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Absolute multiple-ionization cross sections of noble gases by He¿
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Absolute multiple-ionization cross sections,sq1, of He (q51,2), Ne (q51, 2, and 3!, Ar (q51, 2, and 3!,
Kr (q51, 2, and 3!, and Xe (q51, 2, 3, and 4! atoms have been determined for interactions with He1 ions 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 the C31 capture 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.
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I. INTRODUCTION

Multiple ionization of atoms by ions is one of the fund
mental processes in atomic physics with important appl
tions in plasma physics, fusion, upper atmosphere stud
and many others technological areas. Due to this broad ra
of applications and also due to its role in the study of atom
collision dynamics, there have been great efforts, both
perimental and theoretical, to improve our understanding
the ionization processes resulting from ion impact with
oms.

The description of multiple ionization is far from a simp
task mainly due to the complexity of the many possible pa
ways leading to it. For example, double ionization of ato
by fast ions is usually understood in terms of three mec
nisms@1#: the shake-off process, in which a first electron
ejected in a direct interaction with the projectile, while t
second electron is ionized by the final-state rearrageme
two-step process in which both electrons are simultaneo
ejected by the direct interaction with the projectile; and
ionization of an inner-shell electron with a postcollision
Auger decay. Both the shake-off and the inner-shell ioni
tion plus Auger decay yield a double-ionization cross s
tion, s21, essentially proportional to the single ionizatio
s1. The two-step mechanism, which turns out to be do
nant in the intermediate-velocity regime, does not follow t
pattern because it is based on the action of the projectile
the two active electrons. As a general rule, the depende
of the multiple-ionization cross sections on the projectile
ergy and charge state are significantly different from those
single-ionization cross sections. The statistical distribution
the various available inelastic alternatives, as well as the
the electrons dynamically correlate, significantly change
dependence of the multiple-ionization cross section on
projectile energy and the charge state with respect to
single ionization, and need to be considered in detail to
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derstand the multiple ionization.
A widely-used approach for interpretation of the multipl

ionization process is the independent-particle model~IPM!,
where it is assumed that the ionization of one electron
independent of the others and the related probabilities
given by the binomial distribution@2–5#. This method de-
pends strongly on the quality of the calculations of t
single-electron ionization probabilities@5,6# although some
general quantitative estimates can be obtained throug
simple semiclassical calculation using hydrogenic wa
functions@3,4#.

An alternative aproach to the IPM is the statistical ener
deposition model, which has also been used by several
thors @7–10#. It was formulated by Russek and Thomas@8#
and further developed by Cocke@9# and Kabachnicket al.
@10#. It is based on the hypothesis that the probability
multiple ionization is directly related to the energy deposit
by the projectile on the target, which is, in a second st
statistically distributed among all atomic electrons, one
more of which eventually autoionize to the final state.

One parameter to which these calculations are quite s
sitive, mainly in the intermediate-velocity regime, is the pr
jectile charge state. The simplest case, i.e., single ioniza
of light atoms and molecules by structureless charged
ticles, at high impact velocities, is well described within t
framework of the Bethe theory@11#. Deviations of the
charge-state scaling from the first Born approximation
expected to be observed either if the collision regime is n
perturbative or if multiple-ionization occurs. These cas
were investigated mostly for highly stripped ions@12–14#,
where the projectile charge state is essentially independe
the impact parameter. If the projectile charge state is sm
its influence is more subtle because the screening assoc
with the projectile can be strongly dependent on the imp
parameter. A limiting case where the influence of the scre
ing can be large occurs in stripping collisions with neut
atoms, where the full screening of the target nucleus ma
the projectile ionization strongly dependent on the imp
parameter@15–19#. These studies, however, concentrated
the single ionization of few-electron ions and studies on
effect of partial screening on multiple-ionization are pra
cally nonexistent. To the authors knowledge, there are
©2001 The American Physical Society17-1
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FIG. 1. Schematic diagram of the apparat
used in the present measurements. For details
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reliable calculations available for partial multiple ionizatio
of the whole set of noble gases by dressed, low-charge-s
projectiles such as He1, although this charge state is the o
that energetica particles have to go through as they pe
etrate in matter, a scenario which appears in several app
tions.

