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We have measured single- and multiple-target ionization cross sections for the F−+Ar collision system.
Measurements of the final target and projectile charge states were performed in coincidence, separating the
collision channels for single-, double-, and triple-projectile-electron loss and for direct ionization. The studied
velocity region extends from v=0.46 to v=1.45 atomic units. Results are compared with existing H−+Ar data
as well as with Ar multiple ionization by protons, electrons, and antiprotons. For the direct-ionization channel,
ratios for multiple-to-single target ionization are similar to those found for H++Ar collisions. For this channel
multiple ionization is well described by independent single-ionization events by a frozen projectile. For the
projectile-electron-loss collision channels, on the other hand, the correlation between projectile electrons and
target electrons plays an important role. Our data show that the average final charge state of the target, �q�,
increases steeply with the final charge state of the projectile, while an independent-particle model �neglecting
two-center electron-electron correlation� only accounts for small variations of �q�.
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I. INTRODUCTION

The high degree of electronic correlation in negative ions
makes the description of their electronic structures a difficult
task. Nevertheless, considerable progress in this field has
been achieved. As the recent reviews by Andersen �1� and
Pegg �2� show, this was done both experimentally, with a
plethora of very precise data on the spectroscopy of anions
being obtained using electron beams, lasers, and synchrotron
radiation, and theoretically, with refined many-body theories.
The study of collisions between anions and multielectron
targets, on the other hand, has advanced more slowly and
still is a very challenging theoretical problem. This is not
surprising as describing the collision dynamics, including
ionization processes, for multielectronic projectiles and tar-
gets is a tough task even for positive or neutral projectiles,
where the electronic structures are easy to compute �e.g.,
�3–8��. Such a description is even harder for negative-ion
projectiles, where in addition one has to cope with much
more complex wave functions.

Irrespective of the projectile charge state, experimental
cross-section data for simultaneous target and projectile mul-
tiple ionization are needed to shed light on atomic collision
processes, but their availability is small for positive projec-
tiles and almost nil for anionic projectiles �9–11�. Structure-
less projectiles are a special but instructive case, with fewer
collision channels and, for example, the study of multiple
ionization of noble gases by protons provided plenty of in-
formation on the many ionization pathways leading to a cer-
tain final target charge state �12,13�. In particular there are
two competing mechanisms: �a� direct multiple outer-shell
ionization and �b� inner-shell ionization followed by Auger
relaxation, with relative weights that depend on the collision
system and final target charge state, respectively dominating
at intermediate and high velocity collisions. A similar behav-

ior was verified with antiprotons �14,15�. Considering now
atomic projectiles with electronic structure, the electrons add
in complexity to the problem, particularly for negative-ion
projectiles. The projectile electrons can play quite different
roles, depending on the collision channel, and henceforth
comparison between anionic and structureless projectiles
will contribute to clarify the problem.

Multiple ionization of atoms by anions, besides its basic
importance in the physics of collisions, does occur in nature
and their cross sections are important parameters for model-
ing several atmospheric and technological applications. One
example is the use of high-velocity H− beams as a starting
point for producing high-velocity neutral hydrogen beams, a
well-known strategy for plasma heating in magnetically con-
trolled fusion devices �16�. More recently, negative heavy-
ion beams have been proposed as drivers for inertial confine-
ment fusion, as high-velocity neutral projectiles produced by
photodetachment may efficiently impact and heat up a hy-
drogen pellet target in a fusion chamber �17,18�. Detailed
charge-changing cross sections are consequently needed to
estimate the beam attenuation in the residual gases �18,19�.

In the present work, we report on coincidence measure-
ments of Ar multiple ionization by F− projectiles in the 0.46–
1.45 velocity range �atomic units �a.u.� are used for veloci-
ties throughout the paper�. To our knowledge, the only other
anion-argon collision system with charge-state coincidence
cross sections available in the literature is the H−+Ar for
velocities between 4.47 and 8.94 a.u. �10�. There are, how-
ever, electron detachment and target excitation studies for
fluorine anions colliding with noble gases, employing
electron-photon and electron-projectile coincidence tech-
niques �20,21�, but without recording the final target charge
state and at very low velocities �v�0.2 a.u.� where target
ionization is unlikely.

