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Double capture with simultaneous ionization in HE* on Ar collisions
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We have investigated double electron capture with simultaneous target ionization in collisions of 25-keV/
amu He?" projectiles on argon. Doubly differential cross sections for electrons emitted in angles 0°, 20°,
45°, 90°, 128°, 175°, in coincidence with the neutralized projectiles were obtained. To establish the relative
importance of the double capture channel in the electron emission at the present intermediate impact velocity,
differential cross sections for total electron emission were also measured. A narrow symmetric cusp-shaped
structure for electrons with velocity close to the ion velocity, associated with the neutral emerging projectile,
is observed. Binary encounter electrons, masked by other processes in total emission, are clearly observed for
the double capture plus ionization channel.

PACS numbd(s): 34.50.Fa, 34.76.e

[. INTRODUCTION experiment related to the present one, Moretto-Cajet|bd.
[7] studied H&" on Ar collisions by measuring the emitted

In the last decade, interest on impact ionization processeslectrons at 35° in coincidence with recoil ions. For their low
that involve more than one active electron has increased. Thenergy(12.5 keV/am, potential energy curves of the quasi-
simplest system to study these phenomena is the collision efholecular states give clues for evaluating the relative impor-
bare ions with a He target, which has been extensively intance of the different collision channels involving ionization.
vestigated to understand the role of electron correlation imMhey concluded that the main contribution to ionization
electron emission process¢$]. Different approximations when multicharged recoil ions are produced is associated
have been proposed in order to model these many-partickeith capture of target electrons by the projectile, in agree-
mechanisms. An independent particle model, for instancenent with previous measurements performed with a different
assumes that each electron interacts with the projectile indeexperimental setud8]. Even though the experiment of
pendently of the other electrofg,3]. However, in order to Moretto-Capelleet al. can be used as a reference for our
remove some discrepancies with experimental results, mogresent work, we have to consider that already, differences in
els including electron correlation in the initial and final statesthe results for ionization have been found between 12.5 and
[4], and during the collisiof5], have been proposed. 25 keV/amu.

Comparison between experimental data and theoretical Here we report measurements of doubly differential cross
models showed that the relative importance of electronsections of ionization, as a function of angle and energy of
electron interaction compared with the projectile-electron in-the emitted electron, simultaneous with double electron cap-
teraction depends strongly on the incident energy, which deture by the projectilédDCI). The system under study was 25
termines the characteristic time during which eachkeV/am# He?" impinging on Ar atoms. The doubly differ-
interaction is effectivé4]. In this sense, it seems to be nec- ential cross section for totdhoncoincident electron emis-
essary to investigate multiple electron processes, distinguisiion (TEE) is also measured. Available data for the DCI
ing each different final state of the collision system. Thisprocess mainly consisted of total cross secti®jsand only
kind of information is blurred in total cross section, thusrecently, new techniques allowed us to get additional infor-
differential cross sections become essential. mation about the momentufd0] and the charge state of the

At low and intermediate impact energies, electron emis-outgoing particle$8].
sion with simultaneous capture of target electrons becomes The present measurements for DCI confronted us with
dominant in comparison with direct multiple ionization chan- some difficulties due to possible artifact effects of contami-
nels[6]. Therefore, channels involving electron capture en-ation from other collisional processes, either produced by
hance the production of highly charged recoil ions. In anundesirable components of the primary beam or by double

collisions with the atomic target. Care was taken to assess
these contributions, and to perform the measurements ac-
*Also at Consejo Nacional de Investigaciones Ciardis y Te-  cordingly. Details of the technique are explained in the next
nicas(CONICET), Argentina. section.
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TABLE I. Main processes that contribute to our measureméhids the process of intered2) and(3)
are contributions of double collision&4) and (5), collisions due to contamination of the beam. All cross-
section data are froff9,15], excepto,(He®), from [16].

Beam Collision processes Cross sectionlQ™ % cn?)
First collision Second collision First collision Second collision
1 HE+ArT +e opci(HE)=1.04
2 S%HE'  He' +Ar’t+e HeP+ Art o (HET)=2.15 os(He")=6.02
3 HE"+Art+e HeP+ Ar2+ o (HEM)=1.9 opc(HET)=2.37
4 SHe"  He’+Art+e or(Het)=2.21
5 SHe®  HeP+Art+e o (He”)=13.6
Il. EXPERIMENTAL PROCEDURE tions for the different reactionsee, for exampld,13]).

