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lonization of helium by impact of negative B, O, and F ions
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Single and double ionization processes for helium under the impact of B, O, and F anions were studied in the
1.1-1.9 a.u. velocity range. Coincidence cross sections were measured for direct ioni@ajjone., no
projectile electron loss, and sing(&L) and double projectile electron loss. The results show that DI is
dominated by large impact parameters and SL is essentially the elastic scattering of the extra electron by the
target. The cross section ratios taken between double and single helium ionization for single and double loss
are projectile independent and grow almost linearly with the velocity.
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Single ionization of atoms by electrons, photons, or barestudies of anions, on the one hand made more interesting due
ions is reasonably well described, at least for large velocitiegp the electron correlation within the anion, are made more
but understanding double ionization, even for such simpldlifficult by this same correlation. One interesting example is
projectiles, requires a description of electron-electron correthe recent comparison of the two-electron quantum dot, the
lations within the atom. As a result much effort has beenH™ ion, and the He atom, all possessing two electrons at
made in measuring single and double ionization cross sedistinct correlation level$9].
tions in collisions with such structureless projectiles, al- In previous papers we described several collision experi-
though there are still unanswered questighs?]. Similar  ments, beginning with the study of electron detachment from
studies employing not so simple projectiles, namely, nonbaréast anions withnp® configurations(C™, Si~, and Ge&) by
positive ions, neutral atoms, and negative icasiong, have atoms of He, Ne, and Ar, using a method developed in our
proved to be less amenable to theoretical analj@isand laboratory[10,1]]. Total detachment cross sections were then
this has led to a smaller number of studjds]. In particu- measured, with several interesting results being obtained.
lar, the vast experimental literature for proton impact is notThey can be summarized as follows) cross sections for
mirrored in a similar situation for H and Horojectiles: only  each target having almost the same velocity dependence and
two papers to our knowledge give data on ionization by H (b) target-independent factors scaling all the data to three
impact, and none for other anioii§,6]. Nevertheless, an- curves, one for each gas. In addition to these results, each
ionic projectiles seem to be good candidates to clarify theross section curve had a conspicuous maximggat a
electron correlation effects in a collision, as they themselvegrojectile-independent velocity,, Afterward we extended
are the result of such effects. The use of anionic atomic prothis study to anions of the second and third periddg, with
jectiles also avoids the competition between electron capturthe same trends being observed, all this showing the need for
and impact ionization, two important collisional mechanismscomplementary data including distinct aspects of these same
for multiple-electron processes. collisions.

Anions are very interesting by themselves, for instance, In the present experiment single and double ionization
several plasma physics applications led to many studies gdrocesses for helium under the impact of B, O, and F anions
physical processes associated with these jeh#About 80%  were studied in the 1.1-1.9 a.u. velocity range. These anions
of the stable atomE8] have a corresponding anion, and evenall belong to the second line of the periodic table and their
though they usually present small electron affinities and onlyproperties are summarized in Table I. The final charge states
one bound state, the ground state, they are easily available of the projectile and the target were measured in coincidence,
negative ion sources used in many accelerators. Theoreticlading to the cross sections for the following processes:

B X" +He" +e, single direct ionizatior{DI-S),
X +He—1 A T (1)
X~ +He? + 2e, double direct ionizatiofDI-D),
~ X+ He"+2e single ionization —single l0§SL-S),
X" +He— . o : 2
X+ He?*+3e  double ionization — single los&SL-D),
~ X*+He"+3e, single ionization — double logDL-S),
X +He—\_, . o ©)
X*+He? +4e,  double ionization — double log®L-D),
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TABLE |. Atomic numbers(Z), electron affinities(EA), and  First, the diversity of ion beams presenting simiam/g?
ionization energiegl) for the elements used as projectiles: boron, values hinders the magnetic selection. Second, the beam cur-

oxygen, and fluorine. rents after collimation present low values, especially at high
energies. Finally, absolute values for the total cross sections,
Element z EA (eV) I (eV) easily obtained in our original method 0-14, are more
difficult to obtain. On the other hand, as the target now is a
Boron S 0.2797 8.26 conventional gas target or a jet placed in a chamber outside
Oxygen 8 1.4611 13.55 the accelerator, charged particles coming from the target can
Fluorine 9 3.4012 17.34 then be analyzed in charge and mass by means of a time-of-

