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Thomas mechanism in electron capture to the continuum
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Thomas mechanism is theoretically shown to be present for the electron capture to the cofE@@m
processes in ion-atom ionizing collisions. By focusing on the recoil-ion momentum distribution, a prominent
peak structure at 60° from the backward direction is observed near the kinematical threshold. This recoil-ion
critical angle corresponds to the Thomas double-scattering mechanism for electron capture. The theoretical
description of this ECC Thomas peak in ionization collisions requires accounting for the interaction of the
electron with both the projectile and the residual target.

PACS numbes): 34.50.Fa

[. INTRODUCTION respectively. In a quantum-mechanical description, this Tho-
mas two-step process is reproduced by the second term in
Up to now, most of our understanding of single-ionizationBorn expansio{11,12. At asymptotically high velocities,
processes in ion-atom collisions has come from the study athis term dominates over all other Born orders for electron
singly and doubly differential cross sections of the projectilecapture[12]. In particular, exact numerical second Born cal-
and/or the emitted electron. For instance, the electron velogulations for 1s-1s charge exchange irf HH collisions
ity Ve distribution is known to show three conspicuous struc-have shown that a Thomas peak appears at this particular
tures. These are a shoulder on a “sphere” centered on thgngle g, in the angular differential cross section for the
projectile velocityv with a radius approximately equal @0 scattering of the projectile at energies above 5 Mag].
and two cusp-shaped peaks located at the origin\amé-  gimjjar results were provided by continuum-distorted wave
spectively. The first of these structures is ascribed to a blnark/14] and coupling-channel calculatiofi5]. Finally, the ex-
projectile-electron collisiori1]. The peaks have been tradi- jgiance of this peak was experimentally verified in 1983 by
tionally attributed to a mechanism where the ejected electropeqersen. Cocke. and Skii [16]. Dettmanr{17] and Briggs
ends up in a I:)W—Iylng_ continuum state of the “charged” g] giscussed the occurrence of a similar structure in the
residual target"soft collision electrons’) [2] or the projec-  projectile’s angular differential cross section for ECC, but
tile [“electron capture to the continuuECCO)” ] [3-6]. 5rqued that it should be negligible for ion scattering. We
A proper theoretical description of these peaks requires,o,4se here a different approach to this subject and show in
the analysis of the electron moving in the combined potential,, unambiguous way the existence of the Thomas mecha-
fields of the projectile and the residual target {@i. Thus,  ism in ECC.
multiple scatterlngl.g., three-body effects could be impor- The advancement of experimental techniques, such
tant for understanding these featuf@9]. In the present ,q e cold-target recoil-ion momentum spectroscopy
paper we are _mterested in analyzing the role of o_louble Sca('COLTRIMS) [18—20, has provided a new tool for studying
tering effects in the electron capture to the continuum projon_atom ionization collisions by focusing not only on the
Cess. , projectile scattering and/or the electron emission, but also on
AIready in 1927, Thomas argued }hat_ the capture of athe target-ion recoil18]. One of the aspects of the enhanced
electron into a bound state of the projectile should be domiy;cr e provided by the analysis of the third collision partner
nated at high impact energies by three-body eff¢d®. g he relationship between the kinematical threshold of the
Classically, for a heavy projectile to be able to capture an o dinal recoil-ion momenturfPr; and the ECC process
electrone from an atom, a double-scattering mechanismi1 53 Moreover, while the single differential cross section
would be necessary in order to lead the electron close to thg, o projectile’s angle diverges for the ECC process, the
projectile in velocity space. First, the electron has to b&gcilion momentum distribution remains finite at the kine-
knocked by the projectile toward the target nuclduat an . -+ical threshold.
angle of 60° with a speed.~V. Then it has to undergo @ | this paper, we take advantage of this fact to look for a
second elastic collision with the target nucleus that deV'ateﬁngerprint of the Thomas mechanism in the ECC process.

it back into the direction of the projectile. The momentum the theory is outlined in the next section, followed by the
transfer to the electron in the first collision modifies the tra-resylts section.

jectory of the projectile by an angk,~ v3my/2Mp, where
m. andMp are the masses of the electron and the projectile,

