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Multiple-excitation pathways in a four-charged-particle system: A Green-function analysis
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When a charged particle interacts with an atom it may induce double electronic transitions. The complete
information on such a reaction is encompassed in the Green function of the interacting four-particlggestem
external charged particle, the two electrons, and the residual lierthis work we employ a perturbation
expansion of the Green operator and derive from that a multiple-scattering series for the scattering operator. As
pointed out here, each term in this series corresponds to a particular sequence of binary potential collisions.
From a simple analytical analysis we identify the regions of the four-body spectrum where the effects of the
multiple-scattering terms become prevalent. We uncover the existence of a left-right asymmetry in a two-
particle collision. This dichroic feature occurs because the symmetry of space is broken by the presence of the
particles not participating in the two-body encounter. We study the ionization-ionization—transfer reaction
when the external charged particle is heavy. The present formal, exact analysis predicts, in addition to the
Thomas peaks, a triple-star peak structure in the spectrum when considered as a function of the momenta of the
ionized electron, the residual ion and the scattered projectile. It is shown that the star is two dimensional and
that its shape is dependent on the velocity of the continuum electron. In addition we consider the ionization and
positronium formation following the scattering of a positron from an atom. We point out that certain terms in
the multiple-scattering series coincide due to the equal masses of the electron and the positron which open the
way for interference effects.
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[. INTRODUCTION action of the projectile electron with the two excited elec-
trons and the positive residual ion is then neglected.
Recently, there has been impressive progress in the exGurrently, some researdi3—1§ is devoted to the numeri-
perimental probe of the multiple, highly excited spectrum ofcally cumbersome task of treating higher-order terms in the
four-body Coloumb systemgl-9]. The excited states are Born series.
achieved, e.g., upon two-electron transitions in an atomic In view of this situation it seems useful to dismiss a nu-
system induced by charged-particle impact. The theory fomerical evaluation of the spectrum and to identify and ana-
the treatment of the four-body excited spectrum is still in thelyze formally the structure of the possible mechanisms of
development stage. The difficulties encountered here are prexcitation that are compatible with the energy and momen-
totypical for the theoretical treatment of many-body corre-tum conservation laws. To do that in a general and system-
lated systemsta) With an increasing number of interacting atic way we employ a multiple-scattering expansion of the
particles(and hence of degrees of freedpandirect numeri-  four-body scattering operator. This expansion is obtained by
cal evaluation of the four-body Green function, which en-expressing the scattering operator in terms of the Green op-
compasses the entire spectrum of the system, becomes ierator and then iterating the Lippmann-Schwinger integral
tractable. (b) Due to the nonintegrable character of equation for the four-particle Green operator.
interacting many-particle systems, an analytical approach Each term of the multiple-scattering expansion has a well-
can only be approximate. For example, one approximatiomlefined physical meaning. For the lowest-order terms we
employed frequently consists of neglecting the coupling ofgive a pictorial interpretation and point out where these
one (or more of the four particles to the rest of the system terms are expected to contribute prominently to the spec-
(e.g., as done in Reff10-12). This procedure thus reduces trum. The scope is to provide a helpful guide for exploring
the solution of the four-particle problem to that of an inter-the structure of the multidimensional spectrum and for relat-
acting three-particle problem and is usually referred to as thing the experimental observations with physical excitation
first Born approximatior(FBA). The use of the FBA model mechanisms. This present approach is, however, not sup-
is justified by restricting the treatment to a suitable regime ofosed to givgor capable of givinga numerical estimate of
the spectrum where the interaction of the decoupled particleach of the multiple-scattering events. In fact, the present
with the rest of the system is hoped to be wéak compared investigation covers a wide range of procesgas-atom col-
to the other interactions involvedFor instance, if the four- lisions, electron-atom collisions, positron-atom scattering,
body state is produced as the final outcome of the electrorand positronium formations..). This is possible since we
impact double ionization of an atofi3,4,6], one tunes the are analyzing in a formal way the many-body Green function
experimental setup to a high velocity of the projectile elec-(the resolvent of the total Hamiltoniart should be stressed,
tron and a small momentum transfer to the atom. The interhowever, that a practicéhumerica) evaluation of the many-
body spectrum(e.g., the trace of the imaginary part of the
Green functiohrequires extensive approximations which are
*FAX: +49 345 5533221. Email address: jper@mpi-halle.de  usually valid only for a specific system under stude.,
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reasonable approximations for ion-atom collisions might nothe transformational properties of the starlike structure.
be applicable for electron-atom scattering processes (b) In the final section we consider the situation where a

The plan of the paper is as follows. positron impinging on an atom results in positronium forma-

