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The fully differential cross section for the positron- and electron-impact ionizatidf,a$ calculated.
For positron impact the results are contrasted against a recent experiment which evidently shows the
influence of the electron capture to a low-lying positronium continuum state. From a detailed analysis
it is deduced that the capture probability is dependent on the orientation of the electron-positron relative
momentum vector with respect to the residual ion. Within the used model, this asymmetric positronium
formation is traced back to the distortion of the positron motion by the two-center potential formed by
the residual ion and the secondary electron. [S0031-9007(98)06857-4]

PACS numbers: 34.85.+x, 34.10.+x, 34.80.Gs, 34.90.+q

A detailed understanding of correlated many-body scatuum states can be identified. This channel shows up
tering states is of fundamental importance for diverseas a rapid increase in the cross section when the elec-
fields of physics such as discharge and plasma physics, ftron approaches the positron in velocity space. The func-
sion physics, and physics of the upper atmosphere. Sudfonal dependence of this enhancement is dictated by the
continuum states are usually achieved as the final ouklectron-positron Coulomb density of states (CDS) (see
come of charged particle- and photon-impact ionizationbelow). Previous experimental and most of the theoreti-
Recent technological advances in multiple detection techeal work on positron-atom ionizing collisions concen-
niques have rendered possible an unprecedented insiginated on the analysis of the secondary electron spectra
into the properties of these states: the energy and momewhile the scattered positron is being undetected [6—15].
tum transfer to the many-body continuum can be probedNo unambiguous evidence as to the existence of the elec-
independently by virtue of equivelocity heavy- and light-tron capture to the positron continuum has been found.
particle impact; for a fixed amount of energy and mo-On the other hand, the phenomenon of electron capture
mentum transferred to the final state, the open reactioto the projectile’s continuum (ECC) is well established
channels as well as the total potential surface can be vaim heavy ion-atom ionizing collisions both experimentally

ied using particle and antiparticle projectiles. and theoretically [17—-28]. From these studies it has been
A unified description of all of these facets is a major concluded that a theoretical description of the energy and
challenge for current theoretical investigations. angular distributions of the secondary electrons must ac-

The present study is motivated by a recent kinematicallycount for the interaction of these electrons both with the
complete experiment [1] in whichH, molecule is ionized residual ion and the projectile [29]. For light-particle im-
upon positron impact. The resulting final continuum statepact, such as positron, the theoretical description is even
which consist of a positron and an electron moving in themore challenging, for in this case the projectile is de-
field of H, [hereafter referred to d8 "¢ H; )] have been flected through very large angles [11,15]. In contrast, in
simultaneously resolved in angle and energy. the case of heavy-particle impact the projectile is scat-

Contrasting this final channel with that achieved intered around the forward direction. Therefore, for the de-
electron-impact ionization [two electrons in the doublescription of the(e"¢™H7) final states, at least, a genuine
continuum of a residual ion, labeled hereafter bythree-body model is required. In this work we model the
(e~eH3)], two distinctive differences can be noted. final state by a wave function originally derived for ion-

(i) Evidently the total potential surface is markedly atom collisions [16] and recently applied for electron and
different in both cases [2] which results in completely positron ionizing scattering [14] (atomic units, a.u., are
different dynamics. This is particularly reflected by used throughout; corrections due to finite electron mass as
the decisively different threshold laws for total breakupcompared to that of the proton are neglected):

(cf. [3—5] and references therein). W(r,,r,) = 27) 3NyNyNypePeTeePr ™

(i) The indistinguishability of the two electrons intro- ) )
duces exchange effects in the caséeofe H»), i.e., the X (Filiag, 1, =i(para + Pa * ¥a)]
Cross ;ections are st_atistical mixtur_es of triplet and si_nglet X (Filiap, 1, =i(ppry + pp * 1b)]
scattering cross sections. While this effect is absent in the ] )
case of(e et H5), an additional channel opens, namely, X Filiaay, 1, =i(paprap + Pab * Tap)],
that of positronium formation. (b