flight spectrometer.
i L The setup is very similar to the one already described
whereX" represents the B 0", and F anions, “ionization”  [11]. The anionic beam traverses the scattering chamber,
means target ionization, and “loss” refers to projectile eleCywhere the gas jet and the time-of-flight spectrometer are lo-
tron loss. Two ionization and three loss cases were studie@ated. The exiting projectiles are electrostatically analyzed
single(S) and doublgD) ionization; and singl€SL), double  before and after the target, and identified in a surface barrier
(DL), and no loss, or direct ionizatiqidl). In addition to the  detector, while the recoil target ions are detected by a chan-
basic interest in measuring these cross section values, weltron. In this way it is possible to measure coincidences
were interested in the double ionization of helium as itsbetween the different projectile charge states and the target
study is the simplest way to understand electronic correlatiogharge states or charged fragments. The normalization to de-
in atoms(Ref. [1] and references thergirHence, obtaining termine the target density and absolute target ion detection
the ratio between double and single ionization cross sectionsfficiencies was done by measuring He ionization by 1 MeV
of helium, which contains basic information on this correla-protons and using the value of its cross section 21.4
tion with the added advantages of smoothing experimentak 1078 cn? [13].
fluctuations and removing normalization factors, was one of The experimental values are shown in Tables II-1V, the
the major motivations of the present work. standard deviations being 20% on average. As a first com-
The experiments were performed in our 1.7 MV tandem.ment, the cross sections for each channel differ by a factor
This accelerator, originally designed for industrial work or near 2 for distinct projectile species at similar velocififes
scientific research on materials science, has a sputter negastance, Fatv=1.46v,, O™ at 1.5, and B at 1.6. This is
tive ion source which can produce virtually all the atomic not so surprising for double loss processes, where the energy
anions of the periodic table of elements, as well as negativeequired to eject two electrons from the anion varies by a
molecular and cluster ions. The technique employed in prefactor near Zsee Table)), but it is a remarkable result for the
vious work[10-12 using the stripper gas as target did notother two processes, as the electron affinities may differ by
allow direct measurement of the target final charge state, amore than one order of magnitude. Electron affinities should
the stripper(a 1-cm-wide and 47-cm-long cylindes placed  be relevant both in the direct ionization case, through the
at the high voltage terminal between two 1-m-long accelerasurvival probability of the anion, and in the single loss case,
tor tubes. through the minimum energy required to eject the electron
The technique employed in the present work allows suclirom the anion, but, nevertheless, this did not occur.
measurement but required a radical change in our approach. Our present direct ionization values, when compared with
In brief, an anion beam of a few microamperes is produceather values existing in the literature, are slightly lower than
by the sputter source and accelerated toward the termin#he ionization of He by protongl3], a positive projectile.
where some anions lose one or more electrons by colliding\so, our values are essentially the same as obtained with
with the stripper gas. Subsequently, at the end of the accepositive oxygen at velocities near 1.4 a[1i4]. This may be
erator, the neutral species capture electrons in the residugualitatively understood by assuming that contributions to
gas, giving rise to a new high energy anion beam of a fewhis channel are dominated by impact parameters in which
picoamperes which is deflected by the magnet. This techthe target “sees” the projectile essentially as a point charge
nigue has some inconveniences which were circumventedi.e., large impact parametergl5,16.

TABLE Il. Helium single and double ionization cross sectiaf{“?+ for B~ projectiles, wherey andj are
the respective final charge states of the target and the projaatitertainties~20%).

DI SL DL
o (1018 cn) o (1078 c?) o (1078 cn?)

v (a.u) Het He?t Het He?t Het He?t
1.6 37 1.4 48 3.1 46 4.0
1.7 42 1.6 82 5.1 30 35
1.8 45 2.0 74 5.7 36 6.5
1.9 56 2.7 57 4.4 31 3.6
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TABLE llI. Helium single and double ionization cross sectim’%+ for O™ projectiles, where andj are
the respective final charge states of the target and the projamtiteertainties=20%).

DI SL DL
o (1078 cn?) oy (10728 c?) ol (1078 cn?)

v (a.u) He' He?* He' He?* Het He?t
1.3 68 2.4 50 2.1 42 2.2
1.4 62 2.6 58 3.2 56 3.4
15 64 2.6 64 3.4 57 4.6
1.6 57 3.6 57 3.2 51 55
1.7 66 3.1 64 6.5 53 75

TABLE IV. Helium single and double ionization cross sectim‘%‘,+ for F~ projectiles, whereg andj are
the respective final charge states of the target and the projamtitertainties~=20%y).

DI SL DL
o (10718 cn) o (10728 cr?) ol (10728 cr?)

v (a.u) He' He?* He' He?* Het He?t
1.13 39 0.0 55 2.3 36 1.0
1.23 45 2.4 56 2.7 34 1.3
1.31 50 1.7 70 3.3 52 2.7
1.38 56 2.3 69 5.0 68 3.9
1.46 52 1.6 98 6.7 66 5.1

On average, the double loss cross section is only slightly

L smaller than the one for single loss. This is interesting be-

4 cause double electron detachment cross sections have nearly
half the value of those for the single electron process, as we
have already measuré¢tll]. One possible explanation is that
2 . ® - the SL of the projectile is essentially the elastic scattering of

. this electron by the target, while the DL includes different

Direct ionization

processes that induce a larger degree of target ionization.

L Figure 1 shows the present work values for the ratios

Single electron loss . between double and single ionization cross sections in the

1 direct ionization and single and double loss cases. The DI

] ratios are basically velocity independent, their values lying

s & g " m ® 4 between 3% and 6%. They are of the same order of magni-
1 tude as those obtained with positive projectiles as H#]

and Li* [14]. The SL and the DL data increase with the

; relative velocity, more markedly for the latter, which in-
. creases by a factor of 7 in the measured velocity range. This
s ° ® process is usually treated at large velocities with perturbative
L s m @ : methodg 1], which lead to a power series in t@év param-

. ® . eter. In the present velocity range the dominant process is

AR SR BPEE BPEE BPEE TR BPEE PR B considered to be two step, where the projectile interacts with

11 12 13 14 15 16 17 18 18 20 the two target electrons independently, and the perturbative
vi{au) approach does not apply @¢v exceeds unity1].
Concluding, for the three processes the results do not

FIG. 1. Ratio between production cross sections fof*Hnd  show any important dependence on anion properties such as
He" ions by impact of B (circles, O™ (squareg and F (triangles  atomic numbers or affinities. Another interesting fact is that
in the direct ionizatior(no losy, single loss, and double loss cases. ) SL. and DL cross sections with helium ionization are of

The uncertainties are20%.

the same order of magnitude. Also, the sum of these cross
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sections is not very much smaller than the total cross sedecity, more markedly for the latter. The direct ionization
tions for anion detachmefit0-13. A third and last pointis  ratios are velocity independent, this latter fact reflecting in-
that the cross section ratios, taken between double and singleractions with large impact parameters.

helium ionization, present distinct behaviors for the three

processes. The ratios for single and double loss are nearly This work was partially supported by the Brazilian agen-
projectile independent and grow almost linearly with the ve-cies CNPq, FUJB, and FAPERJ.
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