In short, we have measured cross sections �p,q for the
collision channels*Electronic address: mms@if.ufrj.br
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F− + Ar → Fp + Arq + �p + q + 1�e−, �1�

with p=−1 �direct target ionization�, p=0 �single-projectile-
electron loss�, p=1 �double-projectile-electron loss�, and p
=2 �triple-projectile-electron loss�. Regarding the target ion-
ization, final Ar charge states up to q=4 were measured.

The single and multiple ionization of Ar by F− show, for
the direct-ionization collision channel, the same cross-
section proportions observed for H++Ar equivelocity colli-
sions. For the projectile-electron-loss collision channels,
however, the analysis of our data shows a different situation.
There is the correlation between the average number of tar-
get electrons ionized and the number of electrons lost by the
projectile. This effect is stronger than would be expected for
collisions without a direct dynamical correlation between
projectile electrons and target electrons, with the measured
electron emission cross sections obeying a binomial distribu-
tion.

This article is organized as follows. Section II describes
the experimental setup used in the coincidence experiments.
In Sec. II we also present the measured cross sections for
direct ionization and projectile electron loss in coincidence
with the final target charge state. In Sec. III, we compare our
results to Ar multiple-ionization data obtained with H− and
with structureless projectiles. Possible mechanisms for the
creation of multiply charged Ar ions are discussed. In Sec.
IV, a summary and some conclusions are presented.

II. EXPERIMENT AND RESULTS

The experiment was performed at the Universidade Fed-
eral do Rio de Janeiro �UFRJ�, using a 1.7-MV tandem ac-
celerator from National Electrostatics Company. Details
about the experimental setup were published elsewhere �22�,
and only the main features are discussed here.

The accelerator is equipped with a negative-ion source,
based on the sputtering of material from a sample containing
the element of interest. In order to obtain F− ions in the range
of hundreds of keV, the tandem accelerator is used in a con-
figuration slightly different from the usual. The low-energy
anions produced in the ion source are accelerated up to the
high-voltage potential at the center of the accelerator. In col-

lisions within a gas stripper part of the beam is neutralized.
The F0 beam crosses the second tandem stage without addi-
tional acceleration. A second gas cell is used at the exit of the
accelerator to produce the high-energy F− ions in electron-
capture collisions.

The resulting high-energy F− beam is deflected by a
switching magnet towards the collision chamber and crosses
the argon jet, placed in front of a time-of-flight system. The
emerging beam exiting the collision chamber is charge ana-
lyzed by a parallel-plate deflector and detected in a second
chamber placed 2 m apart from the first one. Each projectile
particle hits a biased aluminum plate, ejecting secondary
electrons which are detected by a channeltron. The coinci-
dent detection of the argon recoil ions and the fluorine pro-
jectiles allows one to obtain the desired cross sections. Data
were normalized by previous measurements of Ar ionization
by protons at 1.0 MeV �23�. An independent check for the
normalization procedure, using data for Ar ionization by C3+

ions at 2.0 MeV �24�, agreed within 10% with the proton
normalization.

Our results for multiple ionization of Ar by F− ions �Eq.
�1�� are presented in Tables I–IV and Fig. 1. Figure 1�a�
shows cross sections for single-projectile-electron loss with
target ionization �0,q as a function of projectile energy �q is
the target final charge state�. Data with q values going from
1 up to 4 are shown, using squares for single �q=1�, circles

TABLE I. Multiple ionization of Ar by F− ions: cross sections
for single-projectile-electron loss with target ionization �10−18 cm2�.

E �keV� Ar+ Ar2+ Ar3+ Ar4+

100 25 � 5 3.7 � 0.8 0.40 � 0.08

200 52 � 11 13 � 3 1.6 � 0.4

300 69 � 14 21 � 5 3.3 � 0.7 0.20 � 0.08

400 70 � 14 24 � 5 5.2 � 1.0 0.30 � 0.12

500 77 � 16 26 � 6 5.4 � 1.1 0.90 � 0.36

600 82 � 17 31 � 7 8.4 � 1.7 0.60 � 0.24

700 89 � 18 32 � 7 8.7 � 1.7 0.50 � 0.20

800 99 � 20 35 � 7 11.2 � 2.3 1.4 � 0.6

900 102 � 21 31 � 7 8.2 � 1.7 09 � 0.6

1000 113 � 23 38 � 8 10.5 � 2.1 0.9 � 0.6

TABLE II. Multiple ionization of Ar by F− ions: cross sections
for double-projectile-electron loss with target ionization
�10−18 cm2�.