The experimental setup is described in detail elsewhere _Consider, in the_ first place, double collision processes in
[11,12. In the experiment reported herej’lde?" beam of which an electron is emitted by the target and _eprro—
25 keV/amu interacted with an effusive Ar gas target proJectlle is neutrallzed_ in its path up to_ the prolect|le_detector.
vided by a hypodermic needle of 0.25 mm diameter. Theouch a double-collision corjtarr_nnatlon gould be |mporta_nt
point of interaction is also the object focus of a cylindrical dU€ to the large cross section involved in comparison with
mirror analyzer that selects the energy of the electrons prdhe DCI one. In case of a dilute target, the probability of
duced in the collision process. The angle of emission of thélouble collisions is a quadratic function of the target thick-
electrons is chosen by rotation of the analyzer. The halfness, while single events depend linearly. Then, by decreas-
angle of acceptance cone was 2° and the resolution in ener@g the target thickness, this contamination can be reduced to
was 6%. The beam was collimated to 86.6 mnf by a negligible amount. We found that the importance of such
means of two sets of four-jaws slits located at 0.5 m and 1.2ndesirable processes is strongly dependent on the energy
m before the target. and the angle of emission of the electrons. Thus, in our ex-

Projectiles leaving the collision chamber were chargeperiment we chose the working pressure of 10" ¢ Torr in
state selected by an electrostatic field provided by parallethe collision chamber, which limited the contamination to
plates, and then detected through two secondary-electrdgss than 10% for electron energies up to 10 eV. For energies
converters equipped with high-count rate channeltrons. Thgreater than 25 eV, we could increase the pressure to 5
pressure in the transport line wax20~ " Torr, and it did % 107® Torr, keeping the contamination in less than 5%.
not change when the target gas was used, due to the locatigthese values were estimated with the help of measured co-
of h|gh impedance apertures at the entrance anq exit of thecidence rates as a function of chamber presglBel 4 and
collision chamE)Ser. The base pressure in the collision chamye \ye|| within the expected values calculated by using total
ber was 410" ° Torr. Spunous m_agnetlc f_|e|ds WEre Ie- cross sections for the processes listed in Table I. Next we
duced to less than 5 mG in the collision region by means 0Eonsider the effect due to other charge states of the projec-

three pairs of Helmholtz coils. tiles arriving at the target. Taking into account the values of

Standard coincidence techniques were used to measufe . .
. . : . : otal cross section for charge exchange, we estimated the
electrons in coincidence with emerging neutralized He pro-

jectiles. The total noncoincident number of electrdsgart fractions of single charged and neutral He projectiles in the

H + +\ — Oy
pulses and projectilegstop pulseswere also recorded and MaN HE™ beam to bef(He")=2% andf(He")=0.5%,
used for normalization. respectively. Since these values are small, only single-

Doubly differential cross sections of total electron emis-Collision processes are important in order to evaluate the
sion were obtained by a standard electron spectroscopy tecRontribution to the coincidence counting. We found, using
nique, in which the electron counts for a given angle andotal cross section data, that the more important contributions
energy were normalized to a selected beam charge, collect&d undesirable coincidences are transfer ionization bf?,He
in a Faraday cup. which amounts to 2.3%, and single ionization by’Hehich