The experimental support for guidance towards furt
theoretical improvements is presently not satisfactory. Ab
lute partial multiple-ionization cross sections are scarce
several measurements on multiple target ionization do
determine the final charge state of the recoiling ion, i.e.,
porting only total electron and ion production cross sectio
For example, in the case of He1 projectiles, the only data
available for partial multiple-ionization of noble gases, ov
lapping the energy range investigated in this paper, is fr
DuBois @20#.

In this work, we have carried out absolute measureme
of partial, multiple-ionization cross sections of He1 projec-
tiles on He, Ne, Ar, Kr, and Xe, using coincidence tec
niques, in the energy range from 1.0 to 3.5 MeV. In Sec
the experiment is described in detail, in Sec. III the resu
are presented and compared with some calculations and
previous measurements, and in Sec. IV some concluding
marks are made. Except where otherwise stated, the c
sectionssq1 noted without subscripts are for ionizing coll
sions where the projectiles retain their charge state after
interaction. The superscript indicates the charge state of
target after the interaction.

II. EXPERIMENT

A collimated, monoenergetic He1 ion beam is delivered
by the 4-MV Van de Graaff accelerator of the Catholic Un
versity of Rio de Janeiro. Figure 1 shows schematically
experimental apparatus, not to scale. Before entering a
dowless gas cell, the beam is charge-analyzed by a ma
placed just at the entrance of the gas cell in order to sepa
the main beam from spurious ones. The two measured e
gent charge states, He1 and He21, are charge-analyzed by
second magnet and recorded by two surface barrier dete
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housed in a detection chamber placed 4 m downstream of the
gas cell. The multiply ionized recoil ions produced by t
primary beam, under single collision conditions, are acce
ated by a two-stage electric field and detected by two mic
channel plate detectors in a chevron configuration. They p
vide the stop signal to two time-to-amplitude converte
started by the signals from the surface barrier detectors.
first stage of the electric field~pusher! consists of a plate-grid
system @21# with the primary beam passing through i
middle and with a 960-V/cm electric field. The second sta
is a lens, with a 3600-V/cm electric field, designed to mak
weak focusing of the recoil ions in a 4-mm diameter apert
placed 3.7 cm from the interaction region~‘‘TOF aperture’’
in Fig. 1!. The accelerating potentials were chosen with
aid of theSIMION program@22# and the simulation gives a
negligible dependence of the recoil-ion trajectories on
charge-to-mass ratio. The gas cell has an effective lengt
72 mm @23#.

The gas cell has a cylindrical shape with 11-cm diame
and 15-cm height. Its volume, approximately 1.4 l, is lar
enough to assure that the pressure measurement insid
cell, made by an absolute capacitive manometer~MKS-
Baratron!, is not affected by the leak through the appertu
@21#. The aperture on the time-of-flight tube, together w
two others with diameters of 1.8 and 2.0 mm placed at
beam entrance and exit of the gas cell, respectively, assu
differential pressure ratio of 1:300 between the outer cha
ber and the gas cell. We observed that the absolute dete
efficiency of the microchannel plate detector~MCP! depends
both on the pressure and on the gas composition around
MCP. The atoms or molecules in the electron path can
ionized giving rise to additional electrons and increasing
detection efficiency. In order to avoid this effect, the regi
housing the MCP is pumped by a 200-l s21 diffusion pump
located underneath the MCP so that the pressure in its vi
ity does not change when the pressure or the gas typ
changed in the gas cell. This procedure ensures that
recoil-ion detection system is independent of the load
conditions of the gas cell. Figure 2 shows the time-of-flig
spectrum, expressed in terms of mass over charge ratio
7-2
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ABSOLUTE MULTIPLE-IONIZATION CROSS SECTIONS . . . PHYSICAL REVIEW A 63 062717
the ionization channel of 2.0-MeV He1 ions on Xe. This
figure gives an illustration of the time resolution of our c
incidence circuitry, showing a clear separation of the isoto
components of the Xe ions, as well as the low backgrou
present in the measurements.