E �keV� Ar+ Ar2+ Ar3+ Ar4+

200 7.0 � 2.1 4.1 � 1.3 1.1 � 0.4 0.10 � 0.04

300 16 � 5 9.3 � 2.8 2.5 � 0.8 0.20 � 0.08

400 8.1 � 2.5 11 � 4 6.1 � 1.9 0.60 � 0.24

500 32 � 10 22 � 7 8.3 � 2.5 0.80 � 0.32

600 54 � 17 46 � 14 16 � 5 1.6 � 0.7

700 42 � 9 35 � 7 14 � 3 2.1 � 0.9

800 54 � 11 43 � 9 18 � 4 2.6 � 1.1

900 57 � 12 47 � 10 21 � 5 2.9 � 1.2

1000 64 � 13 56 � 12 28 � 6 3.6 � 1.5

TABLE III. Multiple ionization of Ar by F− ions: cross sections
for triple-projectile-electron loss with target ionization �10−18 cm2�.

E �keV� Ar+ Ar2+ Ar3+ Ar4+

200 0.29 � 0.06 0.80 � 0.16 0.45 � 0.09 0.05 � 0.02

300 0.74 � 0.15 1.1 � 0.3 0.70 � 0.14 0.11 � 0.05

400 0.92 � 0.19 2.3 � 0.5 3.0 � 0.6 0.86 � 0.35

500 2.4 � 0.5 4.1 � 0.9 2.9 � 0.6 0.50 � 0.20

600 3.9 � 0.8 6.1 � 1.3 3.7 � 0.8 0.93 � 0.38

700 5.3 � 1.1 8.0 � 1.6 6.8 � 1.4 1.8 � 0.8

800 7.3 � 1.5 12.2 � 2.5 10.4 � 2.1 2.3 � 0.9

900 7.9 � 1.6 15.2 � 3.1 11.9 � 2.4 3.4 � 1.4

1000 11.2 � 2.3 21.2 � 4.3 17.5 � 3.5 4.0 � 1.6

SANT’ANNA et al. PHYSICAL REVIEW A 74, 022701 �2006�

022701-2



for double �q=2�, up triangles for triple �q=3�, and down
triangles for quadruple target ionization �q=4�. Figure 1�b�
shows double-projectile-electron loss �1,q, Fig. 1�c� shows
triple-projectile-electron loss �3,q, and Fig. 1�d� shows direct
target ionization �−1,q �the four figures use the same symbol
notation for the target final charge states�.

Our coincidence measurements alone do not directly pro-
vide information about the collision channels for which the
target remains neutral. In such a case the target does not feel
the electric field applied by the extraction grids and is, there-
fore, not detected. However, complementary measurements,
using the beam-attenuation technique �22�, can be combined
with our data to separate the total projectile-electron-loss
cross sections with and without target ionization. The beam-
attenuation technique allows the determination of the total
projectile destruction cross section �d corresponding to the
sum of single- and all multiple-projectile-electron-loss colli-
sion channels, regardless of the target final charge state:

�d = �
p�−1

�
q

�p,q, �2�

with q summed from 0 to the number of electrons in the
projectile. The collision channel for which the projectile
loses one or more electrons and the target remains neutral
�q=0� is therefore included in those measurements. The cor-
responding cross section �s can be obtained through the sub-
traction

�s = �d − �
p�−1

�
q�0

�p,q. �3�

In the projectile frame of reference, �s is the cross section for
total direct ionization of the negative ion F− by the neutral
projectile Ar. Alternatively, using the target frame of refer-
ence, it is often analyzed as the so-called screening projectile
electron loss, as will be discussed in the following section.
Cross section values for �s are shown in Table V.

III. DISCUSSION

Experimental cross-section data available in the literature
for systems involving anions are very scarce. Regarding the
argon target, to our knowledge, the only available
coincidence-charge-state measurements are for high-velocity
H− projectiles �10�. A comparison of these literature results

TABLE IV. Multiple ionization of Ar by F− ions: cross sections
for target direct ionization �10−18 cm2�. For this collision channel
there is no projectile electron loss.

