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Absolute multiple-ionization cross sections of noble gases by He
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Absolute multiple-ionization cross sectiong!*, of He (=1,2), Ne =1, 2, and 3, Ar (q=1, 2, and 3,
Kr (q=1, 2, and 3, and Xe =1, 2, 3, and #atoms have been determined for interactions witH ks in
the 1.0-3.5-MeV impact energy range. Special care was taken to obtain the slow recoil-ion detection efficien-
cies, by measuring the recoil ions in coincidence with tHé €apture channel and comparing these results
with absolute single measurements. Comparison is made with the data available in the literature. The present
results are in good agreement with the previously published data in the case of the helium target, but some
nonsystematic discrepancies appear for heavier targets.

DOI: 10.1103/PhysRevA.63.062717 PACS nuntber34.50.Fa, 52.20.Hv

I. INTRODUCTION derstand the multiple ionization.
A widely-used approach for interpretation of the multiple-

Multiple ionization of atoms by ions is one of the funda- ionization process is the independent-particle mdtfeM),
mental processes in atomic physics with important applicawhere it is assumed that the ionization of one electron is
tions in plasma physics, fusion, upper atmosphere studiefdependent of the others and the related probabilities are
and many others technological areas. Due to this broad ranggven by the binomial distributiofi2—5]. This method de-
of applications and also due to its role in the study of atomigends strongly on the quality of the calculations of the
collision dynamics, there have been great efforts, both exsingle-electron ionization probabilitig$,6] although some
perimental and theoretical, to improve our understanding ofeneral quantitative estimates can be obtained through a
the ionization processes resulting from ion impact with at-simple semiclassical calculation using hydrogenic wave
oms. functions[3,4].

The description of multiple ionization is far from a simple  An alternative aproach to the IPM is the statistical energy-
task mainly due to the complexity of the many possible pathdeposition model, which has also been used by several au-
ways leading to it. For example, double ionization of atomsthors[7—10]. It was formulated by Russek and Thoni&$
by fast ions is usually understood in terms of three mechaand further developed by CocK®] and Kabachniclket al.
nisms[1]: the shake-off process, in which a first electron is[10]. It is based on the hypothesis that the probability for
ejected in a direct interaction with the projectile, while the multiple ionization is directly related to the energy deposited
second electron is ionized by the final-state rearragement; lsy the projectile on the target, which is, in a second step,
two-step process in which both electrons are simultaneouslgtatistically distributed among all atomic electrons, one or
ejected by the direct interaction with the projectile; and themore of which eventually autoionize to the final state.
ionization of an inner-shell electron with a postcollisional ~ One parameter to which these calculations are quite sen-
Auger decay. Both the shake-off and the inner-shell ionizasitive, mainly in the intermediate-velocity regime, is the pro-
tion plus Auger decay yield a double-ionization cross secjectile charge state. The simplest case, i.e., single ionization
tion, o®*, essentially proportional to the single ionization, of light atoms and molecules by structureless charged par-
0. The two-step mechanism, which turns out to be domi+icles, at high impact velocities, is well described within the
nant in the intermediate-velocity regime, does not follow thisframework of the Bethe theory11l]. Deviations of the
pattern because it is based on the action of the projectile ovesharge-state scaling from the first Born approximation are
the two active electrons. As a general rule, the dependencexpected to be observed either if the collision regime is non-
of the multiple-ionization cross sections on the projectile enperturbative or if multiple-ionization occurs. These cases
ergy and charge state are significantly different from those ofvere investigated mostly for highly stripped iofk2—14,
single-ionization cross sections. The statistical distribution ofwhere the projectile charge state is essentially independent of
the various available inelastic alternatives, as well as the wathe impact parameter. If the projectile charge state is small,
the electrons dynamically correlate, significantly change théts influence is more subtle because the screening associated
dependence of the multiple-ionization cross section on thevith the projectile can be strongly dependent on the impact
projectile energy and the charge state with respect to thparameter. A limiting case where the influence of the screen-
single ionization, and need to be considered in detail to uning can be large occurs in stripping collisions with neutral

atoms, where the full screening of the target nucleus makes
the projectile ionization strongly dependent on the impact
*Present address: Instituto de ‘@ica, Universidade Federal do parametef15-19. These studies, however, concentrated on

