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Electron loss and single and double capture of C31 and O51 ions in collisions with noble gases

W. S. Melo,* M. M. Sant’Anna, A. C. F. Santos, G. M. Sigaud, and E. C. Montenegro
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Cross sections for the processes of projectile electron loss and single and double capture of C31 and O51

projectile ions impinging on He, Ne, Ar, Kr, and Xe targets were measured in the energy range of 1.0–3.5
MeV. The measured cross sections present a strong saturation as the target atomic number increases, for all the
systems and collision channels studied. The single-capture data are compared with calculations based on a
semiclassical model and on the eikonal approximation, both presenting a good general agreement with the
experiment. In the case of electron loss, the observed saturation is in accordance with previous measurements
for He1 projectiles, and is present in the first-order calculations for the antiscreening contribution but not in
those for the screening. This is due to the fact that, for heavy target atoms, the screening mode can be highly
nonperturbative. Calculations for the screening contribution to the electron loss, based on the free-collision
model, together with first-order results for the antiscreening, are compared with the experimental data, pre-
senting good agreement in most cases. However, this comparison also shows that one has to include other
competitive channels in order to give a better description of the collision.@S1050-2947~99!04208-0#

PACS number~s!: 34.50.Fa, 52.20.Hv
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I. INTRODUCTION

In collisions between multiply charged dressed ions a
neutral atoms there is a multiplicity of collision channe
acting simultaneously, which result in single- or multipl
electron transitions within and between the participating s
tems. Some of these channels include the single or mult
ionization of the projectile and of the target atom, fo
lowed — or not — by the capture of one — or more —
target electrons by the incoming ion.

The simultaneous occurrence of these processes ren
difficult a comprehensive theoretical description of the co
sion. Only in the simplest cases can single-channel anal
be used to describe properly the experimental results. H
ever, for a rather large variety of combinations of collisi
partners and velocities, the probabilities for several of th
processes are of the same order of magnitude and, thus,
to be considered simultaneously, since they are no lon
independent. This is the case, for example, when one w
to study the projectile electron loss for such a combination
projectile charge state and velocity so that the capture ch
nel may become very important as compared to the loss
this situation, the coupling of these channels has to be ta
into account for a correct description of the problem@1#.
There are cases where even the double-capture channe
play an important role for sufficiently low velocities. Thus,
detailed understanding of each of these mechanisms is m
datory to a satisfactory description of the collision.

In the case of projectile electron loss, it has been w
established that this process is governed by two compe
mechanisms, the so-called screening and antiscreening
fects @2,3#, whose behavior for light targets is convenien
described by first-order models, such as the plane-wave B
approximation~PWBA! @3,4#. This does not hold, however
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for heavier targets, when the dominantZ2
2 dependence of the

screening contribution predicted by the PWBA for the to
cross section, whereZ2 is the target atomic number, is no
confirmed by the experiment as, for example, in the d
presented by Sant’Annaet al. @5#. These authors measure
total electron-loss cross sections for He1 projectiles as a
function of Z2 and observed a strong saturation forZ2>10,
which is present in the first-order calculations for the an
screening contribution but not in those for the screening.

More recently, Sigaudet al. @6# also reported on a simila
saturation with increasing target atomic number in measu
ments of the cusp yields of the electron loss to the continu
~ELC! process for 1.0 MeV He1 projectiles impinging upon
atomic and molecular gaseous targets.

Such a saturation for the screening was already obse
experimentally in the excitation of highly charged projectil
in collisions with neutral targets@7–12#. Several theoretica
attempts to describe those experiments, using either non
turbative or second-order approaches, have been m
sometimes quite successfully@7,8,11–16#.

The failure of first-order perturbative treatments of t
screening contribution to the electron loss of dressed ions
heavy neutral atoms is due to the fact that, in this case, th
can be a significant contribution from collisions occurring
small impact parameters. This implies that the interact
between the projectile active electron and the target n
leus—screened by the target electrons to different degree
can be highly nonperturbative@17#. On the other hand, the
antiscreening contribution can be conveniently treated p
turbatively since it is due to a sum of several electro
electron interactions@3#.

Nonperturbative calculations, using the coupled-chan
method, for the screening contribution to the total electro
loss cross sections were presented by Grandeet al. @18# for
the He1 data of Ref.@5#. These calculations were only pa
tially successful since, although a great improvement w
obtained when compared to first-order results, this mo
1124 ©1999 The American Physical Society
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PRA 60 1125ELECTRON LOSS AND SINGLE AND DOUBLE CAPTURE . . .
was still unable to explain completely the experimental d
for the heaviest targets.

In a recent paper, Voitkivet al. @19# compared the sam
data of Ref.@5# with calculations using the sudden approx
mation. These authors showed the importance of the ta
ionization channel to a more correct description of t
He1-loss process. However, there are no calculations as
phisticated as these applied to the electron loss of more c
plex, multielectron projectile ions.

In the case of the single-capture channel, a similar s
ration was also reported by Anholtet al. @20# for C ions, with
energies ranging from 10 to 42 MeV, colliding with gaseo
and solid targets. These authors compared their data
calculations based on the eikonal approximation@21–23#,
with reasonably good results. However, the theoretical
scription of the capture process in the low- to intermedia
velocity regime — i.e., near the limit of validity of perturba
tive approaches — is not an easy task.