In Sec. Il we introduce the formal theory and derive thetion accompanied by the ionization of the atom. This case is
multiple-scattering expansion of the scattering operator. Foof particular interest as the masses of the electrons and the
three-particle scattering systems, the role of successive bpositron are equal. This imposes a special constraint on the
nary encounters and their manifestation in the cross sectiokinematical configurations for the two-particle collision. We
are well establishefll.7—28. In contrast, for the present case point out that in this case some of the multiple-scattering
of four particles[1,13,27,21,14,16,11the various multiple terms appear at the same kinematical conditions and hence
binary collisions are much less studied. Therefore, we conare indistinguishable experimentally. Therefore interference
sider in Sec. Il the complete fragmentation channel asffects can be expected. Section V concludes this work with
achieved upon double ionization by charged-particle impactsome general remarks on the merit and limitations of the
The various terms in the scattering operator expansion areresent findings.
then associated with multiple sequential binary encounters Unless otherwise stated, atomic units are used throughout.
between the constituents of the systems. Each of the
multiple-scattering events is expected to be observable as a Il. FORMAL DEVELOPMENT
peak in the multiparticle spectrum. To determine roughly the , .
conditions, i.e., the angular and energy range, under which 10 unravel the pathways leading to particle-impact
these peaks occur, we utilize the energy and momentum Co,qiqule-electron trgnsmons of an atomic system we c_0n5|der
servation laws and assume the particles’ motion upon eacl isolated atom in gat least two-electronstate|¢,) with
binary scattering event to be uniform. It should be stressedN €nergye, . In what follows we study the double ioniza-
however, that this determination of the peak positions can bBOn Of [¢,). Similar considerations, however, apply to
considered reasonable only when the involved particles ardouble excitations to states below the double ionization
fast as compared to the velocity components initially con-threshold. _
tained in the systenithe atom prior to the double electron ~ UPon an external perturbation of the stagg) by a mo-
transition. noenergetic charged particle bedmith a momentumk)

The presentnonrelativisti¢ analysis of four-particle col- WO electrons(he_reafter referred to as the active electjons
lision systems indicates the occurrence of a left-right asymare transferred into the double continuum and recede from
metry in the(binary) two-particle collision even in the ab- the ionic core with moment&; and k,. The projectile
sence of spin-orbit interactions. As argued in the text thissmerges in the final state with a momentkm The residual
effect is brought out by the break of isotropy of space due tdon is left in the statdec) (with a binding energye). The
the presence of particles other than the two colliding fromcorresponding experiment is supposed to determine simulta-
each other. This effect does not appear in a three-body sy§€eouslye,, ko ande; k;,, ki, k, under the constraint of the
tem because the vector momenta of two parti¢sy the ~Momentum and energy conservation laws
two particles participating in a binary encountéx the vec-

tor momentum of the third on@zia momentum conservation Ko=kp+kytka+Kion, @
law). Therefore, the space, where the three-particle cross sec- _ _ _
tion is defined, is spanned by two vectors only. This is in Ei=Bot €a=Ep+ B+ Ept Eiont €c=Ey. 2

contrast to the situation of four particles where the momeny, iase relations we refer to the momentum of the ion by
tum conservation implies that the four-particle momentumkion and to its kinetic(translational energy byE,,. The

sp?ces|s d(le\;;endent clllhreet\r:ectorlst.' | tteri tor i initial and final state energies of the whole systemsBgre
n Sec. IV.we analyze the mulliple-scattering operator n,, 4 E¢ and those of the projectile af&, andE,. The ener-

the ionization-transfer—ionization channel, i.e., when upon %ies of the two emitted electrons are labeledEhyand E
scattering of a charged particle from an atom gammig The total Hamiltonians in thasymptoticinitial- and the

electron is captured by the Coulomb field of the projectile.. .~ : :
and a second electron is ejected from the target atom. Herftlenal state channels are, respectively, given by

we discuss two distinct situation&) For a heavy projectile H=h.+h 3)
we consider the spectrum as function of the vector momenta Loer
of the residual iork;,,, the ionized electroik,, and of the H=he+ hey. (4)

scattered projectil&,. Our analysis anticipates, in addition

to the Thomas peaks, a triple-star structure in the spectrumhe operators, andh, are the Hamiltonians of the undis-
(formed by the three vectork,,,kz,k,). The star is two turbed atom in the initial state and that of the residual ion,
dimensional. Its shape depends on the velocity of the ionizete., h,| @) = €. ¢.) andh o) = ec|@c).

electron. As explained in full detail in the text the star form  The Hamiltonian of the impinging projectile Is,. Fur-
structure is the result of a sequence of binary encounterthermore,h,, is the Hamiltonian of final-state continuum
combined with a recoil mechanism of the ionized electronfragments in the asymptotic regidiior large interparticle
from ionic core. The latter scattering can be mediated byseparatioh In this study we skip the discussion of the effects
initial state binding. We also investigate how the left-right of the infinite range of the Coloumb potentials and assume
asymmetry in the two-particle collision is being reflected inhereafter that all potentials are of finite range so that standard
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methods of scattering theoriésippmann-Schwinger equa- As stated above the Hamiltoniahg andh, in Eq. (3), as

tions, asymptotic free particle states, gtre applicable. well ash, andhg, in Eq. (4), are decoupledas a matter of
Denoting the total Hamiltonian of the systemidywe can  definition). Therefore, the following relations apply:

thus define final Y;) and initial-state ¥/;) transition poten-

tial operates as G; =0. 9a=:G. , (15
Vi=H—H;=Vpe +Vpe, +Ve e, * Ve ot Voot Vpe,
(5) G =0.0, =G, - (16)
Vi=H—=H{=Vpe +Vpe, +Vpe. ) The Green operators of the atom and the residual ionic core

) , , ) are denoted bg. andg, , respectivelyg; andg,, are the
HereVy,  is the two-particle Coulomb interactions between resolvents ohy, and hey.

the projectile and thactive electrons )V, is the interaction Furthermore, a relation betwegf] andg_ can be estab-
potential between the projectile and the final-state ionic corgished by means of Eq7),

andVel/ZC is the scattering potential of the ionized electrons
from the ionic core. Mc.)reover\/elez is the Coulomb inter- 92 =0¢ +0¢ (Ve,c+ Ve o+ Ve )0 . (17)
action between the active electrons.