Rio de Janeiro, Cidade Univerdiia, RJ, Brazil. the single ionization of few-electron ions and studies on the
"Present address: CNRS, Laboratoire Aidetton, 91405 Orsay effect of partial screening on multiple-ionization are prati-
Cedex, France. cally nonexistent. To the authors knowledge, there are no
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reliable calculations available for partial multiple ionization housed in a detection chamber pldeem downstream of the
of the whole set of noble gases by dressed, low-charge-statgs cell. The multiply ionized recoil ions produced by the
projectiles such as He although this charge state is the one primary beam, under single collision conditions, are acceler-
that energetiax particles have to go through as they pen-ated by a two-stage electric field and detected by two micro-
etrate in matter, a scenario which appears in several applicghannel plate detectors in a chevron configuration. They pro-
tions. vide the stop signal to two time-to-amplitude converters
The experimental support for guidance towards furtheisiarted by the signals from the surface barrier detectors. The
theoretical improvements is presently not satisfactory. Absofirst stage of the electric fielhushe) consists of a plate-grid
lute partial multiple-ionization cross sections are scarce a”@ystem [21] with the primary beam passing through its
several measurements on multiple target ionization do ngfiggie and with a 960-V/cm electric field. The second stage
determine the final charge state of the recoiling ion, i.e., reis a lens. with a 3600-V/em electric field designed to make a
porting only tot_al electron and ion prodl_Jction Cross sectionsweak foeusing of the recoil ions in a 4—rr;m diameter aperture
For.example, In _the case OT I#_eprqectﬂes, the only data placed 3.7 cm from the interaction regi¢fiTrOF aperture”
available for partial multiple-ionization of noble gases, over-; . Fig. 1. The accelerating potentials were chosen with the
Iapping the energy range investigated in this paper, is fronéid of the siIMION program[22] and the simulation gives a
DUBO'S.[ZOJ' . negligible dependence of the recoil-ion trajectories on the
n th|s work,. we.haye earrled out abs_olute measu.rementéharge—to—mass ratio. The gas cell has an effective length of
of partial, multiple-ionization cross sections of Herojec- 72 mm[23].
tiles on He, Ne, Ar, Kr, and Xe, using coincidence teCh- 1o gag cell has a cylindrical shape with 11-cm diameter
ngues, in the energy range f_rom 1'(.) to 3.5 MeV. In Sec. llynq 15.cm height. Its volume, approximately 1.4 1, is large
the experiment is described m_detall, in Sec. III_ the result. nough to assure that the pressure measurement inside the
are presented and compared wlth some calculations aljd Wil "'made by an absolute capacitive manometdKS-
previous measurements, and in Sec. IV some concluding rgs, atrop s not affected by the leak through the appertures
marks are made. Except where otherwise stated, the Crogsy) The aperture on the time-of-flight tube, together with
sectionso %" noted without subscripts are for ionizing colli- two others with diameters of 1.8 and 2.0 mm placed at the
sions where the projectiles retain their charge state after thg,,m entrance and exit of the gas cell, respectively, assures a
interaction. The superscript indicates the charge state of thgiterential pressure ratio of 1:300 between the outer cham-
target after the interaction. ber and the gas cell. We observed that the absolute detection
efficiency of the microchannel plate detec{®CP) depends
both on the pressure and on the gas composition around the
MCP. The atoms or molecules in the electron path can be
A collimated, monoenergetic Heion beam is delivered ionized giving rise to additional electrons and increasing the
by the 4-MV Van de Graaff accelerator of the Catholic Uni- detection efficiency. In order to avoid this effect, the region
versity of Rio de Janeiro. Figure 1 shows schematically thehnousing the MCP is pumped by a 200-'sdiffusion pump
experimental apparatus, not to scale. Before entering a wirlecated underneath the MCP so that the pressure in its vicin-
dowless gas cell, the beam is charge-analyzed by a magnigy does not change when the pressure or the gas type is
placed just at the entrance of the gas cell in order to separathanged in the gas cell. This procedure ensures that the
the main beam from spurious ones. The two measured emerecoil-ion detection system is independent of the loading
gent charge states, Heand Hé ™", are charge-analyzed by a conditions of the gas cell. Figure 2 shows the time-of-flight
second magnet and recorded by two surface barrier detectospectrum, expressed in terms of mass over charge ratio, for