In the experiment of Kévér and Laricchia [1], capture where r,;, are, respectively, the coordinates of the
of the ejected electron to low-lying positronium contin- positron and the electron with respect to the residual ion,
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r,, = r, — rp, andp,, is its conjugate momentum. The 10
vector momenta of the emerging positron and electron

are, respectively, labelep, andp,, andFi[a,b,c] is

the confluent hypergeometric function. The normalization 10" 4
factorsN; are given by

N; = exp—7a;/2)I(1 — iaj), j=a,b,ab,
)
with the Sommerfeld parameters beiag = Z,Z,/p,,
ap = —Z;/pp, and ag, = —Z,/(2pay), WhereZ, and
Z, are the projectile and the final-state ion charge, re-
spectively. The cross section, differential in the energies

E.,E, and the solid angle§),, ), of the escaping par-
ticles, is then given by BT R FUA

Secondary-Electron Energy [eV]
7(Qa, Qp, Ep) = CAV (r4,15) [VIgp, () (e, ), (3) 107 5

where C = 27)*p.ps/po and ¢,, is a plane wave ECC
describing the projectile incident with momentupy. )
The H, target, as described bg(r,), is assumed to 10.0 25.0 40.0 55.0 70.0

be composed of two noninteracting hydrogen atoms. Secondary-Electron Energy [eV]

Fu+rthermore, the relaxation time of the fmal'_State '(_)nFIG. 1. The positron (thick curve) and electron (light curve)
H, is supposed to be much longer than the interactiofimpact ionization cross sections’ of, as a function of
time so that a frozen-core approximation can be appliedhe secondary-electron energy. The solid squares are the
In Eq. (3) the perturbation operatdf is the scattering experimental data of Ref. [1]. The incident energy is 100 eV.

potential of the incoming particle from the active electronhe absolute value of the experimental cross section is
and the residual ion unknown. Both emerging particles are detected in the forward

. . . . . direction. The inset shows the positron calculations convoluted
The first Born approximation (FBA) is obtained from jth the experimental resolution, as given by [1]. The position
this scheme in the limik, = 0 = ;. Itis well known of the ECC peak is indicated.

that the FBA vyields cross sections that depend on the
velocity of the impinging projectile and the square of
its charge. Therefore, the FBA does not distinguishcross section ap,, = 0. This is quite different from
between particle and antiparticle impact at the saméon-atom collision where, due to the basically undeflected
impact velocity. projectile, the ECC peak is much more pronounced even
In contrast, the full calculations (Fig. 1) reveal a drasticafter convolution and with the scattered projectile being
difference between reactions leading @ ¢ H;) or  undetected (see, e.g., [27]).
(e~ e*Hs) continuum, in particular, in the region where For the following analysis it is important to note,
the escaping particles emerge with equal velocities. Thi§owever, that the general slope of around the ECC
difference is readily understood from the CDS of theposition is not much affected by the convolution, as can
electron-electron and electron-positron subsystems that ke observed in Fig. 1. Unfortunately, for the™ ¢~ Hy )
described by|N.,|* = 27 ag[explmaq) — 1171 In system there is no available experimental data in the
the limit of p,, — 0, |N,;|* attains the behavior present scattering geometry.
The obvious difference betweesi and e™ impact,
as seen in Fig. 1, is simply a reflection of the markedly

e impact
¢ impact

0.7

0.5

6(Q,Q,E,) [au]

0.34
_2 +

10° 4 0.14

°

lim |Nab|2 - _27Taab — %,

P for z, >0 (e* impach, (4) different analytical behavior of (4) and (5). This effect
also shows up in heavy-particle and antiparticle impact
lim |Ngp|> = 27 g, exp(—2maq,) — 0, [31]. Inour case, however, exchange introduces additional
Par—0 _ . phenomena which can be unraveled by analyzing the
forZ, <0 (e” impach. (5) quantity
From Eq. (4) it is clear thatr(,, ,, E;) possesses a o (Q,, Oy, Ep)
first order pole atp,, = 0 in the case ofe* impact a"(Qq, Qp, Ep) = Feaas (6)

2
that signifies the ECC channel. Because of the localized INa |
nature of this pole it is very important to account for For the case of Fig. 1 we depict in Fig. 2 the normalized
the experimental resolution in order to compare with thecross sectiono”. As is more clear from Fig. 2, due
experimental finding [30]. In fact, as shown in the insetto exchange in the case ef impact, " (and o) is
(Fig. 1), the convolution with the experimental resolution, symmetric with respect to the ECC position. Thus,dor
as given by Ref. [1], leaves only a small peak in theimpact exchange imposes a continuag% at p,, = 0.
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as will be shown below, this study sheds new light on this
question but certainly does not resolve it.