The HamiltoniangH; anng Qescr|be the same prOj_e_ctlle— From Egs. (8-(100 we can wite o
atom system, however with different boundary conditiGas = (kg Ko K 1070 [k ). Therefore, all dynamical
neutral ground state atom and an undistorted projectile in VP’ er ey Peltit 250 R0, Pa/- ' y
case ofH; and three-charged continuum particles in the fieldgduantities are contained in the product of the two wave op-
of a doubly charged ion in case Hf,). Therefore the relation erators(this product is usually called the scatteriSgpera-
applies ton).

PP For completeness we note that tBenatrix elements can
ha=hc+Ve ¢t Ve, ct Ve, (7)  be expressed in terms of the transition-matrix elemé@fts
(from which cross sections are readily obtaindd the post
The probability for the system to go over from the stateform this interrelation is given by
|ko,@a) (where Hilkg,¢a)=Eilko, @) into the excited

state |kpakl=k27¢c> (where Hf|kpvklvk21(Pc>:Ef|kp! <kpykelyke27<Pc|S|kOv‘Pa>
ky,ko,¢c)) is determined by the scattering matrix element _
O'(kp,kl,kz,(Pc;ko,(Pa) Whel’e :<kpvkel!kezl¢c|k01¢a>_2|ﬂ-5(Ef_Ei)
U(kp1k11k21(PC;k01§0a):<k01¢a|s|kpvk11k21¢c> X<kp1kelikezl¢C|Vf|\P+>’ (18)
=(v|¥"). (8)

whereas in the prior form the following equation applies:
The experimentally interesting part of these matrix elements
satisfies the constraintd) and (2). The state yector{s*l’—) (Kp ’kel'k62’9"c| Sko,¢a)
are related to the asymptotidetectoy states via
_ :<kpvke,key‘Pc|k01‘Pa>_2i775(Ef_Ei)
|\I}7>:Qf |kp!klrk21(PC>! (9) _l ?
. X(W7|Vilko, pa)- (19
|\P+>:Qi |kOr(Pa>- (10
. . The transition-matrix elements are
The wave operator§; ,{};" are given by

Q7 =1+GV;, (11) Tri=(Kp Ke, K, @c Vi ¥ ") = (¥ " |Vi[ko, 0a) = Tis -
(20)
O =1+G"v;. (12)
. Hence the prime quantity that encompasses the collision

The many-body Green operat@™ is the resolvent oH  gynamics is
with appropriate boundary conditions. From E¢@s.and (6)
we deduce the integral equations Q{TQr=(1+VfG‘T)(1+G+Vi)
G =G +G; V(G (13 —1+GHV+ VG THVG TGTY,  (2))

G'=G'+G/'V,G", (14
=1+A+B+C, (22)

whereG; andG;" are the resolvents df; andH; [Egs.(4)
and(3)], with the appropriate boundary conditions. where the leading-order terms Af B, andC are
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FIG. 1. Double-electron transitions induced by charged-particle impact. The schematic drawings show multiple-scattering processes that
correspond to some of the terms in the expan$&®—(32) (see text for details The respective terms are shown in each set. The momenta

of the two excited electrons are referred to loyandk, whereas the momenta of the incoming and the scattered projectile are labeled,
respectively, by, andk,.

A=G, Vpe, + Gy Vpe,+ G Vet Gy Ve, Ga Vpe, +Ga Vpe,Ga VpcGa Vpe, + Ga VpcGa Vpe, Ga Vpe,
+G, Vpe,Ga Vot Ga Vpe,Ga Vpe, +Ga VpcGa Vpe,Ga Vpe, T - - (23)

pe,
+G, Vpe,Ga Vpct Ga VipcGa Vpe,
+ G VpeGi Ve, + G Ve, Gi Ve, G Ve B=]§1 B, (24)
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B1=Vpe,Ge T Vpe,G¢ +Ve, B¢ +VpGe +Vee,Ge

peé;
+ Vech;r + Vpelegvpeng —’_VI'-“:-'ZG;VpezG::r
+Ve1eZG:VelezG: +-.., (25
B2=Vpe, G VpcGs +Vpe, B¢ Ve,Be +Vpe,Gc Vpe,Oc
+ VP(-Z‘lG(J:r\/(:“lezG:Dr + VpelG:;VezCGC+ ! (26)
B3=VpGe Vpe, Gl +VpcGe Ve, iGe +VpcG{ Vie,Ge
+VPCG:VelezG: +VPCG:V92°Gg ’ @7

Bs=Ve (G Vpe,Gd + Ve, Gi VpeGy + Ve, Gq Vpe, G

+ Vech;VelezG; + Ve]_CG(;FVezCGg ’ (28)
B5=VpezG:VpelG: ‘H/pengvpcGér "’VpeZGSrVech;r
+Vpe,G¢ Ve,e,Ge + Vpe,Ge Ve, G (29

Bs=Ve,e,Gec Vpe,Ge * Ve,e,Cc VpcGe +Ve,e,Gc Ve, Go

+Ve,e,G¢ Vpe,Ge *Veye,Ge Ve, COe (30

pe,

B7= Vech:Vpeleg + Vech‘::rVpcG‘;r + Vech:Vech;—

+VE‘2CG§VDGZG§ +Vech:VelezG;r ! (31)

C=Vpe,G¢ Ga Vpe, T Vpe,Gc Ga Vpe,

+Vpe,Ge Ga Vet Vpe,Ge Ga Vpe,

+Vpe,Ge Ga Ve, Vpe,Ge Ga Vet VpcGe Ga Vpe,
+VpGe Gy Vpe,+ VipcGe Ga Vet Ve,e,Ge Ga Vpe,
+Ve,e,G¢ Ga Vpe, T Vee,Ge Ga Vpet Ve, Ge Ga Vpe,
+Ve, B¢ Ga Vpe,t Ve, Ge Ga Vet Ve, B¢ Ga V

pe;

+Ve,iG¢ Ga Ve, t Ve, B Ga Vpet -+ - (32

Equations(23)—(32) are readily derived by iterating the in-

tegral (Lippmann-Schwinger equations(13) and (14) and

considering the lowest terms. Higher-order terms are just

multiple iteration of each of the components of E@S) and
(32).