Il. EXPERIMENT
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300 - - - - - - target scattering centers per voluméP), whereP is the
target pressure, the effective target lenigth, the cross sec-
2501 et xet | tion ¢9*, and the recoil ion detection efficienaf*. The
] efficiency of the surface barrier detector was assumed to be
" 200 unity. Thus, we have
% 150 | — 1 |q+: €q+|eff| On(P)O'q+. (1)
8 100} / i In order to measure the recoil-ion detection efficiencies
Xe X ”/°Xe'. e9*, we carried out simultaneous single and coincidence
50 | ™ ] measurements of single electron-capture cross sections of
W ] C3* on helium, neon, argon, krypton, and xenon, with pro-
esadbin e I - ks 1 jectile energies between 1.3 and 3.5 MeV. In the following,
40 60 80 100 120 140 the electron-capture cross section producing a recoil ion with
M/q chargeq is denoted byrgz+ , while the total electron capture

cross section is denoted hys,. The o3, cross section is
absolutely determined by measuring the fraction of the main
beam that performs charge-changing collisiddi®], and
ag; is determined by measuring the target multiply charged
the ionization channel of 2.0-MeV Heions on Xe. This recoil ions in coincidence with the ¢ emergent beam.
figure gives an illustration of the time resolution of our co- These cross sections are related by
incidence circuitry, showing a clear separation of the isotopic
components of the Xe ions, as well as the low background o= o, )
present in the measurements. q
In the detection chamber placed at the end of the beam- )
line, anx-y position-sensitive microchannel plate detector®’ Using Ea.(1),
was used to locate spurious beams originating from charge- [a+
changing collisions of the main beam with the residual gas 03222 ' 3)
inside the beamline before the gas ¢€iig. 1). The spurious a €% gl on(P)
beams were carefully identified before the proper positioning
of the surface barrier detectors. The counting rates of inci- As a first step to determin€!", we measured the ratios of
dent projectiles on the surface barrier detectors were kepnultiple-to-single ionization cross sections‘/o**) for
below 1.5<10°s™* in order to prevent signal deterioration. different projectiles, different projectile energies, and various
The cross sections were obtained by keeping the pressutargets, and compared these measurements with results found
inside the gas cell at 1.0 mTorr for the He, Ne, and Ar, 0.8in the literature, such as multiple-ionization by prot¢@g],
mTorr for Kr, and 0.5 mTorr for the Xe targets to ensureC** [28], and H€ [20]. From Eq.(1), these ratios can be
single-collision conditions and a correct operation of the mi-written as
crochannel plate detector. The growth-rate method was used

FIG. 2. Time-of-flight mass spectrum of Xe corresponding to
the ionization by 2.0 MeV Heé.

to determine the single-ionization yields, as well as the ratio 0" _ e1ar 4

of multiple-to-single yields. This last quantity was found to ot et @
be constant in a range of pressures including those specified

above. The set of ratios=?" /e were found to be close to unity

Special care was taken to obtain the detection efficienciefor all charge states and collision systems studied within
of the multiply charged recoil ions. This was achieved by30% of uncertainty. This indicates that the detection effi-
measuring the recoil ions in coincidence with the single capeiency, in our recoil-ion detection system, can be considered
ture of G* on noble gasef24] and comparing these mea- essentially independent of the recoil-ion charge state, so that
surements with the single measurements for this chaseel  we can make%" = ¢, take them out of the summation in Eq.
below). It is well known that the efficiency of the microchan- (2), and rewrite this equation as
nel plate detector is a function of the impact energy of the
ionic species. The absolute detector efficiency increases with 1
the ion energy and reaches a saturation for impact energies €~ 0_32 7 letflon(P)
greater than 3 Ke\[25,26. We observed that for negative
polarization potentials above 3300 V, the detection effi- Using Eq.(5) for C3* projectiles with various energies
ciency is independent of the impacting particle. To guarante@npinging on different targets, we found fera value inde-
being in the saturation region, the front plate of the micro-pendent of the target atomic number. The absolute cross sec-
channel plate detector was polarized witt8640 V. tion is obtained by substituting®™ for this value ofe in Eq.

