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Double capture with simultaneous ionization in He2¿ on Ar collisions
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We have investigated double electron capture with simultaneous target ionization in collisions of 25-keV/
amu 3He21 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 number~s!: 34.50.Fa, 34.70.1e
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I. INTRODUCTION

In the last decade, interest on impact ionization proces
that involve more than one active electron has increased.
simplest system to study these phenomena is the collisio
bare ions with a He target, which has been extensively
vestigated to understand the role of electron correlation
electron emission processes@1#. Different approximations
have been proposed in order to model these many-par
mechanisms. An independent particle model, for instan
assumes that each electron interacts with the projectile in
pendently of the other electrons@2,3#. However, in order to
remove some discrepancies with experimental results, m
els including electron correlation in the initial and final sta
@4#, and during the collision@5#, have been proposed.

Comparison between experimental data and theore
models showed that the relative importance of electr
electron interaction compared with the projectile-electron
teraction depends strongly on the incident energy, which
termines the characteristic time during which ea
interaction is effective@4#. In this sense, it seems to be ne
essary to investigate multiple electron processes, distingu
ing each different final state of the collision system. Th
kind of information is blurred in total cross section, th
differential cross sections become essential.

At low and intermediate impact energies, electron em
sion with simultaneous capture of target electrons beco
dominant in comparison with direct multiple ionization cha
nels @6#. Therefore, channels involving electron capture e
hance the production of highly charged recoil ions. In
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experiment related to the present one, Moretto-Capelleet al.
@7# studied He21 on Ar collisions by measuring the emitte
electrons at 35° in coincidence with recoil ions. For their lo
energy~12.5 keV/amu!, potential energy curves of the quas
molecular states give clues for evaluating the relative imp
tance of the different collision channels involving ionizatio
They concluded that the main contribution to ionizati
when multicharged recoil ions are produced is associa
with capture of target electrons by the projectile, in agre
ment with previous measurements performed with a differ
experimental setup@8#. Even though the experiment o
Moretto-Capelleet al. can be used as a reference for o
present work, we have to consider that already, difference
the results for ionization have been found between 12.5
25 keV/amu.

Here we report measurements of doubly differential cr
sections of ionization, as a function of angle and energy
the emitted electron, simultaneous with double electron c
ture by the projectile~DCI!. The system under study was 2
keV/amu3 He21 impinging on Ar atoms. The doubly differ
ential cross section for total~noncoincident! electron emis-
sion ~TEE! is also measured. Available data for the DC
process mainly consisted of total cross sections@9#, and only
recently, new techniques allowed us to get additional inf
mation about the momentum@10# and the charge state of th
outgoing particles@8#.

The present measurements for DCI confronted us w
some difficulties due to possible artifact effects of contam
nation from other collisional processes, either produced
undesirable components of the primary beam or by dou
collisions with the atomic target. Care was taken to ass
these contributions, and to perform the measurements
cordingly. Details of the technique are explained in the n
section.
©2000 The American Physical Society03-1
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TABLE I. Main processes that contribute to our measurements.~1! is the process of interest.~2! and~3!
are contributions of double collisions.~4! and ~5!, collisions due to contamination of the beam. All cros
section data are from@9,15#, excepts I(He0), from @16#.

Beam Collision processes Cross section (310216 cm2)
First collision Second collision First collision Second collision

1 He01Ar311e sDCI(He21)51.04
2 3He21 He11Ar211e He01Ar1 sTI(He21)52.15 sSC(He1)56.02
3 He211Ar11e He01Ar21 s I(He21)51.9 sDC(He21)52.37

4 3He1 He01Ar11e sTI(He1)52.21

5 3He0 He01Ar11e s I(He0)513.6
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II. EXPERIMENTAL PROCEDURE

The experimental setup is described in detail elsewh
@11,12#. In the experiment reported here, a3He21 beam of
25 keV/amu interacted with an effusive Ar gas target p
vided by a hypodermic needle of 0.25 mm diameter. T
point of interaction is also the object focus of a cylindric
mirror analyzer that selects the energy of the electrons
duced in the collision process. The angle of emission of
electrons is chosen by rotation of the analyzer. The h
angle of acceptance cone was 2° and the resolution in en
was 6%. The beam was collimated to 0.630.6 mm2 by
means of two sets of four-jaws slits located at 0.5 m and
m before the target.

