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Classical study of single-electron capture and ionization processes inAq11„H,H2… collisions

Clara Illescas and A. Riera
Departamento de Quı´mica, C-IX, Universidad Auto´noma de Madrid, Cantoblanco, E-28049 Madrid, Spain

~Received 17 May 1999!

Using a classical method, cross sections inAq11(H,H2) (q51, . . . ,8) collisions are obtained for impact
energy ranges 9 keV amu21–6.4 MeV amu21 ~ionization!, –600 KeV amu21 ~electron capture!. For bare
ion impact on H, comparison to experiment and to the results of accurate semiclassical calculations shows that
total and partial cross sections, as well as transition probabilities, obtained with the classical trajectory Monte
Carlo approach, are more accurate than usually assumed. From the characteristics of the mechanisms, we are
led to use our data as estimates for the case of dressed-ion impact at the higher nuclear velocities. We
successfully apply a very simple model for H2 targets, in which the relevant quantities are the charge of the
projectile and the vertical ionization potential of the molecule. For practical purposes, we give scaling laws to
benchmark (H1,He21) cases, and for ionization we relate them, at higherv, to the behavior of the transition
probabilities.@S1050-2947~99!05811-4#

PACS number~s!: 34.10.1x
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I. INTRODUCTION

In recent decades, ionization and electron capture by m
ticharged ion impact have received~and are still receiving!
considerable attention; for ion-atom scattering, see revi
in Refs. @1# and @2#. Of particular theoretical interest is th
so-called intermediate energy domain, encompassing
maximum of ionization cross sections. Those processes
also of great practical importance in the physics of impur
control in thermonuclear plasmas@3,4#, as well as in astro-
physics, ion penetration in solids, and radiation physics.
cordingly, and within a large time span, several experime
groups have undertaken a series of systematic, accurate
surements of capture and ionization cross sections inAq1

1(H,H2) collisions~see, e.g., reviews in Refs.@3,5#!. How-
ever, some of the measured data are not perfectly suite
the applications. For instance, at the time that the meas
ments were carried out, the state-of-the-art crossed-b
techniques were often unable to separate data for sin
electron processes, such as single ionization or elec
transfer, from double processes, such as transfer ioniza
Furthermore, the scarcity of theoretical counterparts in
wide energy range, especially for H2 targets, has resulted i
a lack of motivation to redo the previous measurements w
more sophisticated coincidence techniques. Moreover,
experiments aim at ‘‘complete’’ measurements of differen
cross sections involving momentum distributions~see, e.g.,
Ref. @6#! rather than total ones. The result is that reasona
quantitative information on the latter data at intermedi
energies is incomplete.

In recent work@7–10#, we concluded that, with some im
provements involving the initial conditions and a sufficien
large number of outcomes in the statistics, the classical
jectory Monte Carlo~CTMC! approach@11,12# provides a
computationally simple and accurate modeling of collisio
processes involving H and H2 targets, at least with regard t
integral cross sections at intermediatev. In this respect, and
although a large amount of literature exists on the ba
ground of classical methods~e.g., Refs.@11,13–20# and ref-
erences therein! and ways to improve them including quant
PRA 601050-2947/99/60~6!/4546~15!/$15.00
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effects ~e.g., @21#!, it is noteworthy that their accuracy ha
always turned out to be higher than expected, and the pre
work shows that they can even be of comparable quality
sophisticated close-coupling treatments including ps
dostates. As reasoned in Ref.@22#, such a success must b
attributed, rather than to the usual high momentum limit
the quantal dynamical treatment@13#, to the specific nature
of the Coulomb interaction, which leads to additional sy
metries and coincidences between quantum-mechanical
statistical classical descriptions. As will be seen, this app
to a wider range of impact energies than often assum
since some often-quoted defects of the method@15,23,2,3,21#
were due to a poor initial choice of the distributions, which
a liability that can be easily remedied~see Refs.@18,24–26#
for H and@27# for He targets!. One of the purposes here is t
ascertain whether the accuracy of the method is high eno
to be employed in order to systematize and complete
existing data onAq11(H,H2) collisions. Another purpose is
to check whether our previous findings on the mechanis
@7,8,10# apply to projectiles other than He21, before carrying
out more detailed studies involving a momentum analysis
the ejected electrons.

With these aims in mind, we have calculated ionizati
and electron capture cross sections in collisions of bare
Aq1 (q51, . . . ,8)with H,H2 , for a wide range of interme-
diate impact energies. Furthermore, since our data
smooth functions ofq and v, it is easy to obtain~and, to
some extent, justify by inspection of the mechanisms! ana-
lytical fits that are useful@3# for applications. A very prelimi-
nary account of the present data has been given in Ref.@28#.
Then, our study of the mechanisms indicated that our d
could also be employed to estimate cross sections for
tially stripped projectiles, and this point will be explicitl
checked by comparison to experiment. For the sake of cla
of the figures, and because of the large amount of litera
on the subject, our comparisons will be restricted to w
appear to be the most accurate theoretical and experime
data that are available.

The following section summarizes the CTMC approac
which is so well documented@11,12,29,2# that we shall only
4546 ©1999 The American Physical Society
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PRA 60 4547CLASSICAL STUDY OF SINGLE-ELECTRON CAPTURE . . .
give an outline of our procedure, together with a brief su
mary of the mechanisms. Sections III and IV present
results for H and H2 targets, respectively, and the scaling fi
Our conclusions are drawn in Sec. V. Atomic units are u
throughout unless explicitly stated.

II. CLASSICAL METHOD

A. Aq11H collisions

Our approach for bare ion impact is based on the imp
parameter CTMC method@29,2#, in which the internuclear
vector R follows linear trajectoriesR5b1v t, with impact
parameterb and velocityv, while the electronic motion is
described through an ensemble of trajectories$r j (t)% that are
solutions of the Hamilton equations, so that the correspo
ing test particle distribution

r~r ,p;v,b,t !5
1

N (
j

d„r2r j~ t !…d„p2pj~ t !… ~1!

satisfies the Liouville equation for the fixed-nuclei electron
Hamiltonian Hel , with r and p the electron position and
momentum vector, respectively, with respect to the tar
~H! nucleus.