In this work total cross sections for the projectile electro
loss and single- and double-capture processes in collision
C31 and O51 with He, Ne, Ar, Kr, and Xe targets, with
energies ranging from 1.0 to 3.5 MeV, are reported. For
projectile-loss channel, the main objective is to study
dependence of the total cross sections with the target ato
number in order to have a more detailed insight into the r
played by screening and antiscreening contributions bey
the perturbative limit. For this purpose, calculations for t
screening contribution using the free-collision model@24# are
presented and, together with first-order calculations for
antiscreening@25#, are compared with the electron-loss da
including the previous ones for He1 projectiles from Ref.
@5#. These calculations were also performed for He1 and
C31 projectiles impinging upon atomic hydrogen targets a
are compared with experimental results recently reported
Sant’Annaet al. @26#. In the case of the single capture, th
data presented here are compared to two different mod
the eikonal approximation@23# and the semiclassical mode
of Ben-Itzhaket al. @27#.

The paper is arranged as follows: in Sec. II the expe
mental setup and data analysis are briefly described and
experimental results are presented; in Sec. III the calc
tions for the screening and antiscreening contributions to
electron loss are presented and compared with the dat
Sec. IV the calculations for the single-capture channel
compared to the data; and, finally, in Sec. V a summary of
the work is presented. In the Appendix, the analytical expr
sion, based on the semiclassical model of Ben-Itzhaket al.
used in the single-capture calculation is deduced.

II. EXPERIMENT

The C31 and O51 beams, with energies ranging from 1
to 3.5 MeV, were obtained from C1 and O1 or O21 beams,
provided by the 4.0 MV Van de Graaff accelerator of t
Catholic University of Rio de Janeiro, which passed throu
a gas stripper. The experimental setup is essentially the s
used in Refs.@5,28,29# for singles measurements, so th
only its most important features will be described here. T
beam is charge and energy analyzed by two magnets be
entering the experimental beamline, where it is collimated
a spot smaller than 1 mm2. Great care was taken to reduc
a
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slit scattering. After traversing the target chamber, which i
gas cell with an effective length of 7.2 cm@30#, where it
collides with high-purity~better than 99.999%! He, Ne, Ar,
Kr, and Xe gas targets, the beam was charge-state anal
by a third magnet. Four charge states, corresponding to
loss and single- and double-capture channels, besides th
pinging charge state, were detected in ax-y position-sensitive
microchannel plate detector, located;4.5 m downstream
from the collision chamber. This detector was also used
locate any spurious beams that might be created by cha
changing collisions of the main beam with the residual g
inside the beamline before the gas cell. In order to sepa
these undesired spurious beams from the main one, the b
passes through a cleaning magnet, located at;0.2 m up-
stream from the center of the collision chamber.

Total absolute electron-loss and single- and doub
capture cross sections were obtained by the growth-
method@1#. The single-electron capture is the most importa
charge-changing channel for these projectiles at the low
velocities considered here — the cross sections may re
some thousands of Mb. Thus, the absolute pressures us
the gas cell, measured by an absolute capacitive manom
~MKS-Baratron!, were always smaller than 2.0 mTorr t
guarantee single-collision conditions.

The experimental results are shown in Tables I–VI for t
projectile electron-loss~Tables I and II! and single-capture
~Tables III and IV! and double-capture~Tables V and VI!
channels, as functions of the projectile energy and the ta
atomic number, for the C31 and O51 projectiles, respec-
tively. The main sources of uncertainties are the impurities
the gas targets due to the gas-admittance system (;1
23%), the determination of the length of the gas ce
(;5%),counting statistics (;5%), andinterference of spu-
rious beams (;1%).

III. TOTAL ELECTRON LOSS AND THE TARGET
ATOMIC NUMBER: SCREENING, FREE-COLLISION

MODEL, AND ANTISCREENING

The calculations for the screening contribution to the el
tron loss were carried out using an extension of the fr

TABLE I. Total electron-loss cross sections for C31 ~Mb!.

E
~MeV! He Ne Ar Kr Xe

1.00 6.1460.74 12.061.4 13.661.6 7.2460.87 21.262.5
1.50 12.061.4 17.762.1 37.564.5 21.362.5 50.066.0
2.00 15.561.9 27.863.3 66.868.0 45.365.4 78.969.5
2.50 16.762.0 39.664.8 82.369.9 72.868.7 97.4611.7
3.00 16.662.0 47.865.7 87.1610.5 86.6610.4 105613
3.50 16.962.0 51.266.1 87.4610.5 95.9611.5 110613

TABLE II. Total electron-loss cross sections for O51 ~Mb!.