Projectiles leaving the collision chamber were char
state selected by an electrostatic field provided by para
plates, and then detected through two secondary-elec
converters equipped with high-count rate channeltrons.
pressure in the transport line was 231027 Torr, and it did
not change when the target gas was used, due to the loc
of high impedance apertures at the entrance and exit of
collision chamber. The base pressure in the collision ch
ber was 431028 Torr. Spurious magnetic fields were re
duced to less than 5 mG in the collision region by means
three pairs of Helmholtz coils.

Standard coincidence techniques were used to mea
electrons in coincidence with emerging neutralized He p
jectiles. The total noncoincident number of electrons~start
pulses! and projectiles~stop pulses! were also recorded an
used for normalization.

Doubly differential cross sections of total electron em
sion were obtained by a standard electron spectroscopy t
nique, in which the electron counts for a given angle a
energy were normalized to a selected beam charge, colle
in a Faraday cup.

In our experiment we detected electrons in coincide
with neutralized He projectiles in order to measure ionizat
simultaneously with double capture process. However, th
are other nondesirable collision processes that contrib
with the same final products to the measured coincide
spectra. They are associated with double collision proce
and collisions of projectiles with other charge states that c
taminate the primary He21 beam. We estimated the effect o
these contaminations using reported values of total cross
01270
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tions for the different reactions~see, for example,@13#!.
Consider, in the first place, double collision processes

which an electron is emitted by the target and a He21 pro-
jectile is neutralized in its path up to the projectile detect
Such a double-collision contamination could be importa
due to the large cross section involved in comparison w
the DCI one. In case of a dilute target, the probability
double collisions is a quadratic function of the target thic
ness, while single events depend linearly. Then, by decr
ing the target thickness, this contamination can be reduce
a negligible amount. We found that the importance of su
undesirable processes is strongly dependent on the en
and the angle of emission of the electrons. Thus, in our
periment we chose the working pressure of 131026 Torr in
the collision chamber, which limited the contamination
less than 10% for electron energies up to 10 eV. For ener
greater than 25 eV, we could increase the pressure t
31026 Torr, keeping the contamination in less than 5
These values were estimated with the help of measured
incidence rates as a function of chamber pressure@13,14# and
are well within the expected values calculated by using to
cross sections for the processes listed in Table I. Next
consider the effect due to other charge states of the pro
tiles arriving at the target. Taking into account the values
total cross section for charge exchange, we estimated
fractions of single charged and neutral He projectiles in
main He21 beam to bef (He1)52% and f (He0)50.5%,
respectively. Since these values are small, only sing
collision processes are important in order to evaluate
contribution to the coincidence counting. We found, usi
total cross section data, that the more important contributi
of undesirable coincidences are transfer ionization by H1,
which amounts to 2.3%, and single ionization by He0, which
is about 5.4%~see Table I!.

Finally, we have to recall that, even though we have tak
into account only single-electron emission processes in
previous discussion, our present measurements include
tiple ionization with simultaneous double capture. Howev
if we consider that double-capture processes with simu
neous ionization of two or more electrons have a repor
cross sections50.151310216 cm2 @9#, and that for DCI
sDCI51.04310216 cm2 @9#, then multiple ionization
3-2
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DOUBLE CAPTURE WITH SIMULTANEOUS IONIZATION . . . PHYSICAL REVIEW A62 012703
processes are expected to contribute with not more than
to the present measurements.