The integrated coincidence signdl", subtracted from a (1).
linear background, wherg is the final charge state of the =~ The measurements of the relative intensities for different
target, is proportional to the beam intendigy the number of  charge states are sensitive to variations in the electronic dis-

1a*

®)
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TABLE I. Single- and double-ionization cross sections of He by =~ TABLE Ill. Single-, double-, and triple-ionization cross sections

He" (Mb). of Ar by He" (Mb).
E (MeV) He" He?* E (MeV) Art Ar?* Arst

1.00 88+ 13 2.9+0.6 1.00 229-34 30+5 6.1+1.2
1.25 70+ 10 1.9+0.4 1.50 206-31 21+4 2.3+0.5
1.50 66+ 10 1.3+0.3 2.00 16224 17+3 2.4+0.5
2.00 56+ 8 1.1+0.2 2.50 132+ 20 11+2 1.7+0.3
2.50 45+ 6 0.73+0.15 3.00 134+ 20 8.5+1.4 1.5-0.3
3.00 38:6 0.45+0.09 3.50 108+ 16 9.1+1.5 1.3-0.3
3.50 335 0.27+0.05

results compared with the available experimental data for

crimination threshold settings, to the background gas presHe® projectiles as well as with single ionization by protons
sure, and, as mentioned before, to the ion impact velocity oraken from Ref[27]. Comparison with protons will be re-
the detector. For instance, the threshold effect arises becausgicted to the single-ionization cross sections, where distant
all recoil ions are accelerated through the same potentiajollisions play a major role and Hecan be approximately
field. In this way, multiply charged ions hit the detector atconsidered as a structureless projectile with charge equal to
higher energies than the singly charged species, giving risenity. In the following, we present a detailed discussion only
to pulse-height distributions with maxima shifted to higherfor the He and Ne cases, because the heavier gases present
pulse heights. Counts from the single charged pulse-heighhe same general features as Ne. Overall, our results for all
distribution can be lost at a faster rate than those from mulfinal charge states of the target present good agreement with
tiply charged distributions if the discrimination threshold is the previous data, where overlapping measurements from
increased. In addition, the recoil ion can perform chargeother authors occur. In all cases we restrict our analysis to
transfer collisions with background gas molecules in thethe intermediate-to-high velocity regime, where our measure-
time-of-flight tube. Special care was taken to keep thesenents were carried out.
sources of uncertainties minimized. The present measurements for single and double ioniza-

The main sources of uncertainties in the coincidence meaion of He by He are compared with the results of DuBois
surements come from impurities in the gas targets due to the0] and Foreset al.[29]. The single ionization by protons
gas-admittance system-(1—-3%), thedetermination of the from DuBoiset al. [27] is also shown. Our results are in a
product of the detection efficiency by the effective length ofvery good agreement with the previously published data for
the gas cell -10%), counting statistics, and random coin- He" projectiles over the entire energy range investigated.
cidence subtractiofup to ~15%). The overall uncertainties The comparison of He with single-ionization cross sec-
range between 15 and 30%. tions by protons is carried out to show differences emerging

In the present experiment, some measured ionic charg@hen dressed or bare projectiles are used in the ionization
states cannot be separated by their flight times from backprocess. For protons, the projectile charge is the same for all
ground impurity ions because they have the same mass-timpact parameters, while in the Hecase the projectile
charge ratio (H from H&"; N3 and CO" from Kr¥*; N*,  charge increases if the impact parameter decreases. Thus, for
N;2, and G* from Kr®* and AP*). These contaminations each energy, dressed projectiles should have effective
are estimated to be smaller than 3%. charges that range between the ion charge and the nuclear
charge, giving, in principle, a total ionization cross section
that is larger when compared with the proton case. However,
if the collision is close enough, there is also a possibility of

The results from our measurements for multiple-the projectile electron being stripped along the ionizing col-
ionization of He, Ne, Ar, Kr, and Xe by Heprojectiles are lision. Because our measurements are constrained to the
listed in Tables I-V, respectively. In Fig. 3 we present ourcases where Healso appears in the exit channel, this re-

Ill. RESULTS AND DISCUSSION

TABLE IlI. Single-, double-, and triple-ionization cross sections  TABLE IV. Single-, double-, and triple-ionization cross sections

of Ne by He" (Mb). of Kr by He" (Mb).