IIl. DOUBLE-IONIZATION PATHWAYS

The multiple-scattering expansiof23)—(32) offer a di-
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mined by a coherent sum of all the terit3)—(32). Thus,
interferences between the amplitudes of these terms may take
place, as discussed in this paper in case of positronium for-
mation. However, in some regions of the spectr(mmich

can be selectively probed by an appropriate experiment
some of the terms in Eq$23)—(32) are particularly domi-
nant. It is our purpose here to single out these regions and to
determine the(rough positions in the spectrum where the
effect of the individual terms in Eq$23)—(32) becomes ap-
parent. It should be noted from the outset that this determi-
nation procedure assumes high impact and high excess ener-
gies, i.e.Eq>€, and E,+E1+Ey)> €.

The interpretation of the individual terms of Eq23)—

(32) is as follows.

(1) The unity operator in Eq22) corresponds to the non-
scattered part.

(2) The first (or second term in Eq.(23) describes an
electron-projectile encounter in the field of the atdRig.
1(a)]. The second electrofnot interacting directly with the
projectile is emitted by means of scattering from the ionic
core and the first electron. This scattering is encompassed in
G, [cf. Eq.(17)], i.e., in the undisturbed target system. The
kinematical conditions for this process are as follows:
~Ko—kp and kjo,~—k,. The assumption underlying this
picture isE;~Ej— €, andEy<e,.

(3) The second term in Eq23) can be interpretefisee
Fig. 1b)] as a direct scattering of the projectile from the
ionic core(the atom except for the active electrpribhe two
active electrons are then ejected due to electron-electron
scattering(and electron-core scatterings contained irG,

[cf. Eq.(17)]. The kinematical conditions for this process are
kp~ =Ko, Kion~2Ko, andk;~ —k,. Here it is assumed that
the experimental conditions are such tligt~E,<e, and
the velocity of the incoming projectile is much higher than
that of the ejected electrons.

(4) The fourth and sixth terms of the expansi@8) are
schematically shown in Fig.(&): after a binary collision of
the projectile with one of the active electrons, it scatters from
the second active electron. This sequential process shows up
in the spectrum afcf. Fig. 1(¢)]: ky~ko—k,, ki;n=0 and
kzmk,’)—kp. If the projectile possesses the same nmagsis
the electron masm, we arrive atk, Lk, ki+k5=k/? and
kilk!, ki+ ky:kg. For this process we assume thag
andE, (andEp) are much larger thag,.

It is important to note here that due to the presendsvof
electrons in the continuur(in addition to the scattered pro-
jectile) an intermediate two-particle collision shows a left-
right asymmetry. This dichroic effect is illustrated in Figs.
1(c) and 1(¢): The whole experiment as shown in Figsc)l
and 1(¢) is cylindrically symmetric with respect td.
However, the two-particle collision between the scattered
projectile with (intermediat¢ momentumk, and the second
electron(escaping with momenturk,) is generallynot cy-
lindrically symmetric with respect th;. l.e., in general the
processes depicted in Figscland 1(¢) are not identical
and will have different matrix elements. This dichroic effect

rect insight into the ionization paths as visualized in Figs.is correlation induced. It is strongly dependent on the inter-
1(@-1(j'). In general, the continuum spectrum is deter-action of the first electrofwith momentumk,) with the

012706-5



J. BERAKDAR PHYSICAL REVIEW A 63 012706

projectile and the second electron. In other words if electroriering of the projectile from the ionic core is involved are
“1" does not interact with the second electron and with theshown in Figs. 1g)-1(H'). In Fig. 1(g) the projectile scatters
scattered projectile in the final state, it would not see thdrom the ionic core and then from one of the active electrons.
difference between the diagrams shown in Fige) hind1l  This excited electron collides then with the other electron
(c"). The auxiliary momentunk,, cannot be detected in the and both emerge with momenka andk,. The kinematical
experiment; it can, however, be deduced from Fig) bnce  conditions associated with this process are readily derived
the measured spectrum can be identified with the scatterinijom Egs.(1) and(2): k; Lk, and k§+ k§=k12, whereask,’)
mechanism depicted in Fig(d. =Ko—Kion. If my=m, then we obtain the relatiok,L (k;

In a single-ionization experiment the first scattering event + k).
[shown in Figs. lc) and 1¢’)] between the projectile and As indicated by the fifth term of Eq23) [cf. Fig. 1(d)],
the first electron results in the well-known “binary peak” a scattering process may take place in which the projectile is
[29]. At the opposite direction of the binary peak a furtherscattered from the ionic core. It undergoes subsequently a
structure appears which is called the *“recoil peak” andsingle collision with one of the active electrons which is then
originates from the scattering of the ionized electron fromejected. The second active electron is emitted by means of
the ionic corg[29]. scattering from the potentials encompasse@jiEq. (17)].