E
~MeV! He Ne Ar Kr Xe

2.00 1.3460.16 0.8260.10
2.50 2.2460.27 2.3760.28 4.3560.52 2.5460.30 5.0460.60
3.00 2.7260.33 3.5060.42 10.161.2 5.2260.63 12.861.5
3.50 3.7060.44 5.7860.69 18.562.2 10.461.2 19.862.4



is
s

n
y
s
s
rg
tr
th
c
ne
t
at

e
ity
th

lso
lic
tri
ct
w

ie

th
ti

en-
e
in

e
e
n

n
und
re-
ree
ini-
s
are

e

the

ion

oss

or

1126 PRA 60MELO, SANT’ANNA, SANTOS, SIGAUD, AND MONTENEGRO
collision classical-impulse approximation@31# presented by
Riesselmannet al. @24#. These last authors applied th
model to evaluate the cross sections for the electron los
H(1s) and the single- and double-electron loss of H2 pro-
jectiles by gaseous atomic targets. Here an extension
heavier projectiles is presented. In this model, the electro
the projectile is treated as a free electron, whose velocit
the vector sum of the velocity of the projectile center of ma
and that of the electron bound to the projectile. The ba
assumption is, then, that the electron is scattered by a ta
atom with the same scattering cross section of a free elec
with that added velocity. The momentum transferred to
projectile-active electron during the collision must be su
that it acquires enough energy to be ionized. Thus, for ki
matic reasons, the free-electron scattering angle mus
larger than a critical value, which depends on the kinem
quantities of the collision.

In Ref. @24# a further restriction is made, that is, that th
calculations be limited to values of the projectile veloc
which are greater than the root-mean-square velocity of
active electron in the projectile. This approximation is a
used here, and leads to an important feature of the app
tion of the model to the calculation of the screening con
bution, since it presents a threshold at the same proje
velocity where the onset for the antiscreening occurs. Ho
ever, it also limits the application of the model to energ
greater than 0.4, 1.4, and 4.0 MeV for the He1, C31, and
O51 projectiles, respectively.

Following the notation of Ref.@24#, and within the high-
velocity approximation cited above, the expression for
electron-loss cross section as a function of the projec
center-of-mass velocity in the laboratory frame,vN , Q(vN),
in the free-collision model can be written as

TABLE IV. Total single-electron capture cross sections for O51

~Mb!.

E
~MeV! He Ne Ar Kr Xe

1.00 11176134 9376112 19446233 26676320 27446329
1.50 754690 716686 11206134 15556187 15666188
2.00 498660 545665 8576103 9886119 10656128
2.50 341641 433652 681682 821696 755691
3.00 199624 394647 402648 526663 517662
3.50 139617 314637 357643 417650 415650

TABLE III. Total single-electron capture cross sections for C31

~Mb!.

E
~MeV! He Ne Ar Kr Xe

1.00 346642 465656 763692 9656116 10046120
1.50 176621 264632 405649 440653 416650
2.00 103612 199624 205625 235628 230628
2.50 66.568.0 133616 140617 140617 127615
3.00 38.364.6 100612 72.968.7 86.5610.4 96.8611.6
3.50 29.763.6 74.168.9 42.265.1 42.165.1 61.667.4
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2 (
j
E

0

p

sinbdbE
0

2p

dfE
uC

p

s j~vN ,u!sinudu,

~1!

whereu is the scattering angle of the free electron,uC is the
critical angle that appears from the kinematic condition m
tioned above,b is the angle between the velocities of th
projectile in the laboratory frame and of the active electron
the projectile frame, andf is the angle between the plan
formed byvW N and the electron initial velocity and the plan
formed byvW N and the electron final velocity, all velocities i
the laboratory frame.s j (vN ,u) is the differential electron-
scattering cross section for the processj at an angleu for an
electron with velocityvN incident on a given target. Since i
the screening mode the target electrons remain in the gro
state, the application of this model to that process is
stricted to considering only the elastic scattering of the f
electron. This approximation also takes for the electron
tial velocity, not the distribution of the electron velocitie
about the projectile nucleus, but rather the root mean squ
of this distribution,urms. All these velocities and angles ar
schematically depicted in Fig. 1.

The evaluation of the cross section using Eq.~1! can be
very time consuming, mainly due to the dependence of
critical angleuC on the anglesb and f @24#. In order to
further simplify the calculations, we have used the expans
mentioned in Ref.@24# for urms!vN , so that the critical
angle can be rewritten as

uC5
urms

vN
@~11x2!1/22x#, ~2!

where x5sinb cosf. Substituting this result into Eq.~1!,
one obtains for the screening contribution to the electron-l
cross section in the high-velocity approximation,sscreen,

TABLE V. Total double-electron capture cross sections for C31

~Mb!.

E
~MeV! He Ne Ar Kr Xe

1.00 37.664.5 56.066.7 111613 138617 103612
1.50 12.661.5 28.463.4 30.163.6 35.664.3 22.562.7
2.00 5.3960.65 15.461.8 8.7961.05 9.4061.13 10.661.3
2.50 1.8660.22 6.4760.78 3.5560.43 4.3760.52 4.0760.49
3.00 0.7960.09 3.7060.44 0.9960.12 1.7760.21 1.5960.19

TABLE VI. Total double-electron capture cross sections f
O51 ~Mb!.

E ~MeV! He Ne Ar Kr Xe

1.00 124615 226627 264632 369644 385646
1.50 92.5611.1 121615 116614 161619 158619
2.00 71.068.5 101612 127615
2.50 34.564.1 96.5611.6 52.166.3 66.468.0 97.5611.7
3.00 12.961.5 81.569.8 21.262.5 32.563.9 68.568.2
3.50 7.4160.89 59.567.1 16.462.0 30.063.6 41.365.0
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sscreen~vN!5pE
21

1

dxE
uC(x)

p

sel~vN ,u!sinudu, ~3!

where sel (vN ,u) is the differential cross section for th
elastic scattering of a free electron with velocityvN . The
functions used in the last integration in Eq.~3! are interpo-
lations of the elastic differential electron-scattering cross s
tions calculated by McCarthyet al. @32# using an optical
model.