Our procedure differs from the usual CTMC algorithm
two respects:~i! use of straight-line trajectories for the nu
clei; and~ii ! an initial spatial H(1s) distribution that is close
to the quantal one. The approximation~i! does not need to be
justified for the impact energy range treated here, becaus
the large relative nuclear momentum@30–32#, and especially
in view of the considerable success of the impact param
semiclassical method to calculate total charge exchange@2#
and ionization@1# cross sections. Because of this, integ
cross sections obtained fromstatistically convergedthree-
body and impact parameter CTMC calculations can be
pected to be identical, provided that the initial distributio
are the same. Besides simplifying the computational lab
the present method has the advantage of being more a
nable to a study of the mechanisms@7,8#, and to a compari-
son of the transition probabilities with semiclassical count
parts. The modification~ii ! is more substantial, and
eliminates the inaccuracies of the usual CTMC approach
are due to the choice of an initial microcanonical pha
space distribution:

r~r ,p;v,b,t→2`!5
1

8p3
dS p2

2
2

1

r
1

1

2D . ~2!

While this choice has the advantages of stability in time~in
the absence of the projectile!, and of yielding a momentum
density that is identical to the quantal one, its spatial den
is too compact, with a cutoff value atr 52. To offset this
liability, Eichenaueret al. @24# proposed the Wigner function
as initial distribution, so that both spatial and momentu
densities are exact. However, this distribution is unstabl
smoothing procedure is needed to eliminate negative p
abilities, and the classical energyE5p2/221/r spreads over
a very large domain, including a sizeable portion withE
.0, where the electron is unbound. Cohen@26# eliminated
all these drawbacks with an initial distribution that is a fun
tion of energy alonef (E), yielding the exact spatial density
-
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and providing a good approximation of the momentum o
A similar, simpler approach was proposed by Hardie a
Olson @25#, using a discrete rather than a continuous sup
position of microcanonical functions:

r~r ,p;v,b,t→2`!5(
j 51

8
~22Ej !

5/2

8p3
ajdS Ej2

p2

2
1

1

r D ,

~3!

where the energiesEj522/j hartree (j 51, . . . ,8) were
chosen so that the cutoff values (2Ej )

21 of the individual
spatial densities are in an arithmetic progression; and
weightsaj were calculated so as to achieve good approxim
tions to the spatial and momentum quantal densities, toge
with Ē5( jajEj520.5 hartree. Because of its simplicit
and accuracy@8,9#, we have employed this procedure in th
present work.

For each nuclear trajectory, and starting from the con
tion ~3!, the Hamilton equations were integrated with
variable-step Burlisch-Stoer@33# algorithm. Ionizing and
capture trajectories were selected, at the end of the time
tegration (t5tmax), by means of the usual energy criterio
@17,18,34#. Typically, our statistics involve, for each nuclea
path, 30 000 electronic trajectories forv,1 a.u. and 20 000
for v.1 a.u.; accordingly, the number of trajectories f
eachv is about an order of magnitude larger than these v
ues; usually, we tooktmax5500v21 a.u., although we found
that the same results are often obtained with much sma
values. Convergence of the cross sections was estimate
varying, in some benchmark cases, the number of trajecto
to less than 5% statistical error for ionization and less th
2% error for the capture process. From the asymptotic va
of the distribution functions, the ionizatioǹi and capturè c
probabilities were calculated by addition over all ionizing
capture test particles:

` i ,c~b,v !5E drE dpr i ,c~r ,p;v,b,tmax! ~4!

and the cross sections were obtained by numerical inte
tion over the impact parameter:

s i ,c~v !52pE
0

`

db b̀ i ,c~b,v !. ~5!

An advantage of the classical approach is that it offer
detailed account of the processes in terms of the time ev
tion of the distributionsr(r ,p;v,b,t). In the course of the
present work, we checked that our previous findings@7,8#
regarding thedominantionization mechanism are also vali
for other projectiles. Neglecting a wealth of details, we no
summarize these findings, which are not illustrated for c
ciseness. Forb'2 –3 a.u., the first step is a polarization
the electron cloud towards the projectile, and the next st
strongly depend onv. When v is larger than that of the
maximum of the ionization cross section, the projectile go
so fast that capture is a secondary process, and most p
ized electrons are left behind in either an excited, bound s
of the target, or, due to the pull from the projectile, they pi
up enough energy to ionize. Ionization takes place withi
domain of internuclear distancesDR,10 a.u., and is fol-
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4548 PRA 60CLARA ILLESCAS AND A. RIERA
lowed by a quasifree expansion@10# of the cloud, yielding
the well-known soft electron maximum in the direct ioniz
tion mechanism@1#. In the other limit of lowv, the drifting
process mainly results in electron transfer, which is als
fast process. However, some of the polarized electrons ro
too fast, just miss being captured, and are caught instea
the combined field of the nuclei. Most of this density sta
on the saddle region of the potential~although notat the
saddle point! as the nuclei separate, and, because of a p
collision interaction with the combined nuclear field, the
longitudinal momentum density ends up with a maximum
the center of force value@35#. At intermediatev, stronger
interactions also take place as a sizeable part of the ioni
cloud collides with either nuclei; the same happens, at lowv,
for trajectories withb,2 a.u.

B. Aq11H2 collisions

Following Ref.@9#, our treatment for H2 targets is based
on ~i! the sudden approximation, Franck-Condon approac
treat the vibrorotational motion of the diatomic;~ii ! an effec-
tive Hamiltonian to describe the triatomic system;~iii ! the
impact parameter CTMC approach to evaluate the sin
electron transition probabilities;~iv! the independent-particle
model to calculate the two-electron probabilities.