In the present situation of double ionization the recoil The conditions under which the influence of the process
peak can be identified by examining the terms shown pictoFig. 1(g) may appear ark,~k;+k. If my=m, then we
rially in Figs. Ad)-1(€). In Fig. 1(d) one of the atomic deducek, L k, andk3+ki=k;?~k. By determiningk; and
electrons recoils off the nucleus after a collision with thekp the intermediate momentuk, is determined. For small
projectile. The recoil process can in principle be facilitated|k2| we arrive then aki,,~k,— k. The assumption under-
by initial-state bindindi.e., by G, as given by EQU17)] or = ving this process is the,> ea<<pE1% E,. We note that in
by the final-state interaction of this electron with the ionic cage of 4 light projectiléwith respect to the ionic core mass
core. The second electron is then ionized upon a single ie impinging projectile can scatter everywhere in space.
teraction with the projectile. This latter process is not Cy“”'Therefore, the momentum vectors of the continuum particles

drically symmetric with respect thy, . Therefore, in general  4re not necessarily linearly dependent, i.e., they do not need
there will be a difference between Figgdiand 1(d) [and g pe in one plane.

Figs. 1e) and 1(€)]. The kinematical conditions under (8) In Figs. 1h) and 1(H) the projectile successively
which the processes Figs(dl and 1(d) are observable in  gcatters from both of the active electrons following an en-
the spectrum are respectively those of Figc)land 1(C¢)  counter with the ionic core. The difference between the pro-
except forki,n~ —k;. In addition, this interpretation assumes cesses depicted in Figs(r and 1(H) is due to the afore-
thatE,>E, (andEg>€,). _ mentioned left-right asymmetrgwith respect tok?) in the

In the cases shown in Figs.(el and 1(€) the first  gcattering of the projectile from electron “2.” In the illus-
electron escapes directly into the continuum after a singlg ation of Figs. 1h) and 1(H) the processes 1(pand 1h)

collision with the projectile. The projectile scatters then 4.0 distinguishable, for in case of Fig. 1rboth electrons

from the second electron and this electron recoils Offemerge in the same half plasieith respect tok,) whereas

the ionic core. The kinematical conditions are then those, ~5se of Fig. th) the electrons emerge in different half
discussed in Fig. 1(¢ but the ion has a finite momentum pjanes. The kinematical conditions under which the pro-
kion”_kZ-_ ) o cesses of Figs.(lh) and 1(H) show up are readily derived
(6) In Figs. 1f)—1(f") the mechanisms for the projectile’s fom Egs.(1) and (2). Our interpretation is valid under the
(elastig backreflection are displayed along with the réspeCyssumption thaEy> e,<E,~E,. For light projectiles, the
tive transition operatoref. Eq.(23)]. These mechanisms are processes shown Figs(gl and 1(H) provide a major con-
particularly relevant for lighter projectilesr,<m., where  ipution to out-of-plane scattering.
m is the mass of the ionic coreAgain we notice the ap- (g) |n Figs. i) and 1(]) few multiple double-scattering
pearance of the dichroic effect in Figs. Ifand 1(f'). In mechanisms are depicted in which the electron-electron scat-
cases of Figs. (1)—1(f") one expecti,,~2ko. The emer- tering is involved. In all of these cases the projectile scatters
gence directions of the collision fragments can then be degnce from one of the active electrons. Subsequently a scat-
termined from Eqs(1) and(2). For example, 'fmp:”;e We tering of this excited electron from the other active electron
arrive for the process of Fig.(f) at kyLk, and ki+k>  (and/or from the ionic cojeleads to double ionization. For
=ki2. In additionk,Lk; andk’s+kj=k/2~kj. Hence, if  the process shown in Fig(il Egs.(1) and(2) yield kL k,
Kion andk, are determined one can deduce andk;,,~0. In contrast, for the case of Fig. 1(iwe obtain
The processes of Figs. 1(f,f”) are distinguishable in the kinematical conditiork; 1 k,, ki,,~—2(k;+k,), and
that in Fig. 1f) the two electrons emerge in the same halfk,+k,=—(k;+k;). In Fig. 1j) we encounter the same
plane (with respect toky) whereas in Figs. 1(j and 1(f") situation as in Fig. (); however, one of the electrons recoils
the active electrons emerge in different half planes. In Figoff the ion after the electron-electron single collision. Thus
1(f") the projectile escapes in between the emission directhe same kinematical conditions as Fi¢j) Bpply to Fig. 1j)
tions of the electrons in contrast to the case shown in Figexcept thak;,,~ — 2k;. The process shown in Fig. 1fjis a
1(f"). result of the left-right asymmetry in the electron-electron
(7) Further scattering mechanisms in which a direct scatsingle collision. It can be distinguished from Figj)lby an
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(a) V\;;Gc Vp\,. Ga Vp»:,:

FIG. 2. A pictorial represen-
tation of the multistep scattering
processes that are involved in the
ionization-transfer—ionization
reaction triggered by a heavy
charged projectile. The momen-
tum of the electron to be trans-
ferred to the projectile is indi-
cated by k; whereas thek,
stands for the momentum of the
ionized electronk, andk, stand
for the momenta of the incoming
and the scattered projectiles, re-
spectively.

(] Ve 3Gc vpe Ga v

pe.