In Fig. 2 the total experimental electron-loss cross s
tions of He1 by Ar from Ref. @5# as a function of the colli-
sion energy are compared with the total calculated cross
tions, which are the sum of the screening contributi
calculated using Eq.~3! above, with the antiscreening con
tribution calculated using the PWBA extended sum-r
method of Montenegro and Meyerhof@25# ~thick solid line!.
Also shown in Fig. 2 are the total cross sections with
screening contribution calculated using the coupled-chan
method from Ref.@18# ~dotted line! and the sudden approx
mation @19# ~thick dashed line!.

Several points can be noted in this figure. First, the res
obtained in the free-collision model are close to those
tained using two other nonperturbative approaches,
coupled-channel method and the sudden approximation.
ond, the calculations for the screening contribution based
these three models are in good agreement with experim
within experimental uncertainties. This good agreement a
occurs for the electron loss of He1 by the other targets from
Ref. @5#.

However, some differences between these three mo
and the data can be observed. In the sudden approximatio
Ref. @19#, the possibility of multielectronic transitions occu
ring in the target atom concomitantly with the projectile lo
is taken into account naturally. The constraint of the noni
ization of the target atom during the collision is assumed
both the free-collision model and the coupled-chan
method, so that the inclusion of the target ionization chan
must be madead hoc. This can be done, for instance, b
combining the different collision channels within the ind
pendent electron model~IEM! @33#. Following this proce-
dure, one can obtain the total loss cross section, including
target ionization channel, approximately as@19#

s loss
corr5@12PI~0!#sscreen1santi, ~4!

wherePI(0) is the target ionization probability at zero im
pact parameter andsanti is the antiscreening contribution t

FIG. 1. Schematic view of the velocities and angles used in
free-collision model~see text!.
c-
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he

the total loss cross section. The ionization probabilities w
estimated from the semiclassical calculations of Hanst
et al. @34# for protons, with aZeff

2 scaling for the He1 pro-
jectile, whereZeff is a kind of effective charge of the He1

‘‘seen’’ by the target electrons. The value ofZeff
2 was ob-

tained by fitting Eq.~4! to the complete set of experiment
data. In Ref.@19# this value was 1.8, while in the case of th
free-collision model, a value of 1.6 was found. The correc
cross sections appear in Fig. 2 as the thin solid line~free-
collision model! and the thin dashed line~sudden approxi-
mation @19#!.

It can be seen that, with the inclusion of the target ioniz
tion channel, better agreement with experiment is obtain
both qualitatively and quantitatively. But discrepancies s
remain for the lowest energies. This is due to the fact that
semiclassical calculations of Hansteenet al.are not expected
to be realistic for low projectile velocities. Also, the simpl
fication of using a single, average value for the projec
effective charge for the whole energy and target ranges m
not be correct.

The total experimental electron-loss cross sections
C31 and O51 on Ar are shown in Figs. 3 and 4, respective
as a function of the projectile energy, together with calcu

e

FIG. 2. Total electron-loss cross sections of He1 by Ar as a
function of the projectile energy. Experiment: triangles, Ref.@5#.
Theory: thick-solid line, sum of screening@this work, Eq.~3!# and
antiscreening~Ref. @25#! without correction for the target ioniza
tion; thin solid line, sum of screening@this work, Eq.~3!# and an-
tiscreening~Ref. @25#!, with correction for the target ionization@Eq.
~4!#; thick dashed line, sum of screening~sudden approximation
Ref. @19#! and antiscreening~Ref. @25#! without correction for the
target ionization; thin dashed line, sum of screening~sudden ap-
proximation, Ref.@19#! and antiscreening~Ref. @25#!, with correc-
tion for the target ionization@Eq. ~4!#; dotted line, sum of screening
~coupled-channel method, Ref.@18#! and antiscreening~Ref. @25#!.
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tions using Eq.~3! and the PWBA for the screening contr
bution, both added to the PWBA extended sum-rule met
of Montenegro-Meyerhof@25# calculations for the anti-
screening. The experimental values obtained by Anholtet al.
@20# ~10-MeV C31) and Bomanet al. @35# ~16-MeV O51)
are also included in Figs. 3 and 4, respectively. As can
readily seen from these figures, the low-energy results do
agree with the experiment, as they do in the He1 case, since
in these velocity ranges, besides the target ionization,
other competitive channel occurs in the collision, name
the capture of a target electron by the projectile. This f
will be discussed in more detail later. Also, the veloc
ranges of our experimental data lie close to the validity lim
for the application of the free-collision model, mainly for th
O51 projectile. But for the high-energy data, the agreem
is very good for both projectiles.