From previous experience in the calculation of total ca
ture cross sections at low energies@36–40#, approximation
~i! is expected to be very accurate for the energy ra
treated here. In this formalism, total capture and ionizat
cross sections are obtained by ignoring vibration and rota
of the diatomic altogether, and keeping, throughout the c
lision, the distanceRHH between the two target proton
fixed, and equal to the equilibrium value for H2 . The errors
can be expected to be even smaller for the reactions withD2 ,
DT, and T2 targets, because of the larger reduced mas
involved.

Approximation~ii ! consists@9,38# of an apparently crude
single-electron model, in which the interaction of the ‘‘a
tive’’ electron with the H2

1 ‘‘core’’ is described by means o
an effective Coulomb potentialZeff /r , whereZeff5(2U)1/2

51.0995, withU50.60449 hartree the first vertical ioniza
tion potential of H2 at the equilibrium distance. The mod
emerges from our finding~Sec. II A! that, for the range of
impact parameters that dominate the cross secti
ionization—and to a lesser extent, capture—processes
place relatively far from the target, which is strongly pola
ized in the way in of the nuclear trajectory. For large d
tances, ion-molecule interactions depend little upon the r
tive orientation of the diatomic@37,38# ~see also Refs
@41,42#!. Even when shorter distances are involved, so t
probabilities are strongly anisotropic, one finds@38# that the
use of spherically symmetric effective potentials yields go
results for the orientation-averaged cross sections, at the
pact energies considered here. The approximation can be
proved@43,40# by placing the origin of the potential near th
nucleus that is closest to the projectile.

Following steps~i! and ~ii !, we are led to treating the
collision between an incident stripped ion and a mo
single-electron target, and we employ for this purpose
CTMC method@approximation~iii !#. A scaling procedure
explained in Ref.@9#, allows the use of the same algorithm
a
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to generate the initial distribution when the nuclear charge
the target differs from unity.

Next, total ionization and capture probabilities are calc
lated @approximation~iv!# in the frame of the independen
particle model~IPM, see, e.g., Refs.@44,45#!, assuming two
equivalent electrons, as in previous formalisms@46–49#. Ex-
plicit checks, using semiclassical methods@50# and non-
equivalent as well as equivalent electrons@38#, indicate that
the IPM is sufficiently accurate for the present purposes,
single ionization or capture processes in the energy dom
considered; however, for H2 targets, it fails@9# for double-
electron processes, as predicted in Ref.@49#; for conflicting
evidence on this point for the much simpler case of collisio
with He targets at intermediatev, see, e.g., Refs.@51# and
@52#. In the present work, this limitation of the method
only an inconvenience in the comparison with measured d
including contributions from double processes.

In the frame of the IPM, one obtains the two-electr
probabilities from the single-electron counterparts`c,i and
`e(b,v)512`c(b,v)2` i(b,v), through the following
standard expressions:

single electron capture: Psc52`c`e , ~6!

single electron ionization: Psi52` i`e , ~7!

transfer ionization: Pti5` i`c , ~8!

double capture: Pdc5`c
2 , ~9!

double ionization: Pdi5` i
2 . ~10!

When the center of the effective potential is at the midpo
of the H-H axis, the probabilitiesP(b,v) only depend on the
modulus of the impact parameterb and relative velocityv
vectors, so that integration over the former yields the cor
sponding cross section:

s~v !52pE P~b,v !b db. ~11!

On the other hand, when the center can be at a H nucleus,
the probabilities P(b,v) also depend upon the orientation
b,v with respect to the diatomic internuclear vectorRHH .
Then, an averaging over the orientation ofv and an integra-
tion over b ~with b'v) yield the corresponding cross se
tions s̄sc(v),s̄si(v),s̄ ti(v),s̄dc(v),s̄di(v). This averaging
was performed in Ref.@9# in an approximate way that we
briefly summarize. Following the computational schem
method of Ref.@36#, the cross section is given as the result
quadratures ofP(b,v) over v directions and impact param
eters b, ascribing equal weights to trajectories parallel
RHH , and to the two sets of trajectories perpendicular to t
axis. The present work adopts the same procedure, ex
that we take the origin of the potential at the center of
molecule for the parallel trajectories and for those perp
dicular ones that are equidistant to both H nuclei. For
other perpendicular trajectories, we take the origin at the
nucleus that is closest to the projectile. Under a distant c
lision hypothesis, we then neglect contributions from traje
tories with b,RHH/2, thus obtaining the following simple
expression:
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TABLE I. ~a! Calculated ionization cross section~in units of 10216 cm2) for Aq11H(1s) collisions, as
a function of the nuclear velocity~in atomic units!. The data for which our calculations are thought to
inaccurate are not given.~b! Calculated electron capture cross section~in units of 10216 cm2) for Aq1

1H(1s) collisions, as a function of the nuclear velocity~in atomic units!. The data for which our calculation
are thought to be inaccurate are not given.

v ~a.u.! H1 He21 Li31 Be41 B51 C61 N71 O81

~a!

0.6 0.263 0.172 0.139 0.096
0.8 0.584 0.482 0.381 0.300 0.235 0.176 0.180 0.163
1.0 1.293 1.661 1.500 1.347 1.270 1.097 0.956 0.823
2.0 1.463 4.858 8.977 13.142 17.592 21.674 25.506 29.20
3.0 0.737 2.763 5.781 9.565 13.862 18.578 23.569 28.75
5.0 0.242 0.962 2.139 3.688 5.724 8.077 10.760 13.75
8.0 0.102 0.417 0.911 1.583 2.488 3.526 4.779 6.175
10.0 0.069 0.285 0.633 1.102 1.699 2.437 3.292 4.27
12.0 0.046 0.206 0.451 0.807 1.238 1.774 2.404 3.12
14.0 0.036 0.148 0.335 0.585 0.918 1.314 1.791 2.30
16.0 0.025 0.106 0.247 0.443 0.670 1.001 1.367 1.77

~b!