E (MeV) Ne* Ne?* Ne3* E (MeV) Kr* Kr2* Kr3*
1.00 116-17 15+2 2.4+0.6 1.00 262-39 47+8 14+ 2
1.50 76+11 8.3r1.3 0.86-0.22 1.50 17927 23+4 9.1+1.6
2.00 82+12 75:1.2 0.80-0.20 2.00 159-24 23+4 9.2+1.7
2.50 64+ 10 5.3+0.8 0.50-0.13 2.50 13721 18+3 9.4+1.7
3.00 69+ 10 4.9-0.8 3.00 13320 14+2 5.8-1.0
3.50 66+ 10 4.450.7 3.50 12318 122 4.7+0.8
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TABLE V. Single-, double-, triple-, and quadruple-ionization mean recoil-ion charge stat& o7 /=¢9") is 1.14 at 1
cross sections of Xe by He(Mb). MeV and is weakly dependent on the projectile energy.
In contrast with the He case, the comparison between the

E (MeV) Xe* e’ xe’ xet Ne single-ionization cross section by protons and ldbows
1.00 200+ 44 41+7 16+3 10+2 a clear superposition of the data in the high-energy region,
1.50 21933 32+5 14+3 6.1+1.3 with a slight tendency of the latter to be below the former,
2.00 17526 27+5 11+2 5.0+1.0 behavior that can also be observed for the other gases heavier
2.50 16825 27+5 10+ 2 4.9+1.0 than Ne. These close values obtained for the cross sections
3.00 14622 24+ 4 10+ 2 4.3+0.9 by these two projectiles are also given by the theoretical
3.50 13220 20+3 8.2+1.6 4.7-1.0 calculations of Kirchner etal. [5,6], based on the

independent-particle model and considering transitions in-
volving all active electrons, both from the projectile and the

striction imposes a decrease of the ionization probability, atarget. The restriction imposed by the measurements in
compared with bare projectiles, for close collisions. This lastvhich the ionization is carried out without electron loss
effect counterbalances the increase of the ionization probmakes the contribution from collisions with small impact
ability due to the increase of the screened nuclear charge f@arameters to be very small. Indeed, the strength of the per-
close collisions and the net result depends both on the prdurbing field of the heavy target over the projectile increases
jectile energy and target atomic number. For the He targesharply towards a high value for decreasing internuclear dis-
case, the proton data are clearly below ouf Hiata. Indeed, tances near the atomic radius. This strong field saturates the
as the perturbing effect of the He target over the projectileelectron-loss probability, which becomes nearly equal to
electron is not too high, the increase of theHeffective  unity for impact parameters smaller than the atomic radius
charge in close collisions results effectively in an increase 0f16,18. Thus, only distant collisions are allowed if there is
the ionization cross section as compared with the protomo electron loss, causing the effective charge of the projectile
case. for such allowed collisions to be near one. This effect be-
The present data for single ionization of Ne are 25—40 %comes more evident as the target atomic number increases.
smaller than those of DuBoif20] for the energies where The calculations by Kirchnef6] for double and triple
overlap between the two measurements occurs. Those are timmization of Ne show the same high-energy trend presented
only data available in the literature. In the case of doubleby the experiments, although the absolute values for the
ionization, the results of DuBois are about 50% higher, andtross sections are higher than our measurements. For pro-
for the triple-ionization channel, the difference between thetons, the ionization of théK-shell electrons with a subse-
two sets of data reaches 80% at 2.0 MeV. Although thequent Auger decay can give some contribution for double
time-of-flight spectrometer resolution was good enough taand triple ionization at higher energigs]. This is, however,
completely separaté®Ne from its isotope?’Ne, the data a branch essentially fed by close collisions which, as men-
shown in Table Il represent the sum of both isotopes. Thdioned above, are very efficient in stripping the projectile.