The improvement of the free-collision model when co
pared to first-order calculations is better shown when
behavior of the total electron-loss cross sections with
target atomic number is analyzed. This is done in Figs. 5
and 7 for He1 ~collision energy of 2.5 MeV!, C31 ~collision
energy of 3.0 MeV!, and O51 ~collision energy of 3.5 MeV!,
respectively. Also included are the electron-loss cross s
tions of the He1 and C31 projectiles by atomic hydrogen
targets from Ref.@26#. The theoretical total electron-los
cross sections calculated using Eq.~3! ~thick solid line! and
the PWBA ~screening! ~dash-dotted line! are also presente
in all these figures. In the He1 case, comparison is also mad
with total cross sections with the screening contribution c
culated using the coupled-channel method from Ref.@18#

FIG. 3. Total electron-loss cross sections of C31 by Ar as a
function of the projectile energy. Experiment: triangles, this wo
square, Ref.@20#. Theory: dashed line, sum of screening~PWBA!
and antiscreening~Ref. @25#!; solid line, sum of screening@this
work, Eq. ~3!# and antiscreening~Ref. @25#!.
d

e
ot

n-
,
t

s

t

-
e
e
6,

c-

l-

~dotted line! and the sudden approximation@19# ~thick
dashed line!. In both these works calculations are presen
only up to the Kr target. In all the cases, the antiscreen
contribution was calculated using the extended sum-r
method@25#. They are shown in Figs. 6 and 7 for C31 and
O51, respectively. It should be mentioned that the lines r
resenting the theoretical values are only to guide the e
since they join the points were the calculations were eff
tively performed~the vertices appearing in these lines!.

First of all, one observes that the same saturation wh
appears in the experiment for the He1 projectile is also
present for C31 and O51. Second, as observed in Ref.@5#,
this saturation occurs in the first-order calculations for
antiscreening contribution, but not in those for the screen
in all cases. It can be noted that the calculations for
screening using the extended free-collision model@Eq. ~3!
above# provide total cross sections which are again close
the ones obtained in the sudden approximation@19# and with
the coupled-channel method@18#. The quantitative agree
ment with the experimental data is very good for the H1

projectile up to the Ar target. For heavier targets, some d
crepancies appear, which can reach 45% for Xe. As poin
out before, these can be attributed to the constraint of
nonionization of the target atom during the collision. Wh
this correction is included in the calculations, better agr
ment with experiment is obtained, as can be seen in Fig
for the free-collision model~thin solid line! and the sudden
approximation~thin dashed line!.

For the heavier — and higher-charged — C31 and O51

ions, the discrepancies between the calculations in the f

;
FIG. 4. Total electron-loss cross sections of O51 by Ar as a

function of the projectile energy. Experiment: triangles, this wo
circle, Ref. @35#. Theory: dashed line, sum of screening~PWBA!
and antiscreening~Ref. @25#!; solid line, sum of screening@this
work, Eq. ~3!# and antiscreening~Ref. @25#!.
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PRA 60 1129ELECTRON LOSS AND SINGLE AND DOUBLE CAPTURE . . .
collision model and the experiment in the low-velocity r
gion are larger: they lie between 35% and 80% for C31 and
factors of between 3 and 10 for O51. These discrepancies ar
in contrast with the good agreement presented in the cas
the He1 and also of the H0 and H2 projectiles @24#. As
mentioned before, they are due to the occurrence of o
competitive collision channels and will be discussed in
end of this section.

The most important feature concerning the results p
sented in Figs. 5–7 is that the behavior of the screen
contribution with increasing target atomic number when
extended free-collision model is used is the same as thos
the experimental data and of the first-order calculations
the antiscreening, presenting the same saturation with
creasing target atomic number. This was also observed
Riesselmannet al. in the electron-loss cross sections of bo
H(1s) and H2 projectiles by noble gases@24#. The fact that
both the screening and antiscreening contributions — a
consequently, the total cross section — present the s
saturation with the target atomic number is remarkable, si
these mechanisms have different origins and their dep

FIG. 5. Total electron-loss cross sections of 2.5-MeV He1 as a
function of the target atomic number. Experiment: triangles, R
@5#; open circle, Ref.@26#. Theory: dash-dotted line, sum of scree
ing ~PWBA! and antiscreening~Ref. @25#!; thick solid line, sum of
screening@this work, Eq.~3!# and antiscreening~Ref. @25#! without
correction for the target ionization; thin solid line, sum of screen
@this work, Eq.~3!# and antiscreening~Ref. @25#!, with correction
for the target ionization@Eq. ~4!#; thick dashed line, sum of screen
ing ~sudden approximation, Ref.@19#! and antiscreening~Ref. @25#!
without correction for the target ionization; thin dashed line, sum
screening~sudden approximation, Ref.@19#! and antiscreening~Ref.
@25#!, with correction for the target ionization@Eq. ~4!#; dotted line,
sum of screening~coupled-channel method, Ref.@18#! and anti-
screening~Ref. @25#!. The lines are only to guide the eye.
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dences on the impact parameter of the collision are ra
different within first-order models@3#. A possible explana-
tion for the similar behavior observed here is the followin
The extended free-collision model applied to the screenin
based on the elastic cross sections for the~free! electron
scattering by the target nucleus. However, as mentioned
fore, the requirement that the momentum transferred to
projectile-active electron during the collision must be su
that it acquires enough energy to be ionized implies that,
kinematic reasons, the free-electron scattering angleu ~see
Fig. 1! must be larger than a critical value, which is th
lower limit for the integration on the scattering angle. Th
critical angle — which, according to Eq.~2!, has a minimum
value given by (urms/vN)(A221) — is equivalent to con-
sidering an upper limit for the impact parameters which co
tribute effectively to the screening. The electron-scatter
differential cross sections calculated by McCarthyet al. @32#
present deep minima at some given angles, which imp
that the value ofuC with respect to these minima is ver
important. Also, the behavior of these differential cross s
tion for a given electron velocity is such that they are lar
for small scattering angles, decreasing very rapidly as
angle increases. But the values of the cross sections at s
angles for the Ar, Kr, and Xe targets are not very differe
from each other@32#, varying at most linearly withZ2. This
means that, if the critical angle is small — which is the ca
when the collision velocity is greater than the root-mea
square velocity of the projectile active electron — the in

f.