0.6 4.870 13.054 20.925 29.195
0.8 4.629 12.713 20.537 28.742 36.968 45.189 53.430 61.3
1.0 3.065 4.213 16.865 24.426 32.036 39.837 47.669 55.41
2.0 0.151 0.745 1.807 3.278 5.130 7.459 10.185 13.25
3.0 0.007 0.047 0.128 0.247 0.410 0.613 0.866 1.619
5.0 0.001 0.003 0.005 0.007 0.013 0.020
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s̄~v !52pE
0

`

db~b1RHH/6!P~b,v !. ~12!

This yields slightly more reasonable ‘‘error bars’’s2s̄, es-
timating the effects of the anisotropy of theAq11H2 inter-
action, than the procedure adopted in Ref.@9#.

III. RESULTS AND DISCUSSION

A. Aq11H„1s… collisions

1. Cross sections for bare projectiles

In Table I we present some values of our calculated cr
sections for single ionizations i(v) ~a! and electron capture
sc(v) ~b! in collisions involving stripped ionsAq1 with
chargeq51, . . . ,8. InFigs. 1 and 2, we show the gener
good accord between these data and the results of othe
curate calculations and experiments. For the sake of cla
we omit the~small! estimates of the experimental error ba
and we do not show the improvement with respect to mic
canonical CTMC calculations.

The most sensitive test on the accuracy of our calculati
refers to H1 projectiles, because a classical approach can
describe @21# the resonant charge-transfer process1

1H(1s)→H(1s)1H1, which competes with ionization a
low energies. It is therefore gratifying that in Fig. 1 our va
ues fors i are in such good accord with those of very acc
rate atomic~Toshima @53,54#! and molecular~Errea et al.
@55#! close-coupling treatments, in a wide range of energ
From this accord, and since error bars in the measurem
of Shah et al. @56,57# are tiny, we are led to agree wit
s

ac-
y,
,
-

s
ot

-

s.
nts

Toshima @54# on a possible error in the normalization~to
Ref. @58#! of those measurements. For the sake of clarity,
do not show the small differences with the results of Har
and Olson@25# and Cohen@26#, which are due@9# to our
improved statistics.

With respect to charge exchange by H1 impact, we ob-
serve in Fig. 2 a good degree of accord with the measu
ments of McClure@59#, for v.1 a.u. At lowerv, our data
lie below the experiment, unlike the semiclassical results
Errea et al. @55#. This is as expected, since, as mention
above, a classical approach cannot describe the reso
charge transfer. Comparison with Hardie and Olson@25# and
Cohen@26# follows as for ionization, and is not shown; i
particular, we checked that our capture probabilities are
even better agreement with the corresponding~oscillating!
data of the latter author than is the case of the correspon
cross sections.

As the projectile chargeq.1 increases, we obtain an im
proving accord of our values for ionization, with the sem
classical results and the measurements. This is already
parent in Fig. 2 for the benchmark He211H(1s) reaction,
for which we compare well to experiment~Shah et al.
@60,61#! as well as to semiclassical calculations~Winter
@62,63#, Toshima@53#, Kuang and Lin@64#, and Erreaet al.
@55#!, except that at lowv the results of Winter overestimat
s i . Similar comments apply to Li31 projectiles. For 1,v
,3 a.u. we closely agree with the converged, clo
coupling calculations of Toshima@53#, while the accord with
the continuous distorted wave~CDW! data of Crotherset al.
@65,66# is only reasonable at energies that are too low fo
perturbative approach.
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4550 PRA 60CLARA ILLESCAS AND A. RIERA
For electron capture~Fig. 2!, the comparisons are simila
to those for ionization, except that asv increases our result
are systematically higher than those of Toshima@53#, which
is a feature that we are unable to explain. For He21 projec-
tiles, we obtain closer results to Bransdenet al. @67#, who,
like Toshima, use an atomic expansion, while the data fr
the latter author agree better with experiment. For L31

1H(1s), our data coincide with experiment and with Bran
den et al. @67#, while those of Ref.@53# are smaller, and
agree with the CDW results from Gavrielle and Mirag
@68#. At low v, we reach a good accord with experiment a
with the close-coupling calculations of Lu¨dde et al. @69#,
who use a dynamical basis, while Bransdenet al. @67# appear
to overestimatesc , which is a discrepancy that increas

FIG. 1. Ionization cross section forAq11H(1s) collisions, as a
function of the nuclear velocity~in atomic units!. ( ) are present
calculations. The data are given in units of 10216 cm2 and scaled as
follows. For H1 projectiles: (() measurements from Shahet al.
@56,57#; theoretical results from~----! Toshima @54#, ~- - -! Errea
et al. @55#. For He21 projectiles (data35): (() measurements o
Shahet al. @60,61,56#; theoretical results from~----! Toshima@53#,
~- - -! Erreaet al. @55#, (

• • •
) Winter @62,63#, (,) Kuang

and Lin @64#. For Li31 projectiles (data320): (() measurements
of Shahet al. @94,109#; theoretical results from~----! Toshima@53#,
~- - -! Erreaet al. @55#; (h) Crothers and McCann@66#. For Be41

projectiles (data350): (n) theoretical results from~----! Toshima
@53#, Schultzet al. @106#. For B51 projectiles (data3200): theoret-
ical results from~----! Toshima @53#. For C61 projectiles (data
3500): (() measurements from Goffeet al. @71,96#; theoretical
results from~----! Toshima@53#, (h) Crothers@65#. For N71 pro-
jectiles (data31000), theoretical results from~----! Toshima@53#.
For O81 projectiles (data32000), theoretical results from~----!
Toshima@53#, ~full triangle down! recommended data from Jane
et al. @111#.
-

with q. For Be411H, we compare well to the close-couplin
results of Wada and Murai@70# carried out at lowv, and for
C611H, to both experiment@71# and Ref.@68#, while Ref.
@53# appears to underestimatesc .

