of binary to recoil peaks par-
make a contribution even if the ejected-electron and boundgcyarly for the higher energies. Although one cannot tell the

state wave functions are orthogonal due to the Coulomb résyperimental value for this ratio since the recoil peak is in

pulsion factor, which depends on both the projectile andynqgyar range, which is not experimentally accessible, one
ejected-electron coordinates. Consequently, it is of interest (@014 guess that the single-particle term has produced a
investigate the importance of this term. much more reasonable value for the height of the recoil peak.
_InFigs. 4-6, the effects of exchange distortion are examegy the coplanar symmetric cases of both argon and krypton,
ined by comparing 3DW-EX with 3SDW.e., the present PCl e single-particle term tended to improve agreement be-
results both with and without exchange distortion included inyyeen experiment and theory with the largest effects being
the calculation of the distorted wave€omparing the solid  ghserved for the lower energies. For both argon and krypton
vs dashed-dot curves on Figs. 4-6, it is seen that exchange ey cases, calculations including the single-particle term
distortion has little effect for higher energies and becomegygre in reasonably good agreement with experiment, while
more important with decreasing energy as expected. For thgyse ignoring this term were not.

higher energies, it could be argued that the small effect of

exchange distortion even tended to worsen the agreement IV. CONCLUSIONS

between theory and experimental data. For the lower ener- '

gies, exchange distortion arguably improved agreement with We have performed the first distorted-wave calculation for
experiment. The most dramatic improvement was found foionization of heavy atoms, which properly included the final-

krypton symmetric scattering at 4 eV where the calculationstate projectile-electron ejected-electron interaction to all or-
without exchange distortion had little resemblance to theders of perturbation theory. This was accomplished by rep-
data. Overall, exchange distortion effects are small and, exesenting the final-state three-particle wave function as a
cept for the lowest energies, generally do not tend to improve@roduct of wave functions for each of the two-particle
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FIG. 6. Fully differential cross section for electron impact ion-
ization of the 4 shell of krypton in coplanar symmetric geometry.

Both the ejected and projectile electrons have the same energ
which is indicated on each part of the figure and both electrons ar

observed at the same andl®rizontal axi$ on opposite sides of the
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action between the ejected electron and projectile electron
(PCI) for low-energy ionization of argon and krypton. It was
found that PCI is very important. Without PCI, the theory
predicts unphysical cross sections for small angle symmetric
scattering. Overall, the results with PCI were in much better
agreement with experiment both in terms of shape and peak
location. However, the agreement between experiment and
theory is still not as good as one would hope, particularly, for
the higher energy argon coplanar symmetric case. Conse-
quently, the present approach is still missing some important
physical effects. Since the present calculation contains the
final-state interaction between all two-particle pairs to all or-
ders of perturbation theory and the initial-state interactions to
first order in perturbation theory, one would guess that
higher-order terms in the initial state must also be important.
The CDW-EIS (Coulomb distorted wave, Eikonal initial
state approach has higher-order initial-state effects and we
are presently working on generalizing the CDW-EIS ap-
proach of Jones and Madisp#9,50 for hydrogen ionization

to heavier atoms.

We also investigated the effect of exchange distortion and
the single-particle term in the interaction potential. In gen-
eral, the effects of exchange distortion were small and argu-
ably did not tend to improve agreement between experiment
and theory except for the lowest energy. The only case where
exchange distortion produced a significant improvement be-

een experiment and theory was 4 eV krypton scattering.

he single-particle term, on the other hand, produced a much
larger positive effect. For asymmetric scattering, it produced

beam direction in the scattering plane. The solid curve is 3DW-Exmuch reduced recoil peaks for higher energies and better
the dashed is 3DW-EX without the single-particle term, and theShape and peak positions for symmetric scattering.

dashed-dotted is 3DW.
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