©

appropriate arrangement of the experiment as illustrated ifield of the projectile. Figures (2)—2(d) give a pictorial
Figs. 1j) and 1(]). representation of the first-order multiple-scattering terms
that are relevant to the ionization-transfer—ionization chan-

nel. In what follows the electron to be captured by the pro-

jectile is assumed to be the one whose momentum is indexed
In Fig. 1 we illustrated and discussed the mechanby “1.”

isms leading to double-electron escape. In this section For the capture process to be effective electron 1 and

we study ionization processes that are accompanied bihe scattered projectile have to emerge with equal velo-

a capture of one of the ionized electrons into the Coulomlxity vectors. In the center-of-mass system this im-

IV. IONIZATION AND REARRANGEMENT COLLISIONS
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plies ky/me=:v;=v,i=k,/upc (cf. Fig. 2. Here we The left-right asymmetrywith respect tov) in the two-
neglected terms of the ordem./m. and defined the Particle collision that leads to the ejection of electrofcll
projectile-ion reduced mass @s,.=(m,m)/(m,+m,). Fig. 2(a)] will result in two differentstructures in the spec-

trum corresponding to the same perturbation opergder
o icted in Figs. Pa)and 2(4)]. These two peaks appefaf.
A. Heavy projectile impact Eigs. 1a) ar?d 2(4)] at (@) P PP
In Fig. 2(a) the projectile scatters from electron “2” and
propagates further with momenthIg, velocityvg,, and en-
ergy E, . It scatters then from electron 1 to emerge with the
final momentunk,. The excited electron 1, which acquires

the momentunk;, recoils from the ionic core and recedes Here the positive(negativé sign corresponds to Fig.(®
with the momentumk,, as shown in the figure. From el- [Fig. 2(d)]

ementary algebraic considerations of E¢b. and (2) we In Figs. ab) and 2(B) we investigate yet another varia-

deduce the mutual angles betweegnandv, as well as be-  tijon of the double scattering in which the electron to be
tweenk, and\7,’) to be captured undergoes at first a scattering from the projectile
followed by a collision with the ionic core. The projectile

collides then with the second electron ejecting it into the
continuum. Consideration of the kinematical conditions and

(37)

ako,vp: ako,uéi Hvl;,up'

!

COS B, 1) =Kz v

1 \/EZ the dichroic effect of the two-body scattering proceeds along
= = (pc—1) the same lines as discussed for the case of Figs. ghd
2pe ¥ Ep 2(a).
1o 1 In the perturbation operators shown in Figga)22(b')
=— _2( - _) (33 the Green operator of the atom appears. This opens the pos-
2 v{, Mpc sibility of a scattering of the ionized electron in the field of

the atom. We pointed out in the preceding section that this
O =k /1 2, E, (1) effect leads to the appearance of the so-called recoil peak.
Co8 Oy, ,») =Ko Vp= —t === 0"y The same happens in the present situation as well. Figures 2
o " o 2EG—EoE, (d') and 2(&) and Figs. 2(B) and 2(¥) illustrate the recoil
(34) processes corresponding, respectively, to the situations de-
) ~ A A picted in Figs. 2a) and 2(4) and Figs. 2b) and 2(b).
Obviously, the angles betweer; and v =k, as well as The kinematical conditions for the recoil processes are

betweenv, andv, are(please notd; =k;) readily obtained from Eq¥33)—(37) where the angle?)ko,k2

of the recoil (secondary electron becomes?ko,kfw

cos by , ) =Ki-V, - .
P + 6k, k,- FOr a heavy projectile the angle fixed at Ok, .k,

1 /,uchl 1 ~v,/(2vg) (vg is the velocity of the incoming projectile
) E, (1_ M_pc) E.g. forv,=vy we expect the recoil peak to be localized at
ekoyk2~240°=—120°. For simplicity we assume in what
= E ﬂ( 1— i) , (35  follows thatvo>wv, (and therefore ,=v,>v,). In this case
2 vp Mpc we deduce from Fig. 2(a that the recoil ion momentum is

o kion=k1—k; wherek;=k;. Thus, the ion moves at fixed
' Vp angle O, .k, ~120° with respect to the incident direction
(note the projectile is scattered predominantly into the for-
B | Ep B E; 1-1 ward direction. We can summarize this finding pictorially in
" VE\—E, 2JE (Eg— E1)( ~Unpo)- Fig. 2(c): When the fully resolved spectrufspin is not con-
P sidered hergis scanned as a function ﬂﬁovkion, ekO'kp’ and
bk, .k, We expect a peak in the form of a triple “star,” as

Herev ! anduv, are the(intermediat velocities of the active ~ depicted in Fig. ).

electrons. From these relations it is clear that heavier projec- 1h€ claim is now: the triplestar is two dimensionalTo
tiles are scattered basically into the forward directjéor substantiate this we remark that our mechanisms consist of

Eo> E2<E,S,Eo% E,; one obtains Coﬂo,v')wl]- We remark successive_binary encounters each_ of _Which tak(,es place in
) _ . o one(scattering plane. For example, in Fig.(@ ko, v,, and

that sincev,=v, We obtain wpcky=ky and thus upE, k, are linearly dependent and lie in one common plarie

=Ep. Equation (35) reduces then to Co%'vp):(l From the subsequent binary encounter of the projectile with

—Lppc)/2. Thus, we obtain for the mutual angl; ,  the electron 1 we conclude thaf, ki, andk, are in the

~60° (in contrast to a positron as a projectile in which casesame plane\’. Similarly we conclude that;, ko,, andk;

0ki’vp:9002 0k2,vl'))' are in one planevt”.

(36)
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(9 Ga Vpch Vpe

Ko

FIG. 3. A graphical represen-
tation of the sequential binary
collisions contributing to the
ionization-transfer—ionization
channel when a positron beam is
used to induce the reactioky,
andk, are for the momenta of,
respectively, the positron and the
positronium whereask, is the
momentum of the ionized elec-
tron.

v

,

We note thak,k; lie in the planeM’ andk;,k; are in  the left or to the right of the incoming beajof. Figs. 2(4)
the planeM”. Sincek; |k, we deduce thak, is contained in  and 2(&)].
M’ and thereforek;,,=ki—k; must be inM’. In other Further important mechanisms for the ionization-
words, M’ =M". In addition, Eq(1) imposes the condition transfer—ionization channel are shown in Fig. 3 and will be
Ko/ pe— Ko/ fpe=Vp(1+ Lptpe) + Kion ttpe- This means if analyzed in detail for the positron-impact case. The scatter-
v, is fixed by the measurement process to the plamehe  INg routes depicted in Fig. 3 are also relevant for the situa-
momentumk,,, has no choice but to lie it and hence the tion of heayy-partlcle collisions. The analysis proceeds along
star is two dimensional and lies in the plan (spanned by the same lines sketched below.
ko andk,).