2. Accuracy of probabilities and partial cross sections

We illustrate here the accuracy of our data for the tran
tion probabilities and partial cross sections. For concisen
only a limited amount of these data will be presented.

FIG. 2. Electron capture cross section forAq11H(1s) colli-
sions, as a function of the nuclear velocity~in atomic units!. ( )
are present calculations. The data are given in units of 10216 cm2

and scaled as follows. For H1 projectiles: (() measurements o
McClure @59#; theoretical results from ( ) Erreaet al. @55#.
For He21 projectiles (data35): (() measurements of Shahet al.
@56#; theoretical results from~----! Toshima@53#, ~- - -! Erreaet al.
@55#, ~

• • •
) Winter @62,63#, (••d••) Bransdenet al. @67#.

For Li31 projectiles (data320): (() measurements of Shahet al.
@57#; theoretical results from~----! Toshima@53#, ~- - -! Erreaet al.
@55#, (,) Gravielle and Miraglia@68#, (••d••) Bransdenet al.
@67#, ~full box! Lüdde and Dreizler@69#. For Be41 projectiles
(data350): theoretical results from~----! Toshima@53#, (••d••)
Bransdenet al. @67#, ~full box! Lüdde and Dreizler@69#, (n)
Fritsch and Lin@103#, ~full triangle up! Wada and Murai@70#. For
B51 projectiles (data3200): (() measurements from Shahet al.
@71#; theoretical results from~----! Toshima@53#, (••d••) Brans-
den et al. @67#. For C61 projectiles (data3500): (() measure-
ments from Shahet al. @71#; theoretical results from~----! Toshima
@53#, (,) Gravielle and Miraglia@68#, (n) Fritsch and Lin@103#.
For N71 projectiles (data31000): theoretical results from~----!
Toshima@53#, (n) Fritsch and Lin@103#. O81 (32000): theoret-
ical results from~----! Toshima@53#, ~full triangle down! recom-
mended data from Janevet al. @111#.
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FIG. 3. Ionization and capture probabilitie
P(b) times the impact parameterb, as functions
of b ~in a.u.!, for Aq11H(1s) collisions. Present
results ( ). O81 and H1: (

• • •
) ion-

ization results from Toshima for O81 at v
52 a.u.@53# and for H1(35) ~compact one! at
v51.4142 a.u. @54# ~top left!. H1 for v
52 a.u.: ~----! data from Erreaet al. @55#;
( ) data from Eichenaueret al. @24#
@bPi(b) is the higher one# ~top right!. He21 for
v51 a.u.: ~----! data from Erreaet al. @55#
@bPc(b) is the higher one# ~bottom left!. He21

for v52 a.u.: ~----! data from Erreaet al. @55#
@bPi(b) is the higher one# ~bottom right!.
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We display in Figs. 3~a!–3~d! our values forb`c(b) with
the results of the molecular calculation from Erreaet al. @55#
for collisions with H1 and He21 projectiles, and with data
from Toshima @53,54# for O81 and H1 impact. To our
knowledge, this is the first direct comparison between c
sical and semiclassical transition probabilities, and sho
that the good accord between the cross sections is not c
cidental.

With respect to partial cross sections, we present in Ta
II the results of applying the ‘‘boxing’’ procedure of Becke
and McKeller @72# ~derived for a microcanonical distribu
tion, see also Refs.@73–75#! to obtain, from our data, captur
cross sections for collisions with He21, Li31, C61, and O81

projectiles, and we compare these results to those of
close-coupling calculations from Harelet al. @76#. An overall
agreement holds, although the accord is better, in genera
total than for partial cross sections. We attribute the discr
ancies involving then55,6 energy levels of O71 to satura-
tion effects in the close-coupling calculations, due to ba
coupling @77#, rather than to the classical method@75#. On
the other hand, for the lower energy levels, the fault proba
lies with the classical data, and a deficiency in the ‘‘boxin
procedure of Becker and McKeller is a likely explanation
s-
s
in-
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p-

-
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’

3. Scaling rules

The usefulness of analytical scaling relations for ioniz
tion @60,23,78,3# and capture@2,78,3# cross sections, as func
tions of the projectile charge and nuclear velocity, is ve
well known. In this respect, it is worth noting that, althoug
classical methods have the advantage to obey exact sc
rules @11,12,25,18,79,19#, these are not useful here, becau
they involve changing the target initial energy. Therefo
our rules are, to a large extent, empirical, and based on
plicit calculations for Aq1 projectile impact, for q
51, . . . ,8 anddifferent velocities. Nevertheless, they yiel
for ionization, some additional information on the mech
nisms.

For instance, a relevant issue is the often-quo
@15,26,3,2# property of the usual CTMC approach, whic
yields an inaccurate energy dependences i}E21, at largev,
rather than the Bethe-Born limit behavior~Mott and Massey
@80#, Gillespie@23#, Willis et al. @16#!:

s i
Bethe~v !5Aq2@ ln C 1/21 ln~v/ v̄ !#/~ v̄v !2. ~13!

However, when using an initial distribution that yields acc
rate spatial and momentum densities, the results are m
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TABLE II. Partial electron capture cross sections to H(n) in units of 10216 cm2 for different Aq1

projectiles (Aq15He21, Li31, C61, and O81) at v51 a.u. compared to the corresponding results
close-coupling molecular calculations@76#. Total capture cross sectionsc is also included. We do not include
data that are less than 10219 cm2 and those from@76# that have not been calculated due to basis limitatio

He21 Li31 C61 O81

n CTMC MOCC CTMC MOCC CTMC MOCC CTMC MOCC
1 0.63 0.15 0.06
2 5.32 7.97 4.46 6.07 0.19 0.04
3 2.02 1.92 6.9 8.55 3.86 3.55 0.94
4 0.69 0.68 2.8 2.27 10.21 18.8 5.95 7.53
5 0.30 1.11 1.2 11.14 12.3 12.01 23.9
6 0.17 0.54 7.09 5.42 13.78 19.56
7 0.09 0.29 3.36 10.06 7.84
8 0.06 0.18 1.45 5.82
9 0.04 0.11 0.75 2.82
10 0.03 0.09 0.42 1.25
sc 9.49 10.7 16.86 18.1 39.84 40.1 55.4 58.8
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compatible with the Bethe-Born law than with theE21 de-
pendence@9#. We show this in Table III, taking in Eq.~13!