E �keV� Ar+ Ar2+ Ar3+

100 22 � 7 5.2 � 2.1

200 24 � 8 6.8 � 2.8

300 18 � 6 4.3 � 1.8

400 23 � 5 4.2 � 1.7

500 27 � 6 4.2 � 1.7

600 26 � 6 4.9 � 1.5

700 33 � 7 4.3 � 0.9

800 35 � 7 4.6 � 1.0

900 37 � 8 4.0 � 1.2

1000 45 � 9 5.7 � 1.2 0.62 � 19

FIG. 1. �Color online� Cross sections for multiple Ar ionization
as a function of the projectile energy: squares, single ionization;
circles, double ionization; triangles, triple ionization; down tri-
angles, quadruple ionization. Different projectile collision channels
are shown in different blocks: �a� Single-electron loss, �b� double-
electron loss, �c� triple-electron loss, and �d� direct target ionization.

TABLE V. Cross sections for F− total direct ionization by inci-
dent neutral Ar �10−17 cm2�. For this collision channel there is no Ar
ionization.

E �keV� �s �10−17 cm2�

43 52 � 13

76 55 � 10

100 60 � 6

200 82 � 9

300 92 � 11

400 94 � 11

500 89 � 11

600 82 � 12

700 83 � 13

800 76 � 12

900 74 � 12

1000 67 � 13
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with our F−+Ar intermediate-velocity data is not straightfor-
ward. However, data for electron-impact ionization of Ar of-
fer a connection between the two sets of data and shed light
on the multiple-ionization processes involved. Argon mul-
tiple ionization by protons and antiprotons also pave the way
for our analysis.

It is convenient to open the discussion with the target
single ionization. Figure 2 shows two sets of cross-section
values measured in this work: the direct-ionization �no pro-
jectile electron loss, open squares� and the total �irrespective
of electron loss, solid squares� values. The figure also shows
electron-impact cross sections for single Ar ionization �open
triangles� �25� and H−+Ar direct-ionization cross-section
values �open circles� �10�, with the latter being much lower
than the former, the e−+Ar direct-ionization cross section.
This may seem unexpected at first sight, since it is well
known that the single ionizations of Ar by equivelocity elec-
trons and protons are almost identical at these high velocities
�14�. Nevertheless, one has to keep in mind that anions are
weakly bound if compared to atoms. The ionization of the
atomic target may lead to a large probability of a simulta-
neous ionization of the projectile. For each impact parameter,
the sum of probabilities for concurring collision channels is
limited to 1. Therefore, a very strong channel will partially
inhibit other channels. Thus, one possible explanation for the
low-�−1,1 cross-section values is that the direct-ionization
channel is coupled to a strong projectile-electron-loss chan-
nel. This analysis is reinforced as Fig. 2 shows a remarkable
agreement between electron-impact data �open triangles� and
the high-velocity total Ar+ production by H− �solid circles�:

�Ar+ = �
p

�p,1, �4�

with p running from −1 to 1. This similarity indicates that
the anionic projectile ionizes the target just like a point

charge. In the course of this collision the projectiles are often
also ionized but only the charge of the incoming projectile
seems to be relevant, and not the relative yield for the several
possibilities of the outgoing projectile �H−, H0, and H+�.

A similar situation arises at low velocities, where
electron-impact data �open triangles� also differ significantly
from equivelocity F−+Ar direct-ionization data �open
squares� in Fig. 2, presenting a better agreement with F−

+Ar total data. Electron-impact data present an energy
threshold due to the first Ar ionization potential, while the F−

direct-ionization data increase slightly with velocity but do
not show this behavior. The �Ar+ �solid squares�, obtained for
F−+Ar �from Eq. �4� with p summed from −1 to 2�, show
once more a resemblance to the single ionization Ar by elec-
tron impact �open triangles�. For the projectile electron loss,
the weakly bound anion electron behaves as a quasifree elec-
tron and an energy threshold shows up smoothed, due to the
momentum distribution probability for the projectile elec-
trons �26,27�. The velocity trend of the �Ar+ cross sections
for F−+Ar suggests a merging with the electron-impact data
around the maximum of the electron impact curve. Data for
total single ionization of Ar by antiprotons �15� are also
shown in Fig. 2 �stars�. Antiprotons are heavy compared to
electrons and do not show the velocity threshold around v
=1, highlighting in Fig. 2 the threshold behavior of the F−

data. The above comparisons lead to a picture consistent with
a dominant F−+Ar collision channel for which the correla-
tion between projectile electrons and target electrons plays a
decisive role. This two-center electron-electron correlation
will be discussed later in this section.

