RAPID COMMUNICATIONS

Classical description of the electron capture to the continuum cusp formation in ion-atom collisions

PHYSICAL REVIEW A, VOLUME 65, 030708R)

Clara lllescas, B. Poris,and A. Riera
Laboratorio de Fsica Afanica y Molecular en Plasmas de Fusidluclear, Asociado al Laboratorio de Fusigor Confinamiento
Magneico, Departamento de Qunica, C-IX, Universidad Autmoma de Madrid, Canto Blanco, 28049 Madrid, Spain
(Received 17 October 2001; published 27 February 2002

Classical calculations are used to describe the dynamics of the electron capture to the cofE@Quousp
formation in H" + He collisions. We illustrate the frontier character of the ECC electrons between capture and
ionization, and confirm that it is a temporary capture, through projectile focusing, that is responsible for the
ECC cusp. Furthermore, the cusp is not a divergence smoothed by the experiment, and is slightly shifted from
the impact-velocity value because of the residual pull from the target after ionization. This shift is larger the
smaller the nuclear velocity.
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One of the most outstanding features of ion-atom ioniza- We identified the ECC electrons to the ionizing particles
tion cross sections is the electron capture to the continuurgjected within a solid anglé<1.5° about the projectile di-
(ECO) cusp[1], that appears in the spectra of the emittedrection at an internuclear distan&, ,,=2%x 10°a.u. In the
electrons in the forward directiord(-0°) when the velocity ~following, atomic units are used unless otherwise stated;
of the electron matches that of the projectile. The first theoPrimed quantities refer to the frame of reference of the pro-
retical explanations of this effect were in terms of a continuJeCtIIe and unprimed quantities to that of the target.

. ST In Fig. 1 we illustrate, as in Ref.18], the time evolu-
ation across the ionization limit between electron capture ang|On of the position and momentén the target frame of

ioniz_ation[2_], while most quantitative_ treatments have_ beenreferencaz of the ECC electrons along a nuclear trajectory
carried out in th_e frame of perturbatlo_n thedBr5]. A dif- ~ with impact velocityv=2 a.u. and impact parametér
ferent contribution to the Understand|ng of the meChanISI’n: 0.2 a.u. The Overa” behavior Of the e|ectrons is Very Simi-
came from classical trajectory Monte Cal6TMC, [6,7])  |ar to that obtained ifi18] for b=1.5 a.u.; in fact, we gen-
calculations, which allow a detailed picture of the process. Irerally found that the ECC mechanism does not significantly
particular, Reinhold and Olsdi8] (see alsd9]) showed that depend on the impact parameter, even though the contribu-
the ECC peak can be considered as a classical phenomendign of ECC to the total ionization probability rapidly de-
and illustrated the cusp formation at differeffing) times  creases with increasiriy

after the ionization event. They further showed that, at these The first step of the mechanism, néarvt=0 a.u. is a
olarization of the electron cloud towards the projectile. In

large distances, electron-projectile interactions play an essef- g
tial role in the formation of the cusp, and target-electronﬁ“a target frame used in Fig. 1, the ECC electrons are then
subjected to a strong focusing effect induced by the projec-

= Wile [19], which bends their trajectories in the longitudinal
to appear at nonzero degree emission angles both theorefjiection (see results foz=5 and 500 a.u. in Fig.)1 Be-

cally and experimentally10]. sides the narrowing of the tranverse ECC momentum densi-
In the present work we present a detailed classical deties p(p,) andp(py), this effect gives rise to a cusped shape
scription of the ECC cusp formation at zero degrees ih H in the longitudinal distributiorp(p,), as shown in Fig. @).
+He collisions for impact energies ranging from 20 to In those early stages of the process, an overwhelming
400 keV. Our statistics employ an ensemble df é@ctrons  number of ECC electrons can be said to be temporarily cap-
and differ from previous descriptions in that we employ tured by the projectile in Rydberg states, since their energy
an impact parameter CTMC approaghl], which is ame-  with respect to the projectil&y is small, and negativgsee
nable to graphical descriptions, and has been shown to yieldig. 2(b)]. In the frame of the projectile, these electrons fol-
accurate cross sections and probabilifie2] as well as spa- low outward trajectories, and become progressively ionized
tial and momentum densiti¢$3]; and(ii) an initial distribu-  (see Fig. 2 this shows the appropriateness of the heuristic
tion with average energy =0.904 a.u., that consists of a picture[2] of ECC as a result of a continuation of electron
superposition of ten microcanonical ensemile4], which  capture above the ionizing threshold. To further illustrate this
was constructed so as to least-square fit a single-zetsoint, we compare in Fig. 3 the spatial location of all the
Hartree-Fock function with effective chargg,;=1.6875 ECC electrons with that of a large number of captured and
[15]. Both spatial and momentum initial distributions are ionized (mainly non-ECQ electrons that lie within a slab of
thus properly representgdd6]. Collisional results are ob- width Apy=0.02 a.u. about thex(z) collision plane. The
tained in the frame of the independent-particle modeboundary between capture and ionization is approximately
[17,12. determined by a circumference, which has been drawn in
Fig. 3 to illustrate our explanation; the same holds for the
corresponding drawing in momentum space, except that the
*Permanent address: CELIA, UMR 5107 du CNRS, Univerdite radius of the circle expands with time in coordinate space
Bordeaux-l, 351 Cours de la Likation, F-33405 Talence, France. and shrinks in the latter.
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FIG. 2. Time evolution of the longitudinal momentuf@ and
1000 projectile energy(b) distributions for the ECC electrons in™H
' ,é L ' +He collisions along the nuclear trajectoryv=£2 a.u.,
b=0.2 a.u.).(Arbitrarly normalized experimental dat421] for
the double-differential cross section at zero-degree emission are in-
cluded in(a).