III. RESULTS AND DISCUSSION

The experimental results for the doubly differential cro
sections of TEE and DCI are shown in Fig. 1. Absolu
cross-section values for the electron emission were obta
by integrating the measured differential cross section
normalizing to the total cross section reported by DuBois@9#.
In the case of the coincidence data, absolute values for
DCI process were obtained by normalizing the total elect
counts ~start pulses! in the coincidence measurement wi
the total electron emission differential cross section, for e
angle and energy of emission. This normalization proced
includes a correction factor due to the efficiency of the
incidences system that was estimated as 88%@12#.

In the forward direction spectra, at zero degree, the t
emission as well as the coincidence spectrum of DCI sh
as the main structure, a peak centered at the electron eq
lent energyT5v2/2513.6 eV, wherev51 a.u. is the pro-
jectile velocity. Collision channels with all charge states
the emerging projectile contribute to the cusp observed
the total emission. For He21 outgoing projectiles, electron

FIG. 1. Doubly differential cross sections: Squares, total el
tron emission~TEE!; circles, ionization with simultaneous doub
capture~DCI!, for 25-keV/amu3He211Ar, with electron emission
angles of~a! u50°, ~b! 20°, ~c! 45°, ~d! u590°, ~e! 128°, and~f!
175°. Lines are to guide the eyes.
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come from pure ionization processes, which are mai
single ionization. On the other hand, when the final projec
is He1, at least a two-electron transfer ionization proce
~TI! is required. In both cases, the appearance of a cus
the electronic distribution has been interpreted as due to
long-range final-state interaction between the electron
the charged projectile (He21 and He1, respectively! @17–
19#. However, the shape of this cusp might be dependen
the particular formation mechanism of each outgoing sta
In the case of TI, some experimental evidence of an indep
dent mechanism of bound and continuum two-electron c
ture was obtained@20#, but the effect of electron correlatio
cannot be disregarded.

A different situation is found for the cusp emission in th
case of the DCI process, which results in a neutral outgo
He projectile. Taking into account the lack of long-ran
interaction between the electron and the neutral atom,
very noticeable that a cusp structure is present in this co
sion channel. A mechanism to produce this final state in D
has not been identified yet. In a related collision system, w
neutral He as projectile, a cusp in the electron emission
also been found@21,14#. In this case, an interpretation wa
given that attributes the cusp to a resonance process as
ated to a metastable state of the He atom emerging from
collision @19#.

In Fig. 2, we show the cusp corresponding to the to
emission and to DCI, normalized at the maximum. There
an asymmetry toward low electron energies in the case
total emission. This asymmetry is attributed to the simul
neous interaction of the cusp electron with both projec
and residual target@22,23#. On the other hand, a narrow
more symmetric cusp is observed for DCI process, a fact
also is in accordance with the results obtained for the cap
to the continuum by neutral He projectiles@21#, and for TI
with He1 as projectile@24#. Following the resonance phe

-

FIG. 2. Cusp emission spectra in the forward direction norm
ized to the maximum. Squares, total electron emission~TEE!;
circles, ionization with simultaneous double capture~DCI!.
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D. FREGENALet al. PHYSICAL REVIEW A 62 012703
nomenon description@19#, a peak narrower than that resu
ing from a pure Coulomb interaction in the final state
predicted for the later case. This kind of cusp, but m
symmetric, is observed in different systems when the pro
tile or the target is neutral after the collision@12,13,21,24#. A
small shift in the position of the cusp maxima is observed
Fig. 2. In principle, a divergence centered at the projec
velocity is expected. However, as it has been previou
noted@25,26#, the measured cusp with a finite energy res
lution of the electron spectrometer presents a shift of
maximum in the case of an asymmetric cusp, as seen in
in Fig. 2.