f

FIG. 6. Total electron-loss cross sections of 3.0-MeV C31 as a
function of the target atomic number. Experiment: triangles, t
work; open circle, Ref.@26#. Theory: dash-dotted line, sum o
screening~PWBA! and antiscreening~Ref. @25#!; solid line, sum of
screening@this work, Eq. ~3!# and antiscreening~Ref. @25#!. The
antiscreening calculations from Ref.@25# are shown as the dotte
line. The lines are only to guide the eye.
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gration inu of the differential cross section in Eq.~3! may
give approximately the same result, irrespective of wh
target atom is considered, since the contributions fr
smaller angles~i.e., large impact parameters! to the integrals,
which are the dominant ones, are approximately the sa
This does not happen in the PWBA calculations for t
screening, where the dominant contributions come fr
small impact parameters, which implies that the projec
electron ‘‘sees’’ a weakly screened target nucleus, so tha
cross sections vary with the target atomic number asZ2

n ,
with 1<n< 2.

The rather large differences between the cross sect
calculated within the free-collision model and the experim
for the electron loss of C31 and O51 in the low-velocity
regime are mainly due to the fact that two other proces
compete as alternative exit channels to the collision. Th
are direct single or multiple ionization of the target atom a
the single or multiple capture of target electron~s! by the
projectile. As can be seen from Tables III–VI, in the veloc
range considered here, the single capture can be up to
— and the double capture up to two — orders of magnitu
larger than the loss cross sections. The importance of
direct ionization channel was already shown here for
He1 projectile. Coincidence measurements of the direct i
ization cross sections for the same targets as here by1

and C31 projectiles also attest to its importance for the
velocities@36#. Thus, the coupling of these competitive cha
nels has to be taken into account for a correct descriptio
the problem.

FIG. 7. Total electron-loss cross sections of 3.5-MeV O51 as a
function of the target atomic number. Experiment: triangles, t
work. Theory: dash-dotted line, sum of screening~PWBA! and an-
tiscreening~Ref. @25#!; solid line, sum of screening@this work, Eq.
~3!# and antiscreening~Ref. @25#!. The antiscreening calculation
from Ref. @25# are shown as the dotted line. The lines are only
guide the eye.
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The lack of theoretical models which completely descr
these processes in intermediate-velocity collisions of hig
charged ions with heavy neutral atoms renders very diffic
the evaluation of their contributions. However, the IEM c
be used again to provide estimations for these contributio
This was done successfully by Montenegroet al. to analyze
the electron loss of C31 and O51 projectiles by H2 and He
targets in the same energy range as here@1#. Following the
procedure adopted by these authors, the total electron
cross sections loss of a one-active-electron projectile by
neutral target, withN outer-shell active electrons, can b
written as

s loss5@12PC~0!2PI~0!#Nsscreen

1@12PC~0!2PI~0!# (N21)santi, ~5!

wherePC(0) is the electron capture probability at zero im
pact parameter.

Even the use of this simple approach is far from being
easy task for heavy atoms, since there are still no relia
ways to evaluate the direct ionization and electron capt
probabilities as functions of the impact parameter. Howev
in order to verify whether the IEM can be employed to pro
erly describe this case, Eq.~5! was used to fit the calculate
values ofsscreenandsanti to the experimentals loss, using the
combined probabilityPC(0)1PI(0) as a fitting parameter
The values ofN were taken as 2 for the He and 8 for th
other targets. The fitted values range from 0.06 to 0.8, p
senting a steep decrease with increasing collision energy
a slow decrease with the target atomic number. These be
iors are in qualitative agreement with what was to be
pected. The steep decrease with energy is characterist
the capture channel, while the slowly varying depende
with the target atomic number can be explained by the us
the same number of target active electrons forZ2>10.

IV. SINGLE-ELECTRON CAPTURE

The calculations of the single-electron capture cross s
tions were made according to two different approaches.
first one uses the closed general expression for the captu
a target electron, initially in anl subshell, into an8l 8 sub-
shell of the projectile given by Eichler@23#. Here, the exten-
sion to multielectron targets proposed by that author is us

The second approach uses the semiclassical~SC! model
developed by Ben-Itzhaket al. @27# for the calculation of the
impact parameter dependence of the single-electron cap
probability based on the classical capture model of Bohr
Lindhard @37#. After integration of the impact paramete
probability, the total cross section for the capture of o
targetnl-subshell electron,snl , can be written as

snl5
16

3
p

Z1
3

vN
7

NnlS Z2eff

nl

n
D 2

, ~6!

whereZ1 is the projectile charge,n is the principal quantum
number of the active electron,Z2eff

nl is the effective target

charge of thenl subshell of the active electron, andN is the
number of electrons in subshellnl. In the derivation of this
equation, it was assumed that the single-capture probabil

s
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PRA 60 1131ELECTRON LOSS AND SINGLE AND DOUBLE CAPTURE . . .
are much larger than the double-capture ones in the velo
range studied, a fact that is confirmed by the experime
results presented in Tables III–VI. This analytical express
is valid when hydrogenic wave functions are used to desc
the active electrons, which are here considered to lie in
outermost subshells of the target. Its derivation is presen
in the Appendix.