z(a.u)

We found that this explanation applies nicely to our clas-
sical findings, and the only modifications are that the quan-
tities p’2 andr’ ~* that are both made to tend to zero in the
argument are of similar infinitesimal ordegia atomic units,
so that one mussimultaneouslyand not sequentially, con-
sider both limits. Then, instead of a singularity there results a
peak(Fig. 2). In this respect, we checked that a singularity is
not approached in the limit where the selection anglés

FIG. 1. Arrow diagrams diplaying positions and momenta of theProgressively diminished, and the number of test particles
ECC electrons in Fi+He collisions along the nuclear trajectory increased accordingly. On the other hand, increasing the se-

X (a.u.)

(v=2 a.u.,b=0.2 a.u.), for internuclear coordinat&s=vt=0, lection angle beyond 2° results in a decrease of the peak as
5, and 500 a.u. The momentum vectors are scaled for the sake afiay be expected.
clarity and nuclear positions are indicated ) In order to understand better the overall mechanism, it is

. useful to take into account that the ECC density spreads in an

This threshold property of ECC electrons between elecignproximately symmetric way about the internuclear axis
tron capture and ionization is commonly invoked to explam(See Fig. 1 with a centroid atr~cR~cot, with 0.5<c
the (_:usped shape o_f the differential cross section and relategly depending mainly upon the nuclear velocity. Electrons
distributions. For this purpose, one.takes into acc_c{ﬂﬁ] become ionized at the timig,, when their energy with re-
that the elgctronjcaeture cross sectibn/dEp tends, in the  gpect to the projectile becomes positive. For electrons lying
accumulation poinEp=0, to a finite limit, which we have cjose to the centroid, the condition for ionization is
explicitly checked to be so in our classical calculations.

Then, one considers continuation across the ionization / —O—ln'2 /
' Ep(tion)=0= t; 12 —=2/[r'(t
threshold in ther’—oo limit, so that E,=p’?/2. Further- p(tion) [p™*(tion)] L (tion)]
more, sincedp’ =p’2dp’dp’, one obtains ~[p'?(tion)1/2 = LI[(1=C)vtion] . (2
P Y We then obtain, in the target frame, singe>|p,|,|p,| and
do/p’'dp’ =p f(dcr/dp )ydp (1) , ) I+ Fy
P(tion) ~v +Pz(tion) ~v =P (tion),

so thatdo/dp’ =do/dp has ap’ ! singularity in the limit
p’'—0, i.e., a|p—v| ! singularity in thep—v limit. [Ption)J/v ~1— 2Y4[(1-c) 3% 2] . 3
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FIG. 4. Scaled longitudinal momenta of ECC electrons at time
of ionization p,(t;,,)/v and at final time of integratiop,(t;,¢)/v
for different impact velocities and impact parameter0.2 a.u.

peaks at smaller values, and although its position increases
FIG. 3. Time evolution of the positions of ECC electrafsft ~ With time, its asymptotic value is slightly, but appreciably,
column and of ionized O) and captured@®) electrong(right col-  less thanv [see Fig. 2a)]; and (i) a tail appears at lower
umn). We have drawn approximatively the frontier between themomentasee Fig. 2a)]. While the latter featuréii) is well
ionizing and capture clouds in both columns to emphasize th&known to be due to the field of the receding target on the
threshold property of ECC electrons. outgoing electron$19], the former on€i) is new, and also
originates from the pull from the target ion. This pull results
This yields a(t;,,,p,(tion)) curve whose ~ 2 shape agrees in an acceleration of the electron departing from the projec-
with that of our calculations, shown in Fig. 4. tile frame — hence, in a corresponding deceleration in the
Since it has been repeatedly stressed that the ECC istarget frame of reference. The inspection of individual ECC
two-center effecf19], and to elucidate the role of the nuclear trajectories shows tha&/, increases accordingly, yielding in

centers on the subsequent evolution of the ECC cloud, wene asymptotic region an energy distributipfEp) that
first neglect the pull from the target after ionization. The peaks atSE>0 [see Fig. )]

projectile-electron system is then stationary so tBatis
conserved as Ep(t>tion)=[p'20)1/12 = 1/[r' ()] ~5E. (5