the valuesC584.241 from Willis et al. @16#; v̄51 a.u. as
the average orbital velocity of the electron in its initial sta
andA51.46310216 cm2, obtained in Ref.@9# by fitting the
data for H1 projectiles. We also include in the table th
result of assuming ans i}E21 law. We see thats i

theor

.s i
Bethe, although the degree of approximation worse

whenq increases, probably becauseA has been fitted to ou
calculateds i for H1 impact, which is less accurate than f
other projectiles.

It should be noticed from Table III that for heavy proje
tiles the Born-typeq2 variation of our calculateds i holds
even when the standard condition@81,82,1# v@q for the
Born perturbation method is not fulfilled. The justificatio
must obviously lie with the behavior of the ionization pro
abilities ` i(v,b,q), for the range of impact parameters th
determine the cross section~rather than for allb!. We note
that previous work on this point using semiclassical theor
not useful: although aq2 dependence of̀ i(v,b,q) for fixed
v,b is predicted@1#, the reference quoted is from Hanste
@82#, who gives as a necessary condition that the projec
charge be much larger than that of the target nucleus, w
is not the case of our systems. We were thus led to study
q dependence of the classical ionization process. At lowv,
we found that no simple overall scaling rule exists f
` i(v,b,q), because each of the mechanisms~saddle-point,
hard encounters with projectile and/or target nucleus! that are
at work @7,9# vary with v,b,q in a different way. On the
other hand, forv.vmax larger than those of the maximum o
s i(v), these probabilities are dominated by a single~direct!
mechanism, and we found two approximate laws, both
them leading tos i}q2.

First, for fixedv.vmax, the number of ionized electron
in the statistics@hence, the value of̀ i(v,b,q)# grows qua-
dratically with q for the impact parametersb that determine
the cross sections@i.e., those close to the maximum o
bP(b)#; while for lower b, we observe the so-called satur
tion effects@1# when theq2 scaling would lead to probabili
ties close to, or larger than, unity. Second, we also foun
;
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relation that holds for a slightly largerb domain: for fixed
values ofv,b8, whereb85bq21/2,` i(v,b,q) turns out to be
proportional toq, to a good approximation. The use of
bq21/2 scaling bears some relation to a distant collision h
pothesis to estimate the impact parameter range where
ization is dominant, as introduced by Voitkiv and Pazdzer
@83# ~see also Rodrı´guez and Falco´n @79#, and, for excitation,
Fritsch and Schartner@84# and Rodrı´guez and Miraglia@85#!.
Nevertheless, we note that, unlike these works, our scalin
for fixed v and yields a probability that is linear inq.

From our findings, and taking Ref.@23# and Eq.~13! as
guidelines, we have obtained a simple fit of our calcula
ionization cross sections to the results for H1 projectiles:

s i
scaled~q,v !5s i~1,v !q2[12e21.4(v20.7620.04q)] . ~14!

For v>1 a.u., the maximum absolute error of this law wi
respect to our calculated values ofs i is about 0.1q2, for v
.vmax, in the peak region of the cross sections.

For electron capture, our procedure is similar to previo
work ~e.g., Ref.@3#!, except that, since our method is le
accurate at lowv for H11H, as explained in the precedin
section, it is more suitable to scale our data tos i for He21

projectiles, and we obtain

sc
scaled~q,v8!5sc~2,v !S q

2D 1.15

~15!

with v85v(q/2)0.175. It predicts a quasilinearq dependence,
which is usually obtained in the low-energy regime~Janev
and Winter@78#!. At intermediatev, it is similar to those of
Ryufuku et al. @86–88#, and differs from Refs.@71,89,78,3#
in that we do not obtain the sameq3 dependence that holds a
higherv @89,3#. Regarding the velocity variation, we find
similar behavior to other authors~Janevet al. @90#, Ryufuku
et al. @86–88#!. Because of the rapidly decreasing charac
of the capture cross sections, it is difficult to give estima
of the accuracy of Eq.~15!, since the absolute errors dimin
ish like the cross sections, and the relative errors diverge
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TABLE III. Large-v behavior of our calculated ionization cross sectionss i
theor(v) ~in units of

10216 cm2) for Aq11H(1s) collisions, as a function of the nuclear velocityv ~in atomic units!. We
compare with the values obtained from the Bethe-Born expressions i

Bethe(v) of Eq. ~13!, with C584.241@16#,

v̄51 a.u., andA51.46310216 cm2 @9#; together with the values ofs i
E21

5(25/v2)s i
theor(v55), obtained

by assuming as i}E21 law.

H1 He21 Li31 Be41

v ~a.u.! s i
theor s i

Bethe s i
E21 s i

theor s i
Bethe s i

theor s i
Bethe s i

theor s i
Bethe

5.0 0.242 0.223 0.962 0.893 2.139 2.010 3.688 3.57
8.0 0.102 0.099 0.094 0.417 0.392 0.911 0.885 1.583 1.56
10.0 0.069 0.066 0.061 0.285 0.264 0.633 0.594 1.102 1.05
16.0 0.025 0.028 0.023 0.106 0.114 0.247 0.256 0.443 0.45

B51 C61 N71 O81

v ~a.u.! s i
theor s i

Bethe s i
theor s i

Bethe s i
theor s i

Bethe s i
theor s i

Bethe

5.0 5.724 5.575 8.077 8.042 10.760 10.945 13.754 14.
8.0 2.488 2.475 3.526 3.527 4.779 4.800 6.175 6.2
10.0 1.699 1.650 2.437 2.376 3.292 3.234 4.276 4.2
16.0 0.670 0.700 1.001 1.025 1.367 1.395 1.779 1.8
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an indication, the largest absolute error with respect to
calculated values ofsc is, at low v, of the order (q/2)1.15

~for q55).