Il. THEORY

*Also a member of the Consejo Nacional de Investigaciones Ci- Generally, the double differential cross sections in the
entficas y Tenicas. recoil-ion momentunPy (DDCS) can be obtained from the
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ionization transition matrixT;; by (atomic units are used
throughouy [22]
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whereq is the perpendicular projectile transfer momentum
and g; is the initial binding energy of the target electron.
(Pgrjp) and (Pg,) are the components of the recoil-ion mo-
mentum parallel and perpendicular to the impact velocity, FiG. 1. CDW-EIS calculation of the recoil-ion doubly-

respectively. In this equation we have neglected terms Ofjifferential momentum distribution for single ionization of Helium

order 1IMp and 1M+, whereMp andM are the masses of by 6 MeV proton impact as a function of the recoil-ion momentum
the projectile and target, respectively. We clearly see thatomponents andPg, close thePg threshold.

there exists a threshold in the longitudinal recoil-ion momen-
tum given by

We evaluate the recoil-ion momentum distribution

v e do/dPg near t.his thrgsﬁold by means of the confcinuu.m dis-
Rl =~ §+ - 2 torted wave-eikonal initial stateCDW-EIS) approximation,
as introduced by Crothers and McCa®b] for ion-atom

which corresponds te,=v, this is to the ECC peak in the ionizing collisions. While the initial scattering state is dis-
e L]

electron velocity distribution. torted by an eikonal phase factor for the electron-projectile
Owing to the delta functions in expressiét), we may Coulomb interaction, the final state incorporates the interac-
readily obtain tion of the emitted electron with both the projectile and the

residual target ion through a product of the corresponding
o' ) individual Coulomb continuum wave functions. The internu-
= —2f | Ti| 2dv’ (3 clear interaction is accounted for as explained in R26).
4y We employ an independent electron description of the two-
?Iectron target atorfi7].

do
dPg

where the remaining integral is taken over the solid angle o
the relative electron-projectile velocity =v,—v, the trans-
verse momentum conservation should be considered in the

T-matrix element calculation, and Ill. RESULTS
) e We evaluate the recoil-ion DDCS for the ionization of
v'=\2v(Pri=Pgy"). 4 helium by 6 MeV proton impact. The results are shown in

Fig. 1 as a function of the recoil-ion momentum components

behavior of the ionizafi tion f i val r. andPgj. A peak forPg, ~13.4 a.u. at the kinematical
ehavior ot the lonization cross section for small VAIUES Olyreshold Pg~ —7.7 a.u.) can be clearly observed in Fig.

the relative electron-projectile velocity.e., for PRumPg‘”"‘) 1. The recoilion momentum makes an angig=290°

can be shoyvn to bg dominated by thg normallllzauon of the+ tanfl(PR”/PRi) measured from the backward direction.
corresponding continuum wave functio#,.(r’') for the

electron-projectile systeri4], namely, T_hus _the structure occurs a: an angle from the backward
direction equal toyg= x1,~60°, exactly as expected for the
do ol recoil-ion in the Thomas process. In fact, in the second step
—=F(v')=—=, (5) of the Thomas mechanism the target nucleus is knocked by
dPr dpP the electron with velocity . After the collision, the electron
has changed its direction by approximately 60° toward the
forward direction, transferring to the target-ion a momentum
g cdlly t ; _ Pr with modulev and whose direction forms an equilateral
in this limit the distortion factor jangje with the initial and final electron velocities, namely
xr~—60°. It can be easily verified with the two values above
that the structure in Fig. 1 appearsRi~15.5 a.u., i.e., the

According to the final-state interaction thed®3], the

with F(v')=(27)3¥,,(0)|2. From Egs.(3) and (5), the
reduced DDCSio/dPg goes linearly to zero as’' —0 near
the threshold. However,
F(v') diverges as

F(u')~ 2mZp 6) ion velocity for 6 MeV proton impact.
o' Since Pgj= g""+v'2/2v, as Pg) shifts away from the

threshold valuePRHi”, the collision departs from the electron
for an ionic projectile of chargeZp>0, and therefore capture to the continuum conditid@1,22 and the Thomas

do/dPg is finite at threshold. peak disappears smoothly, as shown in Fig. 1.
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FIG. 2. Same as Fig. 1 but as a function of the recoil ion angle » .
xr taken from the backward direction, for fixed values Rf; ~ al threshold as may be verified from, E®). We multiply
=PRiI"+v'2/2v. The arrows mark the angler , as defined in the  this DDCS by the distortion factdf(v") that provides the

text. ECC cusp in order to get the final-state interaction Born
approximation(FSI-Born: dashed line In spite of its sim-