’ — 12 ’ _
Ep(t=tion) = [P (D)2 = LA (D] =0. @ As t—o we haver’' — o, that yieldsEp(«)— 25E and an
As an illustration, we have drawn in Fig(l the density ~asymptotic momentum densip(p,) with centroid at
p(Ep) that is obtained when the electron-target interaction is
abruptly and artificially canceled at about the tivet;,, plv ~1— \26E/v <1, (6)
when the electron becomes ionized. According to By.as
t—co we haver’ —co, which yieldsp’—0 andp—v. Thisis  in accordance with our asymptotic distribution of Figa)2
visible in Fig. 4a), where the corresponding ECC momen-  Since postcollisional effects, such &3 and (ii) above,
tum densityp(p,) shows a peak exactly at=v. This peak resulting from the pull from the target ion, are strongly
is sharper the numerically closertig, the time employed to  velocity-dependent, we now briefly comment on the changes
disconnect the electron-target interactions. Hence, after iorin the mechanism with the nuclear velocity Taking v
ization one-cente(projectile effects alone would resultina =4 a.u. as an example of higher impact energies, and the
peak atp = v. same nuclear trajectory with impact paramdier0.2 a.u.,

We now consider the additional effect of the other centewe find that ionization takes place at smaller internuclear
(target ion, and find that the previous reasoning without tar-distances. For instance, most of the ECC electrons ionize at
get applies, with two modificationdi) the cusp ofp(p,) tion<<5 a.u. rather tharc50 a.u. as foo =2 a.u.(see Fig.
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which is a capture of the electron by the projectile, the pro-
cess is best understood in the reference frame of the projec-
tile. In this frame, the electronic motion is perturbed by the
field of the receding target ion; this pull gives rise first to
ionization, and then impresses a small, but finite, velocity
with respect to the projectile. Furthermore, we find that the
cusp is a peak and not a divergence smoothed by convolution
over a small angle of acceptance in the experiment, so that
the peak does not increase when this angle is diminished.
Finally, because of the postcollisional effect on the ionized
electron, the cusp is slightly shifted from the=v value, and

this shift is larger, the smaller the nuclear velocity is. These

FIG. 5. Asymptotic longitudinal-momentum distributions for findings are in agreement with state-of-the-art recent mea-

different impact energie€=20, 100, and 400 keV and impact
parameteb=0.2 a.u. TheE=20 and 400 keV distributions have
been arbitrarly scaled with respect to the 100 keV one to mak

clearer the energy dependence of the ECC shift.

surements: from the experimental side, the suppression of the
spurious low-energy electrons together with careful shielding

Srom the earth’s magnetic field of the energy analyser and the

interaction region in the specially designed setup to obtain
ECC electron$21], has now allowed very precise measure-

4). Furthermore, they are emitted with an higher velocitymens 1o be carried out to low energies. Such measurements
[P(tion)/v~0.8] and rapidly leave the target zone. The tar- ;¢ ajectron emission at zero degree inf HHe and H

get pull on the ionizing electrons is thus less effective than, H, collisions recently confirmed the shff21]; as a token

the corresponding one at=2 a.u., yielding a smaller final
shift of the ECC peak with respect fo=v (see Fig. 5. As
may be expected, the opposite holds at lowerand we
checked this by performing calculations down to
=0.89 a.u.(see Fig. 5.

of this agreement, some raw data for the experimental dou-
bly differential cross section are included in FidgaR A full
comparison requires, of course, integration of our calculated
probabilities over all impact parameters. This will be pre-
sented in a separate publication, reporting a combined

To sum up, classical results, and especially those obtaine@eoretical-experimental study of the energy dependence of
from impact parameter CMTC calculations with an improvedihe ECC peak.

initial condition, allow to integrate the equations of motion
backwards in time to follow the behavior of electrons that
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give rise to the ECC cusp. We have thus been able to illusfor providing us with the experimental data of Fig. 2 prior to
trate the much discussed frontier character of these electrongyblication. This work has been partially supported by DGI-
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