4. Application of our data to dressed projectiles

In their paper on dressed-ionAq1 impact on H(1s), Shah
et al. @91# pointed out that ionization cross sections a
roughly independent of the number of electrons of the p
jectile, for a given total chargeq; an exception arises forq
52 at low v, where the values ofs i for the dressed projec
tiles are much larger than for He21. It is useful to check
whether these findings hold for other systems, since
could then use our data, or Eq.~14!, for collisions that have
not been treated experimentally, such as for Beq1 (q
52,3) projectiles, or for impact by partially stripped ion
Aq1 with q.5. A similar application has been proposed
Gillespie @23# for q.Z/2.

It is interesting that such an application is, to some exte
borne out by our study of the mechanisms, since both
initial polarization of the H(1s) cloud and the pull from the
projectile ~either in direct ionization or in the saddle-poi
process! depend critically on the net ionic chargeq, besides
that of the target nucleus. In addition, in the limit of highv
@vmax, the assumption would also agree with the conc
sions from the first-order Born approximation, as first dev
oped by Bates and Griffing@58# ~see also Briggs and Tau
bjerg @92# and McGuireet al. @93#!, where, for soft ionizing
electrons, the role of the projectile core is to screen
nuclear charge; however, see below. We note that our s
of core effects differs from most others~see references in
Stolterfohtet al. @1#! in that we keepq fixed and vary the
nuclear chargeZ.

We compare in Fig. 4 our ionization data for bare proje
tiles to the measurements from Goffeet al. @71# and Shah
et al. @94,91,95,96,61,56,57# for partially stripped projectiles
colliding with H(1s). We see that the assumption ofZ in-
variance for fixed q holds, for q.1 and
v>vmax a.u.—hence, in a widerq domain than suggested i
Ref. @23#, see Ref.@3#—where our accord with experiment
r

-

e

t,
e

-
l-

e
dy

-

nearly as good for bare and dressed projectiles. It holds
particular for impact energies that are much too low for t
first Born approximation to be valid. In fact, this approxim
tion may turn out to be irrelevant to this topic, since there
an indication that the agreement worsens asv increases, be-
cause cross sections are dominated by close encounter
which core electrons play a more direct role@93#.

The main discrepancy~already noticed by Shahet al. @91#
for q52) between the data for bare and partially stripp
projectiles appears forv,vmax. This point is worth com-
menting upon, as it may lead to detailed investigations us
correlated wave functions or pseudopotentials@97#. Never-
theless, we must first rule out the possibility of addition
contributions tos i in the measurements of the Belfast grou
For instance, since the ions arising from ionization proces
were selectively recorded by counting them in coinciden
with the electrons from the same events, we can rule
ionization of the core electrons~the projectile then acting a
a target!. Furthermore, the contributions to the H1-e2 coin-
cidence signal arising from dissociative ionization of H2
molecules and from residual gases~mainly H2O) in the
vacuum chamber led to an extra contribution to the sig
from H2 molecules@91#, which is rather large at the lowe
impact energies, but which was accurately taken into acco
in the experiments. In addition, any such contribution is
same for both dressed and bare projectiles, so it would
explain the difference between the corresponding cross
tions.

We thus conclude that, at low impact energies, the core
the impinging ion must play a direct role in the mechanis
One possibility is that, since screening of the project
charge by the core is incomplete, the relevant quantity wo
be the effective charge,Zeff , felt by the target electron as i
approaches the projectile nucleus, rather than the total ch
of the ion,q. To estimate the importance of this effect, w
can takeZeff5nA2U ion, whereU ion is the ionization poten-
tial of A(q21)1 andn is the outermost shell of the core. W
then note that either use of Eq.~14! or inspection of Fig. 1
shows that substitutingq→Zeff decreasess i in the threshold
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region. Hence, a more sophisticated choice ofZeff(r ) de-
pending upon the electronic coordinate would also yi
smaller results, so that penetration effects cannot explain
larger values ofs i in Fig. 4 for the dressed projectiles.

Next, inspection of the arrow diagrams illustrated in R
@8# to describe the ionization process shows that the o
modification of the mechanism that is likely to yield such
increase of the cross section at threshold must involve
saddle-point process. More precisely, two-center dielectro
processes@58,92,93,98–100#, when the saddle region ove
laps the inner shell of the dressed ions, could enhance
probability of single ionization. Such an effect would b
smaller for dressed ions with ann51 inner shell~i.e., with a
smaller spatial extent!. However, since we have no exper
mental data, nor theoretical means, to check this predict
our reasoning remains speculative, and the detailed natu
the dielectronic processes is an open question.

FIG. 4. Comparison of the present results ( ) for the single
ionization cross section ofAq11H(1s) collisions, withAq1 a bare
ion, with experimental data for stripped and dressedAq1 projec-
tiles. Theoretical results are the same as in Fig. 1, except tha
scaling is different, and are given as functions of the nuclear ve
ity ~in atomic units!. The data are given in units of 10216 cm2 and
scaled as follows.q51: data from Shahet al. for H1 @56,57# (d)
and Li1 @57# ((). q52(310): data from Shahet al. for He21