Double target ionization presents a quite different picture
from single target ionization, as can be seen when comparing
Figs. 2 and 3. In Fig. 3 we see that, although the relative
behaviors of the high-velocity H− and the low-velocity F−

data are the same as in the previous figure, electron-impact

FIG. 2. �Color online� Cross sections for the production of Ar+

as a function of the projectile velocity: open triangles, electron-
impact ionization �25�; open squares, direct ionization by F−, this
work; open circles, direct ionization by H− �10�; solid squares, total
Ar+ production by F−, this work �Eq. �4��; solid circles, total Ar+

production by H− �10� �Eq. �4��; stars, total Ar+ production by an-
tiprotons �15�.

FIG. 3. �Color online� Cross sections for the production of Ar2+

as a function of the projectile velocity: open triangles, electron-
impact ionization �25�; open squares, direct ionization by F−, this
work; open circles, direct ionization by H− �10�; solid squares, total
Ar2+ production by F−, this work �Eq. �5��; solid circles, total Ar2+

production by H− �10� �Eq. �5��; stars, total Ar2+ production by
antiprotons �15�.
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data are rather different from the total H− and F− data. Cross
sections for high-velocity total Ar2+ production by H− �solid
circles�,

�Ar2+ = �
p

�p,2, �5�

with p running from −1 to 1, are larger than the electron-
impact data �open triangles�. However, it is for the F− pro-
jectile �open or solid squares� that the difference to electron-
impact data is more extreme. All of our F− data are below the
double-ionization electron-impact threshold and nevertheless
our �Ar2+ measured total cross sections �obtained for F−

+Ar from Eq. �5� summed over p from −1 to 2� are up to one
order of magnitude larger than the maximum electron-impact
double-ionization cross section. The same situation holds,
qualitatively, for triple and quadruple Ar ionization by the F−

projectiles, with some degree of correlation between projec-
tile and target final charge states. Antiproton projectiles �15�
�stars�, being heavy, do not present the double-ionization
threshold either. In the overlapping region with our total
double-ionization data �Fig. 3� antiprotons and F− data agree
within the experimental errors.

Figure 4 compares, for 1 MeV �v=1.45 a.u.� F−, the ra-
tios �p,q /�p,1. For any fixed q �the number of target electrons
ionized� the ratios increase with p �the parameter p+1 is the
number of electrons lost by the projectile�. Thus, there is an
enhancement of multiple target ionization when more projec-
tile electrons are lost. There are at least two factors leading to
this enhancement: �i� correlation exclusively via a common
dependence on the collision impact parameter b for target
ionization by the projectile and for the �otherwise indepen-
dent� projectile ionization by the target �5–8,28� and �ii� two-
center electron-electron correlation, directly involving at

least one pair of electrons, with one electron located at the
projectile and the other one located at the target. For both �i�
and �ii� the multielectronic character of the projectile and
target is essential. We proceed in the analysis of these two
factors.

A detailed theoretical description of the studied collisions
involving the correlation between the many-projectile elec-
trons and the many-target electrons is beyond the scope of
this work. We instead model the collisions neglecting two-
center electron-electron correlation and show that an inde-
pendent electron approximation �IEA� �26� is not efficient to
describe simultaneous projectile and target ionization, except
for the direct ionization collision channel.

In an impact parameter formulation the cross section for
ionizing n out of N equivalent target electrons and m out of
M equivalent projectile electron is given by

�m,n
�M,N� =� Pm,n

�M,N��b�2�bdb . �6�

Considering target and projectile ionization as independent
events the probability integrated in Eq. �6� can be approxi-
mated by the product of probabilities

Pm,n
�M,N��b� = Pm

�M��b�Pn
�N��b� . �7�

Within the binomial version of the IEA �26� we have

Pm
�M��b� = 	M

m

pp�b�m�1 − pp�b��M−m �8�

as the probability for ionizing m among the M outer-shell
projectile electrons and