In the detection chamber placed at the end of the be
line, an x-y position-sensitive microchannel plate detec
was used to locate spurious beams originating from cha
changing collisions of the main beam with the residual g
inside the beamline before the gas cell~Fig. 1!. The spurious
beams were carefully identified before the proper position
of the surface barrier detectors. The counting rates of in
dent projectiles on the surface barrier detectors were k
below 1.53103 s21 in order to prevent signal deterioration

The cross sections were obtained by keeping the pres
inside the gas cell at 1.0 mTorr for the He, Ne, and Ar, 0
mTorr for Kr, and 0.5 mTorr for the Xe targets to ensu
single-collision conditions and a correct operation of the m
crochannel plate detector. The growth-rate method was u
to determine the single-ionization yields, as well as the ra
of multiple-to-single yields. This last quantity was found
be constant in a range of pressures including those spec
above.

Special care was taken to obtain the detection efficien
of the multiply charged recoil ions. This was achieved
measuring the recoil ions in coincidence with the single c
ture of C31 on noble gases@24# and comparing these mea
surements with the single measurements for this channel~see
below!. It is well known that the efficiency of the microchan
nel plate detector is a function of the impact energy of
ionic species. The absolute detector efficiency increases
the ion energy and reaches a saturation for impact ener
greater than 3 KeV@25,26#. We observed that for negativ
polarization potentials above 3300 V, the detection e
ciency is independent of the impacting particle. To guaran
being in the saturation region, the front plate of the mic
channel plate detector was polarized with23640 V.

The integrated coincidence signalI q1, subtracted from a
linear background, whereq is the final charge state of th
target, is proportional to the beam intensityI 0, the number of

FIG. 2. Time-of-flight mass spectrum of Xe corresponding
the ionization by 2.0 MeV He1.
06271
ic
d

-
r
e-
s

g
i-
pt

re
8

-
ed
o

ed

s

-

e
ith
ies

-
e
-

target scattering centers per volumen(P), whereP is the
target pressure, the effective target lengthl e f f , the cross sec-
tion sq1, and the recoil ion detection efficiencyeq1. The
efficiency of the surface barrier detector was assumed to
unity. Thus, we have

I q15eq1l e f fI 0n~P!sq1. ~1!

In order to measure the recoil-ion detection efficienc
eq1, we carried out simultaneous single and coinciden
measurements of single electron-capture cross section
C31 on helium, neon, argon, krypton, and xenon, with pr
jectile energies between 1.3 and 3.5 MeV. In the followin
the electron-capture cross section producing a recoil ion w
chargeq is denoted bys32

q1 , while the total electron capture
cross section is denoted bys32. The s32 cross section is
absolutely determined by measuring the fraction of the m
beam that performs charge-changing collisions@19#, and
s32

q1 is determined by measuring the target multiply charg
recoil ions in coincidence with the C21 emergent beam
These cross sections are related by

s325(
q

s32
q1 , ~2!

or, using Eq.~1!,

s325(
q

I q1

eq1l e f fI on~P!
. ~3!

As a first step to determineeq1, we measured the ratios o
multiple-to-single ionization cross sections (sq1/s11) for
different projectiles, different projectile energies, and vario
targets, and compared these measurements with results f
in the literature, such as multiple-ionization by protons@27#,
C31 @28#, and He1 @20#. From Eq.~1!, these ratios can be
written as

sq1

s11
5

e1I q1

eq1I 1
. ~4!

The set of ratioseq1/e1 were found to be close to unity
for all charge states and collision systems studied wit
30% of uncertainty. This indicates that the detection e
ciency, in our recoil-ion detection system, can be conside
essentially independent of the recoil-ion charge state, so
we can makeeq1.e, take them out of the summation in Eq
~2!, and rewrite this equation as

e5
1

s32
(

q

I q1

l e f fI on~P!
. ~5!

Using Eq. ~5! for C31 projectiles with various energie
impinging on different targets, we found fore a value inde-
pendent of the target atomic number. The absolute cross
tion is obtained by substitutingeq1 for this value ofe in Eq.
~1!.