In Fig. 2 we show the recoil-ion DDCS near the thresholdplicity, this theory is close to the refined CDW-EIS around
for different values ofPg, as a function of the recoil-ion the Thomas peak, since it accounts for the correct final-state
scattering angle from the backward direction. To each oflynamics at threshold. This simple model can be used to
these curves corresponds two values of the recoil angle fabtain a scaling rule with the projectile charge of the peak.
which the electron velocity is parallel tg namely, From the knownZ2 scaling of the Born approximation

and theZp behavior of the distortion factdf(v'), we pre-
dict the peak maximum to behave &$. While the Thomas

N , 1 [1xv'lv
xr =90 —Ecos — (7)

(a)

with v’ = y2v (Pg)—PR|"). We see that the position gk ,
as marked in is figure, is close to the maximum of the
DDCS, while there is a slight shoulder gf>60°. These
results indicate that the Thomas mechanism in ECC also
holds for final electron velocities slightly different from

With the objective of clarifying how the structure at 60°
near the threshold associates to the Thomas mechanism, we
employ different theoretical models to evaluate the recoil-ion
DDCS. For instance, a simplified Born approximation in
which the electron in the final state is described by a plane
wave (Born-PW: dotted lingis known to explain the binary
shoulder fairly well, but not the ECC process. Thus the
recoil-ion DDCS goes to zero as = y2v(Pg— Pg/") —0.
Therefore, we display it in Fig. 3 slightly away from this
limit (v’ =0.055 a.u.). We clearly see that the Born-PW ap-
proximation fails to show any Thomas structure. However, it
is important to point out that this is due to the absence of a
second interaction of the electron with the target, and not to
the vanishing of the cross section at threshold. In fact, the
Born approximatior{(Born: dotted-dashed linelso vanishes
at threshold, even though it correctly accounts for the Tho-
mas peak. The reason is that, in contrast to the Born-PW
approximation, this theory includes tfiee interaction to all
orders in addition to a first-ordd?-e interaction. Therefore
the theory accomplishes the Thomas double mechanism.
However, since it does not include any final-stBtee inter- FIG. 4. Same as Fig. 1 but f¢a) 3 MeV and(b) 1 MeV proton
action, the corresponding recoil-ion DDCS also goes to zerdmpact.
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scattering angle for the projectiléy,~v3m./2Mp depends IV. FINAL REMARKS
on the projectile mass, the corresponding one for the recoil In summary, we have shown how the recoil-ion momen-

ion xr, does not. Thus, whilér,—0 as the projectile mass y,m gistribution may be used to identify the Thomas mecha-
increases, which makes it hard to measure because of thesy, iy electron capture to the continuum. The double scat-
tiny projectile deflectionyr, remains equal to 60° for any ering implied in the Thomas process is accounted for by the
ionic specie. This represents one of the great advantages iy g|s approximation. Th&3 scaling law of the cross
using the recoil-ion for evidencing the Thomas dOUble'sections around the Thomas l:)eak may encourage experi-

scattering processes. In particular, tD% scaling indicates_ ments using the new COLTRIMS technique to verify experi-
that the Thomas structure in the recoil-ion DDCS would '”'mentally our theoretical predictions.

crease appreciably by using multiply charged projectiles.
We now study the behavior of the ECC Thomas peak

when decreasing the impact energy. Figure 4 shows the

recoil-ion momentum distribution for 3 MeV and 1 MeV  This work has been supported by the Consejo Nacional de

proton impact energies. We observe how the peak structur@vestigaciones Cierficas y Tenicas(Grant PIP No. 4401/

becomes smoother as the impact energy decreases. This96-CONICET and the Agencia Nacional de PromatiGi-

due to the smearing of the structure by the initial momentunentfica y Tecnolgica (Contrato de Pistamo BID 802 OC-

distribution of the electron in the target. Again, the structuresAR, Grant Nos. 03-04021 and 03-04262V.D.R.

are localized aroun®g andPg, complying withxg~60°  acknowledges support by Universidad de Buenos Aires un-

and Pr=v for both cases. der Project No. JX26-UBA and Fundanid\ntorchas.
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