It should be emphasized that the dichroic effect in the
two-body scattering as discussed above results in a different In the preceding section we discussed double-ionization
spectrum, depending on whether the projectile is scattered ®vents in which one of the active electrons is captured by the

B. lonization and positronium formation
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projectile. Particular emphasis was put on the case of heavyhe positive and the negative signs in, respectively, Egs.
projectiles. In this section we consider the case of the posi39) and(40) refer to the situations shown in Fig. 3)b The
tron impact. This is of a special interest as the equal massgwevious discussion of Fig(B) has lead us to the conclusion
of the positron and the electrons impose a particular kinethat the dichroic image shown in Fig. 2(ks experimentally
matical constraint on the phase space available for the twdadistinguishable from Fig. ). Exactly in the same manner
body scattering. This is illustrated by the examples shown iras done in Figs. 2( a dichroic process of Fig. 3(pcan be
Figs. 3a-3(d). In Fig. 3@ the positron knocks out the constructed with the kinematical conditions for its appear-
first active electron 1 by means of a singf@tentia) scat- ance being those as for Fig. 3jHEqgs.(38)—(40)]; however,
tering and loses half of its kinetic energy. The second activehe negativepositive sign in Eq.(39) [Eq. (40)] is used.
electron is ejected by virtue of initial-state bindig, and The four sequential binary collision processes sketched in
emerges with much less kinetic energy than the posi@od  Figs. 3c—d) demonstrate the appearance of dichroic and
the first electropn The kinematical conditions under which interference effects for light projectile impact. In Figs.
this process is expected to influence the spectra arg(c,c) the projectile scatters from both active electrons be-
COS(Hkl,kO)‘=|21- ko= cosml4= Rp'ROZ:COS(ka k) The situa- fore it collides with thg ionic core. The diffe_rence between
tion depicted in Fig. 3(9 differs from Fig. 3a) in that the the processes shown in FigicBand Fig. 3(¢) is dueAto the
projectile is scattered only once whereas the first excitedeft-right asymmetry(around the momentum directids}) in
electron collidegelastically with the ionic core to emerge in the first positron-electron binary encounter. The kinematical
the same direction as the positron. The kinematical condiconditions associated with the processes of Fig&) 3
tions for the processes Fig. 3jaand Fig. 3a) are exactly and 3(¢) are 0kl,k0=cos‘1\/El/E0 and Ok, K,
the same. Hence, it is not possible to distinguish experimen=cos 1\[(E,— E,)/Eo* cos *VE,/(Eq—E;) where the
tally between them and therefore interference effects mighpositive (negative sign corresponds to Fig(&® [Fig. 3(c)].
occur when zooming into the particular kinematical situation'  From Figs. 8c)—3(d) it is clear that Figs. @) and 3d)
of Fig. 3(a). o correspond to two different terms in the multiple-scattering
Figure 3b) illustrates the case where the projectile col- expansion whose effects appear at the same kinematical situ-
lides from electron 2 and then from electron 1. The latteration. Therefore one can expect interference effects between
scatters then from the ionic core to emerge with the samghe scattering amplitudes of these two processes. The same
velocity vector as the positron. The kinematics for this casgypplies to the cases depicted in Fig. 3(@nd 3(d). It
is specified aﬁkz,ko::cos‘l(ﬁz-lzo) which is measured by should be emphasized that these interference possibilities oc-
the experiment. Furthe@ké,k()::cos’l(k;- ko) = m/2+ O, k, cur only when the mass of the projectile is equal to the mass

. of the electron.
and ekp ,kozzcos‘l(kp- ko)= 0% KT /4. Here the angles are

measured with respect f(a from 0O to 27 anticlockwise. The
momentum of the recoil ion is then given ty,,=k;—k;
wherek]=k; and cos(k;-Ko)= 6y ko~ 4. In this study we discussed the double electronic transi-
In Fig. 3(1) there is another c%nstellation in which the tions in atomic systems induced by charged'-particle impact.
projectile undergoes a single scattering on its way out to thE™M an expansion of the four-body scattering operator we
continuum from the first and the second electron. The firstdentified and explained the physical meaning of the leading-
electron(to be capturedrecoils from the ionic core to escape °'der terms as multiple, sequential binary encounters be-
with the same velocity vector as the positron in the finaltWeen the constituent particles of the system. From Egs.
state. From Fig. 3() it is readily deduced thaki,=k, (23)—(32) it is clear, however, that a.nu_merlcal e.valuatllon of
k. wherek! = k.. Furthermore all these facets of the double-excitation reaction within a
! 1R ' single(approximatg model is extremely demanding. Most of
1L DN el =T the theories on the market are therefore restricted to the first
cos “(ky-ko)=cos “(VEL/Eo), B8 gom terms(FBA) in the projectile-target interaction, i.e., in
o Eqg. (6) one neglects the interaction of the projectile of the
Ok’ ko= cosfl(kr;- ko)=cos Y(V(Eyx—E)/Eyp), ionic coreandin Eq. (5) the interaction of the projectile with
P all the other particles is omitted. In other words, the projec-
tile performs a free motion in the initial and the final state.