In our experiment we detected electrons in coincidencés about 5.4%(see Table)l
with neutralized He projectiles in order to measure ionization Finally, we have to recall that, even though we have taken
simultaneously with double capture process. However, ther@to account only single-electron emission processes in the
are other nondesirable collision processes that contributprevious discussion, our present measurements include mul-
with the same final products to the measured coincidencéple ionization with simultaneous double capture. However,
spectra. They are associated with double collision processéswe consider that double-capture processes with simulta-
and collisions of projectiles with other charge states that conneous ionization of two or more electrons have a reported
taminate the primary Heé beam. We estimated the effect of cross sectionr=0.151x10 ¢ cn? [9], and that for DCI
these contaminations using reported values of total cross seepc;=1.04x10 % cn? [9], then multiple ionization
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. ) . long-range final-state interaction between the electron and
FIG. 1. Doubly differential cross sections: Squares, total elec-O 9 ge € inte on betwee © eectro

tron emission(TEE); circles, ionization with simultaneous double the charged projectile (ﬁé a.”d He r(_aspectwely [17-
capture(DCI), for 25-keV/amu®He? ™ + Ar, with electron emission 19]. Hovyever, the sh.ape of this cusp might be depgndent on
angles ofa) 6=0°, (b) 20°, () 45°, (d) §=90°, (¢) 128°, and(f) the particular formation mechanlsm of _each outgoing state.
In the case of Tl, some experimental evidence of an indepen-
dent mechanism of bound and continuum two-electron cap-

processes are expected to contribute with not more than 158¢re was obtainefi20], but the effect of electron correlation

175°. Lines are to guide the eyes.

to the present measurements. cannot be disregarded. S
A different situation is found for the cusp emission in the
IIl. RESULTS AND DISCUSSION case of the DCI process, which results in a neutral outgoing

He projectile. Taking into account the lack of long-range

The experimental results for the doubly differential crossinteraction between the electron and the neutral atom, it is
sections of TEE and DCI are shown in Fig. 1. Absolutevery noticeable that a cusp structure is present in this colli-
cross-section values for the electron emission were obtaineslon channel. A mechanism to produce this final state in DCI
by integrating the measured differential cross section anttas not been identified yet. In a related collision system, with
normalizing to the total cross section reported by DuB8is  neutral He as projectile, a cusp in the electron emission has
In the case of the coincidence data, absolute values for thelso been found21,14. In this case, an interpretation was
DCI process were obtained by normalizing the total electrorgiven that attributes the cusp to a resonance process associ-
counts (start pulsesin the coincidence measurement with ated to a metastable state of the He atom emerging from the
the total electron emission differential cross section, for eaclgollision [19].
angle and energy of emission. This normalization procedure In Fig. 2, we show the cusp corresponding to the total
includes a correction factor due to the efficiency of the co-emission and to DCI, normalized at the maximum. There is
incidences system that was estimated as §8% an asymmetry toward low electron energies in the case of

In the forward direction spectra, at zero degree, the totalotal emission. This asymmetry is attributed to the simulta-
emission as well as the coincidence spectrum of DCI showpeous interaction of the cusp electron with both projectile
as the main structure, a peak centered at the electron equivand residual targef22,23. On the other hand, a narrow,
lent energyT=0v2/2=13.6 eV, where&=1 a.u. is the pro- more symmetric cusp is observed for DCI process, a fact that
jectile velocity. Collision channels with all charge states ofalso is in accordance with the results obtained for the capture
the emerging projectile contribute to the cusp observed foto the continuum by neutral He projectilg®l], and for Tl
the total emission. For Hé outgoing projectiles, electrons with He™ as projectile[24]. Following the resonance phe-
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nomenon descriptiofil9], a peak narrower than that result- the emitted electrons. At the lower electron energy measured
ing from a pure Coulomb interaction in the final state isfor DCI, at 3 eV, we obtained a contribution of only 2% to
predicted for the later case. This kind of cusp, but morethe total electron emission a=0°, that rises to 5% at 20°.
symmetric, is observed in different systems when the projecFor higher angles it is about a 9% and almost independent of
tile or the target is neutral after the collisipt2,13,21,24. A the angle. Fow=0°, 20°, and 45°, the contribution of DCI
small shift in the position of the cusp maxima is observed inincreases with the electron energy up to about 20%, in ac-
Fig. 2. In principle, a divergence centered at the projectilecordance with the above-mentioned relative enhancement of
velocity is expected. However, as it has been previoushbinary encounter emission associated with double capture.
noted[25,26¢], the measured cusp with a finite energy reso-The small contribution of DCI at low energies could be un-
lution of the electron spectrometer presents a shift of thejerstood based on the argument of the small impact param-
maximum in the case of an asymmetric cusp, as seen in TE&ter collisions required for this process. Low-energy electron
in Fig. 2. emission is usually associated with soft collisions where
Another distinctive feature observed in the DCI spectrajarge impact parameters prevail. At=90° an almost con-
when compared to that of the total emission, is an enhancestant contribution of about 12% is obtained in the covered
contribution due to the collision mechanism known as binaryenergy range, while at 128° and 175°, with only three mea-
encounter(BE). In this process, the projectile interacts di- syred energies, it is about 10%.
rectly with a target electron in a close collision, with the
residual recoiling target as spectator. The predicted electron
velocity distribution corresponds to a sphere given |by
—v|=v1+¢;/T, whereT is the equivalent energy defined IV. CONCLUSIONS