The measurements of the relative intensities for differ
charge states are sensitive to variations in the electronic
7-3
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SANTOS, MELO, SANT’ANNA, SIGAUD, AND MONTENEGRO PHYSICAL REVIEW A63 062717
crimination threshold settings, to the background gas p
sure, and, as mentioned before, to the ion impact velocity
the detector. For instance, the threshold effect arises bec
all recoil ions are accelerated through the same poten
field. In this way, multiply charged ions hit the detector
higher energies than the singly charged species, giving
to pulse-height distributions with maxima shifted to high
pulse heights. Counts from the single charged pulse-he
distribution can be lost at a faster rate than those from m
tiply charged distributions if the discrimination threshold
increased. In addition, the recoil ion can perform cha
transfer collisions with background gas molecules in
time-of-flight tube. Special care was taken to keep th
sources of uncertainties minimized.

The main sources of uncertainties in the coincidence m
surements come from impurities in the gas targets due to
gas-admittance system (;1 –3%), thedetermination of the
product of the detection efficiency by the effective length
the gas cell (;10%), counting statistics, and random coi
cidence subtraction~up to;15%). The overall uncertaintie
range between 15 and 30%.

In the present experiment, some measured ionic cha
states cannot be separated by their flight times from ba
ground impurity ions because they have the same mas
charge ratio (H2

1 from He21; N2
1 and CO1 from Kr31; N1,

N2
12, and O2

21 from Kr61 and Ar31). These contamination
are estimated to be smaller than 3%.

III. RESULTS AND DISCUSSION

The results from our measurements for multip
ionization of He, Ne, Ar, Kr, and Xe by He1 projectiles are
listed in Tables I–V, respectively. In Fig. 3 we present o

TABLE I. Single- and double-ionization cross sections of He
He1 ~Mb!.

E ~MeV! He1 He21

1.00 88613 2.960.6
1.25 70610 1.960.4
1.50 66610 1.360.3
2.00 5668 1.160.2
2.50 4566 0.7360.15
3.00 3866 0.4560.09
3.50 3365 0.2760.05

TABLE II. Single-, double-, and triple-ionization cross sectio
of Ne by He1 ~Mb!.

E ~MeV! Ne1 Ne21 Ne31

1.00 116617 1562 2.460.6
1.50 76611 8.361.3 0.8660.22
2.00 82612 7.561.2 0.8060.20
2.50 64610 5.360.8 0.5060.13
3.00 69610 4.960.8
3.50 66610 4.460.7
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results compared with the available experimental data
He1 projectiles as well as with single ionization by proto
taken from Ref.@27#. Comparison with protons will be re
stricted to the single-ionization cross sections, where dis
collisions play a major role and He1 can be approximately
considered as a structureless projectile with charge equa
unity. In the following, we present a detailed discussion o
for the He and Ne cases, because the heavier gases pr
the same general features as Ne. Overall, our results fo
final charge states of the target present good agreement
the previous data, where overlapping measurements f
other authors occur. In all cases we restrict our analysis
the intermediate-to-high velocity regime, where our meas
ments were carried out.

The present measurements for single and double ion
tion of He by He1 are compared with the results of DuBo
@20# and Forestet al. @29#. The single ionization by protons
from DuBois et al. @27# is also shown. Our results are in
very good agreement with the previously published data
He1 projectiles over the entire energy range investigated

The comparison of He1 with single-ionization cross sec
tions by protons is carried out to show differences emerg
when dressed or bare projectiles are used in the ioniza
process. For protons, the projectile charge is the same fo
impact parameters, while in the He1 case the projectile
charge increases if the impact parameter decreases. Thu
each energy, dressed projectiles should have effec
charges that range between the ion charge and the nu
charge, giving, in principle, a total ionization cross secti
that is larger when compared with the proton case. Howe
if the collision is close enough, there is also a possibility
the projectile electron being stripped along the ionizing c
lision. Because our measurements are constrained to
cases where He1 also appears in the exit channel, this r

TABLE III. Single-, double-, and triple-ionization cross section
of Ar by He1 ~Mb!.