V. GENERAL AND CONCLUDING REMARKS

Ok, ko= COS’ *(Kp ko) Nonetheless, a wealth of ionization mechanisms is still being
1 1 incorporated in such a model, namely all those that do not
=cos [ V(Eo—Ey)/Eq]*=cos [VEp/(Ep+Ey)], involve the scattering of the projectile from the ionic core

(39 and from the two electrons in tHenal state. Obviously, the

actual weight of the individualfinite) amplitudes might still

be inaccurately predicted by the FBA as the evaluatio of

is a challenging task and can only be done to a certain accu-
_ —1r [ = v 1— —1r = 7' T = racy.
=C0s [ V(Eo~Eq)/Bo] = oS VER/(Bp+ E)]. én the other hand, the FBA treatment, which is usually
(40)  justified by an appropriate choice of the scattering kinemat-

O, ko= COS (K2 ko)
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ics, has the advantage of relating optical spectra to thég planes to arrive at the final multiparticle configuration.
charged-particle impact spectra. In addition, in a previous In the last part of this study we considered the ITI channel
work [30] | derived a scaling formula that connects the FBA when a positron is employed as a projectile. The equal mass
cross sections for light projectiles with those for heavierof the electrons and the positron caused some of the terms in
ones. Thus the FBA calculation of the spectra for heavy-iorthe multiple-scattering expansion to coincide at the positions
impact is redundant once the FBA results for electron impacivhere they are expected to appear in the spectrum. Thus we
are known. In fact it would be of interest to use this Sca”ngpomt_ed out that interference effects between the scattering
recipe to compare thexperimentabata for heavy and light amplitudes may occur. _

projectiles in the validity range of the FBA. Deviations from 1 he following final notes are importanta) the mecha-

the scaling law are then an experimental indication of thd!IS™MS d.'SCUSSEd in the ITI'channeI for l.'gh.t' a!”d heavy-
importance of higher-order terms in the perturbation expanpartICIe impact are present is the double-ionization channel
. (by heavy-ion impact and electron or positron impaand
sion y y p p

In this work we unraveled the existence of a dichroicth('}'éj klnemattrl]call_FlosLt]lons atr)e Ide(:#ced allc()ng tr:f same (Ijmes
effect in the two-particle collision, i.e., a left-right asymme- aﬁl Onfev:/nt rr$1 ftCh anr)l(e( r)1 ig3)'s(\§'§r O‘;\r’]e " t|Serr1]sse
try with respect to the incoming beam. This dichroism ap—0 y a few ferms ol € expansiqzo)—o2). er terms as

pears because the two-body scattering is embedded in tggell as higher-order terms may affect the spectrum as well.

four-body background, i.e., the existence of another particl ﬁ The t”_‘e“t Otf trle ptrﬁsent wfo(rjk Ii)lto ext_rtai:_t an\(/jvar:jalyze:[
(not participating in the two-body collisigrbreaks the isot- € most important pathways ot double excitation. e do no

ropy of space. This effect is of a general nature and shoulgla'm’ hoyvever, that the system will mdeed TOHOW a certain
appear in higher dimensional problems as well pathway just because we pointed out its existence. In other

This dichroic effect also appears in the ionization- words, only reliable numerical calculations can indicate
transfer—ionization(ITl) channel, i.e., when one of the ex- vv_h_ether a particular pathway is eventua!ly contributing sig-
cited electrons is captured by the Coulomb field of the scatn'f'ca.mly to the spectrum(.d) The expanS|or(23) and (32)
tered projectile, as discussed in Fig. 2. We analyzed théemain valid at lower energies; however, the kinematical po-

multiple-scattering paths in the ITI channel for the case of gions we denv_ed fc_)r th_e appearance of the_ multiple-
heavy projectile(with respect to the electron masand for scattering terms in W.h'Cﬁ’a IS not mvolved_lr_n_ply high mo-
the positron-impact case. For the heavy projectile case W@enta oftthe [t)qrt|cée% St? that .thel initial r_pr?mentum
pointed out the appearance of a triple star-form peak in th&oMponents containe a become irrelevante) The ex-

spectrum when considered as a function of the vector mopansion(23)—(32) has been derived using operator algebra
and as such is generally valid. However, if the matrix ele-

menta of the ionized electron, the projectile, and the recoil- M N lculated. i h 30) i
ing ion. The existence of this star is induced by sequentiafnen S are 1o be calculated, 1.e., when expres@ﬂg-( ) in
two-particle collisions. Superimposed on that is the contriby Certain representation, one encounters serious convergence

tions of the scattering of the continuum electron from theproblems due to the infinite range of the Coulomb potentials.

ionic core. This scattering can, in principle, be mediated byT0 circumvent this prob_lem one either mtroduces a cutoff
arameter for the potential or calculates the matrix elements

G, . As concluded in the text, the two dimensionality of the P S i
stgr is the result of its origin being a sequenceved-body off the energy sh_ell. The on-shell limit is then performed in
encounters. It should be stressed here that the arguments \mf final expression.

used to prove tha.t the.star is pla}nar are vahdlgenerally, ie., if ACKNOWLEDGMENT

a continuum multiparticle state is achieved via a sequence of

two-particle, isolated collisions we can assume each of the | am indebted to Horst Schmidt-Bking for stimulating
two-particle collisions to be confined to one plane and therdiscussions and for his continuing encouragement to con-
consider the angles between the varigwgo-body) scatter-  sider the ITI process.
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