previously, v, is the electron velocity, and; is the binding By means of electron-projectile coincidence techniques,
energy of the electron in the initial state. Its shape shouldyy,pyy differential cross sections of ionization simulta-
reflect the initial momentum distribution of the electron. neously with double capture have been measured for 25-keV
Conservation of energy and momentum show that BE cage2+ g ar. These data allow a more detailed study of pro-
occur only if the velocity of the projectile is greater than cegqeq with three or more active electrons. In particular, as it
V2[&i| and, for low impact energies, the momentum of the, a5 aiready observed for the same sysf8], those colli-
recoil ion has to be considered. The measurements of elegjon processes involving capture of target electrons are rel-
tron emission without coincidence techniqU&EE) do not  eyant in the enhanced production of highly charged recoil
show any distinguishable structure related to this simple projyns at low and intermediate impact energies.
cess for low projectile impact energy. On the other hand, at - A cysp in the emission of electrons with velocity close to
emission angleg=0° and 20° and electron energy about 304t of the projectile is observed associated with neutralized
eV, the broad structure seen in the DCI spectra may be akytgoing He. This cusp is narrower than the one observed in
tributed to the BE collision. This interpretation is consistenthe total emission, which is dominated by capture to the con-
with the picture of double capture as a collisional processjn,um by Hé* and transfer ionization, that is, processes
involving a small impact parameter, where a strong interacyith charged emerging projectiles. A similar feature ob-
tion between the projectile and the target electrons is €Xserved in the case of capture to the continuum of neutral He
pected. o ) ) , . projectiles[21] gives a stronger divergence than that due to a
In the total emission differential cross sections shown INbure Coulomb interaction between the electron and the pro-
Figs. Xa—0, a structure, dependent on the angle of emissionjatile [19]. With a similar interpretation, cusp electrons in
is also present. At 0° electron emission angle the structurgyc| may be associated with a capture processes resulting in
peaks at around 100 eV, shifting to lower energies for higheformation of metastable state of the emerging He atom.
observation angles. At 45° it is found around 65 eV in the  As the differential emission for total electron production
spectrum. This structure corresponds to autoionization proyas also measured, we could discuss the relative contribu-
cesses of the He projectila7], affected in energy and angle +jon of the DCI process to the electron emission. Two fea-
by the Doppler shift. As the projectile finally becomes singly tres were observed in DCI, a relative enhanced contribution
charged after autoionization, the structure is only observed igf electrons from binary encounter collisions and a low con-
the total emission where the autoionization processes CoRribytion at small electron energies. Both could be related to
tribute to the Tl collision channel. the importance of small impact parameter collisions for DCI,

At 90°, we measured a more detailed spectrum, lookingsompared to the other processes producing electron emis-
for an indication of a possible contribution of a Thomas-like gjgn.

mechanism to the DCI procef28], which was found at high
impact energief29,30. We could not detect any evidence of
such a mechanism for DCI processes at the projectile energy
of this work. Only a structure at low electron energies is
observed, in a region where Ar and He autoionization peaks Partial support from the International Bureau at DLR,
are expected27]. Bonn, Germany; Centro Latino Americano desiEa

Doubly differential measurements shown in Fig. 1 give (CLAF), Fundacim Antorchas and Consejo Nacional de In-
information about the contribution of the DCI process to thevestigaciones Cierficas y Tenicas(Argenting is gratefully
electron production as a function of the angle and energy cacknowledged.
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