E ~MeV! Ar1 Ar21 Ar31

1.00 229634 3065 6.161.2
1.50 206631 2164 2.360.5
2.00 162624 1763 2.460.5
2.50 132620 1162 1.760.3
3.00 134620 8.561.4 1.560.3
3.50 108616 9.161.5 1.360.3

TABLE IV. Single-, double-, and triple-ionization cross sectio
of Kr by He1 ~Mb!.

E ~MeV! Kr1 Kr21 Kr31

1.00 262639 4768 1462
1.50 179627 2364 9.161.6
2.00 159624 2364 9.261.7
2.50 137621 1863 9.461.7
3.00 133620 1462 5.861.0
3.50 123618 1262 4.760.8
7-4
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striction imposes a decrease of the ionization probability
compared with bare projectiles, for close collisions. This l
effect counterbalances the increase of the ionization p
ability due to the increase of the screened nuclear charge
close collisions and the net result depends both on the
jectile energy and target atomic number. For the He tar
case, the proton data are clearly below our He1 data. Indeed,
as the perturbing effect of the He target over the projec
electron is not too high, the increase of the He1 effective
charge in close collisions results effectively in an increase
the ionization cross section as compared with the pro
case.

The present data for single ionization of Ne are 25–40
smaller than those of DuBois@20# for the energies where
overlap between the two measurements occurs. Those ar
only data available in the literature. In the case of dou
ionization, the results of DuBois are about 50% higher, a
for the triple-ionization channel, the difference between
two sets of data reaches 80% at 2.0 MeV. Although
time-of-flight spectrometer resolution was good enough
completely separate20Ne from its isotope22Ne, the data
shown in Table II represent the sum of both isotopes. T

TABLE V. Single-, double-, triple-, and quadruple-ionizatio
cross sections of Xe by He1 ~Mb!.

E ~MeV! Xe1 Xe21 Xe31 Xe41

1.00 290644 4167 1663 1062
1.50 219633 3265 1463 6.161.3
2.00 175626 2765 1162 5.061.0
2.50 168625 2765 1062 4.961.0
3.00 146622 2464 1062 4.360.9
3.50 132620 2063 8.261.6 4.761.0
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mean recoil-ion charge state ((qsq1/(sq1) is 1.14 at 1
MeV and is weakly dependent on the projectile energy.

In contrast with the He case, the comparison between
Ne single-ionization cross section by protons and He1 shows
a clear superposition of the data in the high-energy reg
with a slight tendency of the latter to be below the form
behavior that can also be observed for the other gases he
than Ne. These close values obtained for the cross sec
by these two projectiles are also given by the theoret
calculations of Kirchner et al. @5,6#, based on the
independent-particle model and considering transitions
volving all active electrons, both from the projectile and t
target. The restriction imposed by the measurements
which the ionization is carried out without electron lo
makes the contribution from collisions with small impa
parameters to be very small. Indeed, the strength of the
turbing field of the heavy target over the projectile increa
sharply towards a high value for decreasing internuclear
tances near the atomic radius. This strong field saturates
electron-loss probability, which becomes nearly equal
unity for impact parameters smaller than the atomic rad
@16,18#. Thus, only distant collisions are allowed if there
no electron loss, causing the effective charge of the projec
for such allowed collisions to be near one. This effect b
comes more evident as the target atomic number increa

The calculations by Kirchner@6# for double and triple
ionization of Ne show the same high-energy trend presen
by the experiments, although the absolute values for
cross sections are higher than our measurements. For
tons, the ionization of theK-shell electrons with a subse
quent Auger decay can give some contribution for dou
and triple ionization at higher energies@5#. This is, however,
a branch essentially fed by close collisions which, as m
tioned above, are very efficient in stripping the projecti
,

,

,

,

s

al
-

FIG. 3. Single- and double-
ionization cross sections of He
single-, double-, and triple-
ionization cross sections of Ne
Ar, and Kr by He1, and single
ionization by protons as a function
of the projectile energy. He1

single ionization: closed squares
this work; open squares, Ref.@20#;
crosses ~1!, Ref. @29#. He1

double ionization: closed circles
this work; open circles, Ref.@20#;
crosses~x!, Ref. @29#. He1 triple
ionization: closed triangles, this
work; open triangles, Ref.@20#.
Proton single ionization: open
stars Ref. @27#. Full lines:
quantum-mechanical calculation
for Ne single, double and triple
ionization by He1, Ref. @6#.
Dashed line: quantum-mechanic
calculations for Ne single ioniza
tion by protons, Ref.@5#.
7-5
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Because of that, the contribution from this mechanism
double and triple ionization of Ne by He1 should be small.