Pn
�N��b� = 	N

n

pt�b�n�1 − pt�b��N−n �9�

as the probability for ionizing n among the N outer-shell
target electrons. The functions pp�b� and pt�b� are, respec-
tively, the probabilities for ionizing a single electron from the
projectile and from the target, while the other electrons are
frozen. For the F−+Ar system, the final projectile charge
state p is equal to m+1 and the final target charge state q is
equal to n. Simple Gaussian functions were used for projec-
tile and target single-electron ionizing probabilities: pp�b�
= pp�0�exp�−b2 /Rp

2� and pt�b�= pt�0�exp�−b2 /Rt
2�. The ad-

justed fitting parameters, at 1 MeV, are Rt=1.45a0, Rp
=3.41a0, pt�0�=0.0828, and pp�0�=0.106. The Hartree-Fock
calculations �29� for the 3p electron of Ar result in �r�
=1.66a0, close to our value for Rt. Our Rp value is about
twice the Rt value. This relation is consistent with a binding
energy for F−, 3.399 eV, much smaller than the Ar binding
energy, 15.76 eV. Exponential probabilities were also tested
with no significative changes in the fitting results. Gaussian
probabilities were preferred because they give slightly better
results in the fitting of the direct ionization cross sections.

Figure 4 shows the ratios of multiple- to single-ionization
cross sections of Ar by 1-MeV F− ions as a function of the
final target charge state. Solid symbols are used for experi-
mental data and open symbols for results obtained from fit-
ting. For 1-MeV F− projectiles, we have performed the fitting

FIG. 4. �Color online� Ratios of multiple- to single-ionization
cross sections of Ar by 1-MeV F− ions as a function of the final
target charge state �this work�. Solid symbols are used for experi-
mental data and open symbols for results obtained from fitting de-
scribed in the text: squares, direct ionization; circles, single-
projectile-electron loss; triangles, double-projectile-electron loss;
down triangles, triple-projectile-electron loss. Lines are just guides
to the eye.
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procedure, adjusting the cross sections for target direct ion-
ization �single, double, and triple� and total projectile direct
ionization, using a least-squares method. Using Eqs. �6�–�9�,
fitted cross sections for all the measured collision channels
are then determined. This approach works well for the direct-
ionization channel, and the corresponding experimental data
�solid squares� and fitted values �open squares� are indistin-
guishable in Fig. 4.

The measured ratios of multiple-to-single target ioniza-
tion, for each q �q=2, 3, or 4, in Fig. 4�, increases steeply
with p �final projectile charge state�. The ratios obtained
from the fitting procedure also increase, but only slightly.
Therefore, the correlation via impact parameter dependence
is present but does not account for the high degree of corre-
lation shown by the experimental data. Two-center electron-
electron correlation, which was not taken into account in the
binomial modeling, is a possible explanation for the en-
hancement in cross sections shown in Fig. 4. In order to
highlight the limited role of correlation via impact parameter,
we formally define the average �q��p� as

�q��p� = �
q

q�p,q��
q

�p,q, �10�

with q running from 1 to 4, and plot, in Fig. 5, the values of
�q��p� against the number of electrons lost by the projectile,
p+1. Figure 5 shows that �q��p� increases with approximately
uniform steps as the number of electrons lost by the projec-
tile increases, for experimental data as well as for values
extracted from fitting. However, the fitting values increase
much slower, clearly outside the experimental error bars.

Our measurements cannot point clearly to a detailed
model for the collision dynamics. However, Figs. 4 and 5
suggest that the electrons lost by the projectile can contribute
to target multiple ionization, for example, by either �i� inde-
pendently ionizing different target electrons or �ii� depositing
together more energy than just one electron could do and

therefore facilitating the ejection of several target electrons.
To gain further insight into the interaction between the

projectile electrons and the target electrons we compare the
projectile-electron-loss channels with and without target ion-
ization. This latter collision channel is sometimes called
screening projectile electron loss �or projectile elastic loss�
since, in a simplified picture, the field of the target nucleus,
screened by its electrons, ionizes the projectile with no target
excitation or ionization �26,27�.

When two-center electron-electron correlation plays a de-
cisive role, projectile electron loss takes place with markedly
different dynamics, sometimes called the antiscreening loss
process. Here the projectile-electron–target-electron interac-
tion is responsible for the projectile electron loss. The target
electron is the ionizing agent of the projectile and, due to the
energy and momentum transfer to the projectile, has a high
probability of being ionized simultaneously with the projec-
tile electron. Thus, coincidence measurements for projectile
and target final charge states can, at least partially, determine
experimentally the antiscreening cross section through the
sum of cross sections �p,q for which the target is ionized
�30–32�. The interaction between projectile electrons results
in a velocity threshold for the antiscreening process, like in
the case of target ionization by electron impact �26,27�.
There is, though, a softening of the velocity threshold when
compared to the electron-projectile threshold, due to the mo-
mentum distribution of the projectile electrons.