Figure 8 compares the measured single-electron cap
cross sections by C31 @Fig. 8~a!# and O51 @Fig. 8~b!# projec-
tiles from Ne targets, presented in Table III and IV, resp
tively, with calculations using the eikonal approximation a
Eq. ~6!, as a function of the collision energy. Also shown
these figures are the experimental data from Anholtet al. for
C31 @20# and from Bomanet al. for O51 @35# projectiles.
The cross sections were calculated forn8 varying from 2
~divided by 2, since both projectiles have one 2s electron! to
40, added up to all possiblel 8 values in each shell. In all the
calculations, the values ofZ2eff

nl for the various targets an

active-electron subshells from Clementi and Roetti@38# were
used. As pointed out in Ref.@23#, for multielectron targets a
parameteru, defined as the ratio between the ionization e
ergy of the target active electron and (Z2eff

nl /n)2/2, should be

used. The values ofu used here were also taken from Re
@38#. In the case of the SC model, calculations were a
performed using the Hartree-Fock^r 21&nl values from Ref.
@39# ~see Appendix!. The differences in the calculated cro
sections using these values and hydrogenic wave fu
tions — Eq.~6! — are always smaller than 10%.

FIG. 8. Total single-electron capture cross sections as a func
of the projectile energy for~a! C31, and ~b! O51 on Ne. Experi-
ment: solid squares, this work;~a! open squares, Ref.@20#; ~b! open
triangle, Ref.@35#. Theory: dashed line, SC model@Eq. ~6!#; solid
line, total cross sections in the eikonal approximation~Ref. @23#!.
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In Fig. 9 the single-electron capture cross sections fo
more complex system, namely, C31 on Kr, is presented. The
contributions to the total capture of the different subshells
Kr in the eikonal approximation are also shown. Thes
contribution does not appear in the figure since it is fi
orders of magnitude smaller than the 2s one.

The analysis of these figures shows that~i! the eikonal
approximation gives better qualitative and quantitative
scriptions of the data than the simpler SC model in the wh
energy range and for all the systems studied;~ii ! as expected,
the agreement with the experiment is poorer for O51 than for
C31, since the O51 projectiles are slower and lie closer t
the limit of validity of the eikonal approximation; and~iii !
the major contributions to the total cross sections from
different target subshells vary substantially within the int
vals of projectile energies shown.

In Fig. 10 the measured capture cross sections of Tabl
by C31 projectiles are presented as a function of the tar
atomic number and compared to calculations made with
two models described above. In the case of the eikonal
proximation, calculations which include the contributio
from all the possible subshells~solid line! and from only the
last subshell~dotted line! are shown. Also included is the
electron capture cross section from atomic hydrogen fr
Ref. @40#. It should be mentioned again that, as in the lo
case, the lines representing the theoretical values are on
guide the eye. First of all, it can be seen that the data sh
the same saturation with increasing target atomic numbe
in the projectile-loss case, and that this saturation appea
the calculations with both models. But, again, the eiko
approximation presents a better agreement with the exp
ment than the SC model. It even shows the same kind
structure observed in the data between the Ne and Ar targ
although it provides values which can be up to 50% hig
than the observed ones. It can also be noticed that, for
velocity, the relative importance of the contributions fro
the inner subshells increase with the target atomic numb

n

FIG. 9. Total single-electron capture cross sections as a func
of the projectile energy for C31 on Kr. Experiment: solid squares
this work; open squares, Ref.@20#. Theory: thick solid line, total
cross sections in the eikonal approximation~Ref. @23#!; thin solid
lines, contributions from the target subshells in the eikonal appro
mation, as indicated~Ref. @23#!.
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V. SUMMARY AND CONCLUSIONS

The main purpose of this paper is to present experime
data on electron-loss and single- and double-capture c
sections of C31 and O51 projectiles by noble gases in
velocity range that encompasses the antiscreening thres
These data lie in a lower-velocity range than previous d
and present the same saturation as the target atomic nu
increases which was observed before.

Furthermore, an extension of the free-collision classic
impulse approximation is presented and used to calculate
screening contribution to the total electron-loss cross s
tions. The comparison of these theoretical results with
data presented here, and also with the previous ones, sho
much better agreement than with first-order calculations
the screening contribution, including the saturation with
target atomic number. This was attributed to the fact that
free-collision model is a nonperturbative approach based
realistic elastic differential cross sections for the elect
scattering by the target nucleus. Since these cross sec
are dominated by the contributions from small scatter
angles, that is, large impact parameters, the electron lo
caused by the almost completely screened potential of
target nucleus, in contrast with the predictions of first-ord
theories for the screening, where the dominant contribu
comes from small impact parameters. However, first-or
calculations for the antiscreening predict a much broader
tribution of impact parameters contributing to the loss p
cess. Thus, the calculations for the screening, using the f
collision approximation, and for the antiscreening, using
PWBA, present similar behaviors because both take into
count contributions from approximately the same region
impact parameters.