Single-, double-, and triple-direct-ionization cross se
tions of Ar by He1 impact are listed in Table III and als
shown in Fig. 3, together with the data from DuBois@20#. In
the case of single ionization, the present data are about
smaller than the results of DuBois@20#. On the other hand
good agreement is found in the cases of double and tr
ionization. As in the Ne case, the cross sections for sin
ionization by protons and by He1 tend to coalesce at highe
energies.

The partial multiple-ionization cross sections for Kr a
presented in Table IV and plotted in Fig. 3. For the sin
ionization, the values from DuBois@20# are higher than the
present ones. As in the Ar case, for double and triple ion
tion there is a good overall agreement between the two
of data.

In Table V single-, double-, triple-, and quadruple-dire
ionization cross sections of Xe in collisions with He1 pro-
jectiles are presented. To the authors’ knowledge, there
no other measurements available in the literature to com
with. As for the previous gases, the partial multipl
ionization cross sections of xenon (q51 up to 4! decrease
smoothly with the incident projectile energy. The me
recoil-ion charge state is 1.3 in the energy range studie
this work and the single ionization contributes 65% to t
total ion production coming from the direct ionization cha
nel.

A few remarks on previous normalization procedures
pertinent. The cross sections presented by DuBois@20# were
normalized to the total absolute positive-ion production
ported by Ruddet al. @30#. However, the total electron pro
duction cross sections presented by DuBois@20# present a
deviation from the values of Ruddet al. @30#. In an earlier
paper@27#, DuBois reported cross sections for impact en
gies smaller than 100 keV normalized to single electr
capture cross sections. Those cross sections resulted in a
ion production 10–15 % smaller than the values published
Rudd et al. @30#. The measurements were repeated in or
to investigate this discrepancy. The system was indep
dently calibrated without normalization either to single ele
tron capture or to ion production cross sections. The la
measurements confirmed the earlier results and the inco
tency between total electron-production cross sections
mained. There is no clear reason for the origin of such d
ys

. A
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crepancies, but it seems from the analysis of the availa
data, including the present ones, that the total ion produc
obtained by coincidence measurements apparently pres
some discrepancies when compared with noncoincid
charge-collection measurements.

IV. SUMMARY AND CONCLUSIONS

Cross sections for single and multiple-ionization of nob
gases by He1 impact have been measured in the 1.0–3
MeV energy range. The detection efficiencies of the sl
recoil ions were obtained through a careful measuremen
the recoil ions in coincidence with the C31 capture channe
in collisions with rare gases and by comparing these res
with absolute single measurements. The absolute value
the present set of data are independent of any previous m
surements, thus providing an independent reference for s
ies of multielectronic processes in the intermediate-to-h
velocity regime.

Theoretical studies of multiple-ionization by dressed p
jectiles are almost inexistent and we compared our Ne res
with recent quantum mechanical calculations by Kirchn
et al. @5,6#. The comparison shows increasing discrepanc
between theory and experiment as the recoil-ion cha
states increase, but a more conclusive analysis of the rea
for this behavior can be achieved only by considering
other gases. It is also clear from the analysis presented a
that electron loss has a major influence in then-fold target
ionization as the former process strongly affects close co
sions, inhibiting them from contributing to ionization. This
also true for the inner-shell ionization plus Auger decay co
tribution for multiple-ionization because of the predom
nance of close collisions in inner-shell ionization. The co
parison between bare and dressed projectiles with sim
charge is thus a powerful methodological approach towa
the understanding of the dynamics, which is behind clo
and distant collisions in multielectron ionization.
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