10" - T it with exchange / Here we define the cusp asymmetry as
] N G_Yvilhin lhe]TBA / . .
— — - e impact without exchange A — I|m O'n _ I|m O'n,
(E/2—E,)—0* (E/2—E})—0~

where E is the total excess energy. In the caseeof
impact the cusp asymmetry is disguised by exchange
(Fig. 2); its sign is the same as that observedeih
impact. This rules out an explanation of this asymmetry
in terms of screening. Further calculations (not illustrated
here for space limitations) showed the following: (a) The
asymmetry diminishes at higher energiesl(keV) and
increases when the impact energy is lowered, and (b) the
sign of the asymmetry is not dependent on the emission
angles of the final-state products; i.e., if the ejected
electron and the scattered projectile are detected both in
the backward direction we end up with a behavior similar
to that depicted in Fig. 2.

As mentioned above, the experimental data of Fig. 1
follow the slope of the calculated cross section and hence
FIG. 2. The same as in Fig. 1, but the normalized crossint at the existence ak. Further ongoing experimental

sectiono™”, as defined by (6), is considered. The cross section ; inai :
o for ¢~ impact with (light solid curve) and without (dashed ®fforts should provide more insight into the exact value

¢ (Q, Q.E) [au]

100 250 400 550 700
Secondary-Electron Energy [eV]

curve) exchange are depicted along wiitt for e* impact of A. . . . . .
(solid thick curve). The cross section (3) (not o) as As realized in the early studies on ion-atom collision
predicted by the FBA is also shown (dotted curve, same resultf32,33], a description ofA requires a higher order
fore” ande™ impact). treatment. This is obvious from Fig. 2. The FBA yields

no asymmetry. In addition, if we neglect final-state

Neglecting exchange reveals remarkable similarities
betweene™ ande~ impact except for the region of very 10’ ]
slow positrons in which case the repulsion betwé&h
and the positron leads to a vanishing cross section [this is
described by a positron-ion CDRV,|?, that behaves simi-
lar to Eq. (5) for slowe™]. It is worthwhile to note that
the slope ofr” for e™ ande ™ (without exchange) is given
by o (not o) as calculated within the FBA. In fact, even 10° 4
a plane-wave impulse approximation (PWIA) yields the ;
same slope behavior ef as within the FBA. The cross
sectiono P14 within the PWIA can be evaluated from the
above model by setting, = 0 = a;,a,, = 0. The re-
sultis ™A = € /274" | D (pion)|?, Wwhered (pion) is
the Fourier transform aob, p;,, is the recoil momentum of
the ion, andy is the momentum transfer. Thus the slopes 10 3
of the o as depicted in Fig. 1 are determined by the ]
Compton profile of the initially bound state and the
projectile-electron interaction potential in momentum
space. Superimposed on that is th&p, |> and exchange
requirements in the case of electron impact. 100 200 300 400 500 600  70.0
A much more delicate feature of the” is the discon- Secondary-Electron Energy [eV]
tinuity at p,, — 0, i.e., the capture probability is depen- F|G. 3. The ¢*-impact case for the same geometry as in
dent on whethep, — p, + € or p, — p, — €, where Fig. 1is studied. Neglect of the positron-residual ion final-state
€ < 1. This behavior has also been encountered in ioninteraction f, = 0 in Eq. (1)] yields the dotted curve, whereas
atom ionizing collisions (both experimentally and theo-if we disregard the interaction between the emergingand

. e’ [a, = 0in Eq. (1)] we end up with the solid light curve.
retically) [16,23,28,29,32-35] and has been dubbesb  Tq final-state interaction of the secondary electron with the ion

asymmetry To my knowledge there is as yet no clearhas basically no influence on the cusp asymmetry £ 0 in
physical explanation of the origin of this asymmetry and,Eq. (1) leads to the thick solid curve].

6" (Q, Q,E) [av.]

ECC
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