Another distinctive feature observed in the DCI spect
when compared to that of the total emission, is an enhan
contribution due to the collision mechanism known as bin
encounter~BE!. In this process, the projectile interacts d
rectly with a target electron in a close collision, with th
residual recoiling target as spectator. The predicted elec
velocity distribution corresponds to a sphere given byuve

2vu5vA11« i /T, whereT is the equivalent energy define
previously,ve is the electron velocity, and« i is the binding
energy of the electron in the initial state. Its shape sho
reflect the initial momentum distribution of the electro
Conservation of energy and momentum show that BE
occur only if the velocity of the projectile is greater tha
A2u« i u and, for low impact energies, the momentum of t
recoil ion has to be considered. The measurements of e
tron emission without coincidence techniques~TEE! do not
show any distinguishable structure related to this simple p
cess for low projectile impact energy. On the other hand
emission anglesu50° and 20° and electron energy about
eV, the broad structure seen in the DCI spectra may be
tributed to the BE collision. This interpretation is consiste
with the picture of double capture as a collisional proc
involving a small impact parameter, where a strong inter
tion between the projectile and the target electrons is
pected.

In the total emission differential cross sections shown
Figs. 1~a–c!, a structure, dependent on the angle of emiss
is also present. At 0° electron emission angle the struc
peaks at around 100 eV, shifting to lower energies for hig
observation angles. At 45° it is found around 65 eV in t
spectrum. This structure corresponds to autoionization p
cesses of the He projectile@27#, affected in energy and angl
by the Doppler shift. As the projectile finally becomes sing
charged after autoionization, the structure is only observe
the total emission where the autoionization processes
tribute to the TI collision channel.

At 90°, we measured a more detailed spectrum, look
for an indication of a possible contribution of a Thomas-li
mechanism to the DCI process@28#, which was found at high
impact energies@29,30#. We could not detect any evidence
such a mechanism for DCI processes at the projectile en
of this work. Only a structure at low electron energies
observed, in a region where Ar and He autoionization pe
are expected@27#.

Doubly differential measurements shown in Fig. 1 gi
information about the contribution of the DCI process to t
electron production as a function of the angle and energ
01270
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the emitted electrons. At the lower electron energy measu
for DCI, at 3 eV, we obtained a contribution of only 2%
the total electron emission atu50°, that rises to 5% at 20°
For higher angles it is about a 9% and almost independen
the angle. Foru50°, 20°, and 45°, the contribution of DC
increases with the electron energy up to about 20%, in
cordance with the above-mentioned relative enhancemen
binary encounter emission associated with double capt
The small contribution of DCI at low energies could be u
derstood based on the argument of the small impact par
eter collisions required for this process. Low-energy elect
emission is usually associated with soft collisions whe
large impact parameters prevail. Atu590° an almost con-
stant contribution of about 12% is obtained in the cove
energy range, while at 128° and 175°, with only three m
sured energies, it is about 10%.

IV. CONCLUSIONS

By means of electron-projectile coincidence techniqu
doubly differential cross sections of ionization simult
neously with double capture have been measured for 25-
He21 on Ar. These data allow a more detailed study of p
cesses with three or more active electrons. In particular, a
was already observed for the same system@7,8#, those colli-
sion processes involving capture of target electrons are
evant in the enhanced production of highly charged rec
ions at low and intermediate impact energies.

A cusp in the emission of electrons with velocity close
that of the projectile is observed associated with neutrali
outgoing He. This cusp is narrower than the one observe
the total emission, which is dominated by capture to the c
tinuum by He21 and transfer ionization, that is, process
with charged emerging projectiles. A similar feature o
served in the case of capture to the continuum of neutral
projectiles@21# gives a stronger divergence than that due t
pure Coulomb interaction between the electron and the p
jectile @19#. With a similar interpretation, cusp electrons
DCI may be associated with a capture processes resultin
formation of metastable state of the emerging He atom.

As the differential emission for total electron productio
was also measured, we could discuss the relative contr
tion of the DCI process to the electron emission. Two fe
tures were observed in DCI, a relative enhanced contribu
of electrons from binary encounter collisions and a low co
tribution at small electron energies. Both could be related
the importance of small impact parameter collisions for DC
compared to the other processes producing electron e
sion.
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