However, in spite of the qualitative agreement with e
periment, there still remains quite large quantitative discr
ancies, which increase as the projectile charge increa
These were assigned to the competition with other collis
exit channels, namely, the direct ionization of the target a

FIG. 10. Total single-electron capture cross sections of 3.0-M
C31 as a function of the target atomic number. Experime
squares, this work; open circle, Ref.@40#. Theory: dashed line, SC
model @Eq. ~6!#; solid line, eikonal approximation with contribu
tions from all possible target subshells~Ref. @23#!; dotted line, ei-
konal approximation with the contribution of the last subshell on
The lines are only to guide the eye.
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the electron capture by the projectile, whose cross sect
can be orders of magnitude higher than those for the los
the velocity range of the present experiments. These ch
nels must also be included in other theoretical models, s
as the sudden approximation. A rough estimate of the c
tributions of these competitive channels within the indep
dent electron model showed that their coupling, in a un
rized way, is mandatory to a complete description of t
electron loss.

This fact becomes even more evident when one analy
the single-electron capture data, which also present a sa
tion with the target atomic number. The closed analyti
expression derived here for the total cross section from
capture probability in the semiclassical model of Ben-Itzh
et al. does not present good quantitative agreement with
experiment. On the other hand, a general expression for
nl˜n8l 8 capture cross sections in the eikonal approximat
gives a reasonable quantitative description of the data. H
ever, it is not possible to extract the individual probabiliti
to be used within the IEM from this formulation.
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APPENDIX: SINGLE-ELECTRON CAPTURE
IN THE SC MODEL

In this appendix, a simple analytical expression for t
total cross sections of the single-electron capture of an e
tron in anl subshell of the target atom is derived within th
semiclassical model of Ben-Itzhaket al. @27# and the inde-
pendent electron model@33#. In the following, it was as-
sumed that the single-capture probabilities are much la
than the double-capture ones, so that these can be negle

In the semiclassical model proposed by Ben-Itzhaket al.
@27#, the probability of the capture of an electron, initially
subshellnl of a target of effective nuclear chargeZ2eff

and

with a wave functioncnlm , by a projectile of chargeZ1 and
velocity vN as a function of the impact parameterb, PCnl

(b),
is given by

PCnl
~b!5

2

3

Z2eff

vN
RcE

V8
drWucnlmu2

1

r

5
2

3

Z2eff

vN
Rc(

k
cnl

(k) dk

danl
k

I ~anl ,b,RC!, ~A1!

where

I ~anl ,b,RC!

5
4pRC

anl
H 1

anlRC
2K1~anlRC!I 0~anlb! ~ if b<Rc!,

I 1~anlRC!K0~anlb! ~ if b>Rc!,

~A2!

V
:

.
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with anl52Z2eff
, Rc52Z1 /vN

2 , andI 0 , I 1 , K0, andK1 are
modified Bessel functions@41#. The integral in Eq.~A1! is
performed over a cylindrical volumeV8 with radius RC

around the projectile path. Thecnl
(k) coefficients can be ob

tained from the radial electron density as follows@27#:

rnl~r !5(
k

cnl
(k) dk

danl
k

exp~2anlr ! ~A3!

and

rnl~r !5
1

2l 11 (
m

ucnlm~rW !u25
1

4p
uRnl~r !u2. ~A4!

The total capture cross section of an electron in thenl
subshell, containingNnl electrons, of a multielectron targe
snl , at high velocities, can be then approximately written

snl5NnlE
0

`

PCnl
~b!2pbdb. ~A5!

Substituting Eq.~A1! into the above expression one find

snl5Nnl

4p

3

Z2eff

vN
Rc(

k
cnl

(k) dk

danl
k E0

`

I ~anl ,b,RC!bdb.

~A6!

The integral appearing in the above equation can be ea
done when Eq.~A2! is used and is equal to (4p2RC

2 )/(anl
2 ).

Thus, the total cross section can be written as

snl5Nnl

8p2

3

Z2eff

vN
RC

3 (
k

cnl
(k) dk

danl
k

1

anl
2

. ~A7!
ys

. A

v.

L.
—

c.

d,
.

o,
s

ev

C

.

s

ily

On the other hand,

K 1

r L
nl

5E
V
drWucnlmu2

1

r
5E

0

`

uRnl~r !u2rdr , ~A8!

where the integral is now made over the whole space.
But from Eq.~A4!,

E
0

`

uRnl~r !u2rdr 54pE
0

`

urnl~r !u2rdr . ~A9!

Substituting Eq.~A3! into the last result, one gets, after
straightforward integration,

4p(
k

cnl
(k) dk

danl
k

1

anl
2

5 K 1

r L
nl

~A10!

and, thus,

snl5Nnl

16p

3

Z1
3Z2eff

vN
7 K 1

r L
nl

, ~A11!

where the definition ofRC was used.
Equation ~A11! provides a simple analytical expressio

for the evaluation of single-capture cross sections. The
ues of ^r 21&nl can be obtained, for instance, by means
either Hartree-Fock or hydrogenic wave functions. When
latter are used, one gets

snl5
16

3
p

Z1
3

vN
7

NnlS Z2eff

nl

n
D 2

, ~A12!

which is Eq.~6! of the main text.
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,
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