Figure 6 shows F−+Ar projectile total-electron-loss cross
sections, for each target final charge state q, summed over
single-, double-, and triple-projectile-electron loss �p from 0
to 2�. Projectile total electron loss without target ionization
�q=0, solid circles, data from this work combined with data
from Ref. �22� according to Eq. �3�� clearly dominates elec-
tron loss over all studied velocity range. This result differs

FIG. 5. �Color online� Average number of target electrons ion-
ized, �q� �Eq. �10��, as a function of the projectile final charge state,
p+1, for 1-MeV F−+Ar collisions: solid squares, experimental
data; open squares; results from fitting described in text.

FIG. 6. �Color online� Cross sections for F−+Ar projectile elec-
tron loss as a function of projectile velocity �this work, combined,
for q=0, with data from Ref. �22��. For each target final charge state
q, cross sections are summed over single-, double-, and triple-
projectile-electron loss �p from 0 to 2�: solid circles, projectile elec-
tron loss without target ionization �q=0�; open squares, single �q
=1�; open circles, double �q=2�; open triangles, triple �q=3�; open
down triangles, quadruple �q=4� target ionization.
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from the case of positive projectiles, for which there is a
strong coupling with the collision channel for electron cap-
ture by the projectile �33�. The velocity threshold shows up
for all charged final target states except for q=0, consistently
with the screening-antiscreening picture of projectile elec-
tron loss.

Figure 7 compares F−+Ar projectile-electron-loss cross
sections �summed over p from 0 to 2� for collision channels
with target ionization �summed over q from 1 to 4, solid
squares� and without target ionization �q=0, solid circles�.
The channel without target ionization corresponds to the
screening mechanism �except for possible contributions from
simultaneous projectile loss and target excitation, with pos-
terior target fluorescent decay�. This channel clearly domi-
nates the total electron loss in the intermediate–to–low-
velocity range. Figure 7 also shows high-velocity H−+Ar
projectile-electron-loss cross sections �summed over p from
0 to 1� for collision channels with target ionization �summed
over q from 1 to 2, open squares� and without target ioniza-
tion �q=0, open circles� �combining Refs. �10,34��. Total in-

elastic cross sections for electron impact are also shown �35�.
The e−+Ar data emphasize the softened threshold behavior
of electron loss with target ionization. All the high-velocity
data presented in Fig. 7 show the same velocity dependence.
The high-velocity trend of projectile electron loss without
target ionization is also consistent with the same dependence.
There is obvious need of experimental and theoretical work,
in the velocity gap between F− and H− data, in order to study
the transition from the intermediate- to the high-velocity be-
havior of anion projectile electron loss.

IV. SUMMARY AND CONCLUSIONS

We have presented cross sections for single and multiple
ionization of Ar by the anionic projectile F−. Coincidence
measurements using time-of-flight ion charge-state analysis
allowed the determination of individual target ionization
cross sections for single-, double-, and triple-projectile-
electron loss and for direct target ionization. Our measure-
ments are in the intermediate-velocity range, from
0.46 to 1.45 a.u. To our knowledge, the only other charge-
state coincidence measurements available in the literature for
an anion plus Ar collision system are high-velocity H−+Ar
data. Comparison between our F− data and data for other
projectiles �H−, H+, electrons, and antiprotons� incident on
Ar gave insight into the mechanisms by which anion projec-
tiles produce multiple ionization of an atomic target.

The role played by two-center electron-electron correla-
tion is discussed and shown to be relevant for all the colli-
sion channels involving target ionization with simultaneous
projectile ionization. For the direct ionization collision chan-
nels a simple independent-particle model is sufficient to de-
scribe the set of measured cross sections. For the projectile
electron loss with target ionization, however, our data show
that this is not the case. The high degree of two-center
electron-electron correlation is highlighted in this work
through analyzing the dependence of the average charge pro-
duced in the target as a function of the number of electrons
lost by the projectile.
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