1 He ' i s ' ' 0 Ne ' ' ' FIG. 3. Single- a_nd double-
10} * o Em*% 4 ionization cross sections of_ He,
o R, 10°F single-, double-, and ftriple-
10k Ty ] - ionization cross sections of Ne,
52 °°xx3,<,!! 0k o Ar, and Kr by He', and single
10°F 0 2 E ionization by protons as a function
* - 5 of the projectile energy. He
10" SV single ionization: closed squares,
P this work; open squares, R¢R20];
o 10:0" 1(.)‘ ulf u')‘ 10 10-;0" Aula‘ 1;’ 1;)“ 10 crosses.(+.), .Ref. [29]. He*
E 10* ] ] i 10° ] ] ] double ionization: closed circles,
S’ Ar Kr this work; open circles, Ref20];
© 10°F * ko 1 o ] crosses(x), Ref.[29]. He' triple
o oo Eﬂjﬂwﬂ 3 & ag 90 ionization: closed triangles, this
10°F o 0000000 try - DI:IDD L] work; open triangles, Ref{20].
D0 aba, 8, o 10°k 5 00000 ""h,* 1 Proton single ionization: open
wp o %8 a, e ; SRR N stars Ref. [27]. Full lines:
° vﬁé‘k 10'L N Agﬂi"q, ] gquantum-mechanical calculations
10°F - E o & Ty for Ne single, double and triple
“ ionization by Hé&, Ref. [6].
L e por 0 ot % 0 107 0 10’ Dashed line: quantum-mechanical
calculations for Ne single ioniza-
E(keVIamu) tion by protons, Ref[5].
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Because of that, the contribution from this mechanism tacrepancies, but it seems from the analysis of the available
double and triple ionization of Ne by Heshould be small. data, including the present ones, that the total ion production
Single-, double-, and triple-direct-ionization cross sec-obtained by coincidence measurements apparently presents
tions of Ar by He" impact are listed in Table Il and also some discrepancies when compared with noncoincident,
shown in Fig. 3, together with the data from DuBp2]. In  charge-collection measurements.
the case of single ionization, the present data are about 50%
smaller than the r_esults of_DuBoﬁQO]. On the other hand,. IV. SUMMARY AND CONCLUSIONS
good agreement is found in the cases of double and triple
ionization. As in the Ne case, the cross sections for single Cross sections for single and multiple-ionization of noble
ionization by protons and by Hetend to coalesce at higher gases by Hé impact have been measured in the 1.0-3.5-
energies. MeV energy range. The detection efficiencies of the slow
The partial multiple-ionization cross sections for Kr are recoil ions were obtained through a careful measurement of
presented in Table IV and plotted in Fig. 3. For the singlethe recoil ions in coincidence with the*C capture channel
ionization, the values from DuBoi0] are higher than the in collisions with rare gases and by comparing these results
present ones. As in the Ar case, for double and triple ionizawith absolute single measurements. The absolute values of
tion there is a good overall agreement between the two setbe present set of data are independent of any previous mea-
of data. surements, thus providing an independent reference for stud-
In Table V single-, double-, triple-, and quadruple-direct-ies of multielectronic processes in the intermediate-to-high
ionization cross sections of Xe in collisions with Hg@ro-  velocity regime.
jectiles are presented. To the authors’ knowledge, there are Theoretical studies of multiple-ionization by dressed pro-
no other measurements available in the literature to compaiectiles are almost inexistent and we compared our Ne results
with. As for the previous gases, the partial multiple- with recent quantum mechanical calculations by Kirchner
ionization cross sections of xenog+1 up to 4 decrease et al.[5,6]. The comparison shows increasing discrepancies
smoothly with the incident projectile energy. The meanbetween theory and experiment as the recoil-ion charge
recoil-ion charge state is 1.3 in the energy range studied istates increase, but a more conclusive analysis of the reasons
this work and the single ionization contributes 65% to thefor this behavior can be achieved only by considering the
total ion production coming from the direct ionization chan- other gases. It is also clear from the analysis presented above
nel. that electron loss has a major influence in théold target
A few remarks on previous normalization procedures ardonization as the former process strongly affects close colli-
pertinent. The cross sections presented by DuBti$were  sions, inhibiting them from contributing to ionization. This is
normalized to the total absolute positive-ion production re-also true for the inner-shell ionization plus Auger decay con-
ported by Rudct al. [30]. However, the total electron pro- tribution for multiple-ionization because of the predomi-
duction cross sections presented by DuB@8] present a nance of close collisions in inner-shell ionization. The com-
deviation from the values of Rudet al. [30]. In an earlier parison between bare and dressed projectiles with similar
paper[27], DuBois reported cross sections for impact ener-charge is thus a powerful methodological approach towards
gies smaller than 100 keV normalized to single electronthe understanding of the dynamics, which is behind close
capture cross sections. Those cross sections resulted in a togid distant collisions in multielectron ionization.
ion production 10—15 % smaller than the values published by
Rudd et a}l. [30]. '!'he .measurements were repeated _in order ACKNOWLEDGMENTS
to investigate this discrepancy. The system was indepen-
dently calibrated without normalization either to single elec- We thank Robert D. DuBois for the many and elucidating
tron capture or to ion production cross sections. The latediscussions about experiments of this kind. This work was
measurements confirmed the earlier results and the inconsisupported in part by the Brazilian agencies CNPq, FINEP,
tency between total electron-production cross sections recAPES, FAPERJ, MCT (PRONEX, and by the
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