@60,61,56# ~full box!, Li21 @95# ((), C21 @91,96# (h), N21 @91#
(n), and O21 @91# (,). q53(3100): data from Shahet al. for
Li 31 @95# ((), C31 @91,96# (h), N31 @91# (n), and O31 @91#
(,). q54(31000): data from Shahet al. for C41 @91,96# (h),
N41 @91# (n), and O41 @91# (,). q55(35000): data from Shah
et al. @91# for N51 (n) and O51 (,).
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Our capture data can also be applied to partially stripp
ion impact, as shown in Fig. 5. As may be expected, thq
51 case is special, such that ignoring the core structure is
naive. Forq52, the accord between bare and dressed-
data is reasonable, and improves with increasingq. This may
be easily explained by comparing the rangeDb of impact
parameters determiningsc to the sumDr of the sizes of
target and projectile electron clouds@using, e.g., for the latter
the valueA^r 2&5(n/2Z)A5n211, wheren is the principal
quantum number of the outermost shell andZ is the net
charge felt by the electrons of this shell#. We do not show
this comparison for conciseness, and only comment that
Li1, B1, and C1 projectilesDr is of the order ofDb and is
smaller for the other systems treated. We have checked
the agreement is not improved when one substitutes in
~15! the net chargeq by a partially screened one. Hence, w
conclude that the influence of the core in the capture proc

he
c-

FIG. 5. Comparison of the present results ( ) for the electron
capture cross section ofAq11H(1s) collisions, with Aq1 a bare
ion, with experimental data for stripped and dressedAq1 projec-
tiles. Theoretical results are the same as in Fig. 1, except tha
scaling is different, and are given as functions of the nuclear ve
ity ~in atomic units!. The data are given in units of 10216 cm2 and
scaled as follows.q51: data from McClure for H1 @59# (d), data
from Shahet al. for Li1 @94# ((), B1 @71# (n), and C1 @71# (h).
q52(310): data from Shahet al. for He21 @94# ~full box!, Li21

@94# ((), B21 @71# (n), and C21 @71# (h). q53(3100): data
from Shahet al. for Li31 @94# ((), B31 @71# (n), and C31 @71#
(h). q54(31000): data from Shahet al. for B41 @71# (n) and
C41 @71# (h). q55(310 000): data from Shahet al. for B51 @71#
(n) and C51 @71# (h).
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TABLE IV. ~a! Calculated single ionization cross section@s̄(v) of Eq. ~12!, and in units of 10216 cm2#
for Aq11H2 collisions, as a function of the nuclear velocity~in atomic units!. The data for which our
calculations are thought to be inaccurate are not given.~b! Calculated single electron capture cross sect

@s̄(v) of Eq. ~12!, and in units of 10216 cm2# for Aq11H2 collisions, as a function of the nuclear velocit
~in atomic units!. The data for which our calculations are thought to be inaccurate are not given.

v ~a.u.! H1 He21 Li31 Be41 B51 C61 N71 O81

~a!

0.6 0.235 0.112 0.019
0.8 0.697 0.405 0.279 0.237 0.164 0.138
1.0 1.095 1.023 0.877 0.814 0.773 0.684 0.642 0.538
2.0 2.069 5.511 9.036 12.502 15.724 18.893 21.735 24.30
3.0 1.232 3.732 6.549 9.741 13.191 16.697 20.511 24.29
5.0 0.301 1.615 3.119 4.786 6.677 8.750 10.978 13.41
8.0 0.199 0.725 1.486 2.413 3.454 4.613 5.8485 7.16
10.0 0.127 0.488 1.040 1.699 2.475 3.354 4.293 5.28
12.0 0.096 0.368 0.772 1.289 1.874 2.514 3.241 4.04
14.0 0.070 0.292 0.615 1.019 1.487 2.018 2.569 3.21
16.0 0.058 0.214 0.491 0.814 1.195 1.626 2.115 2.61

~b!

0.6 6.451 13.214
0.8 5.932 12.286 18.396 22.872 29.422 34.684
1.0 4.608 10.557 16.251 21.724 27.234 32.679 38.133 43.4
2.0 0.237 0.799 1.491 2.503 3.812 5.210 6.937 8.910
3.0 0.0184 0.008 0.133 0.184 0.253 0.341 0.444 0.56
5.0 0.002 0.004 0.004 0.004 0.004 0.005 0.007
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is not that of a simple penetration effect, and must also
volve local electron-electron interactions.

B. Aq11H2 collisions

1. Cross sections for bare projectiles

In Table IV we present some values of our calcula
orientation-averaged cross sections for single ionizations̄si

~a! and captures̄sc ~b! in collisions involving stripped ions
with chargeq51, . . . ,8. For H1 projectiles, the present dat
are slightly more accurate than those of Ref.@9#. Comparison
of these data with those of Table I bears on the questio
whether the H2 target is equivalent to two H atoms, an
shows that our previous conclusions@9# remain unchanged
for q.1. Specifically, for ionization, we obtain, forv
,vmax, a rough agreement of the cross sections for H and2
targets, due to a compensation effect: a lowering of the i
ization probability` i for the ‘‘active’’ electron of H2 with
respect to that of H and an increase when` i is employed in
the expression~7! to obtainPsi , becausè e.0.5. Whenv
@vmax, we havè e'1, and accordingly the ionization dat
for the molecular target roughly tend to twice the atom
values, as assumed in previous scalings@101,102#. A similar
behavior is found for the electron-capture cross sections

In Figs. 6 ~ionization! and 7 ~capture! we compare our
results for H2 targets with those of other calculations~Fritsch
and Lin @103#, Shingal and Lin@46#, Meng et al. @47,48#,
Fritsch@49#, Corchset al. @105#, Schultzet al. @106#, Kuang
and Lin @64#, Busnegoet al. @104#, and unpublished data
from Pons@50#, obtained with the semiclassical counterp
of our effective Hamiltonian method!; and experiment~Wil-
-

d

of

-

t

liams et al. @107#, deHeer et al. @108#, Shah et al.
@94,109,56#, Slachteret al. @102#, and Grahamet al. @110#!.
Overall agreement is good, and slighly better fors̄; hence,
these recommended data for the single-electron processe
given in Table IV. In addition, several points deserve disc
sion.

First, and as mentioned in Sec. II B, it is reasonable
display our data together with an estimation of anisotro
effects. These ‘‘error bars’’ can be gauged from the diffe
ence between our results fors @eq. ~11!#, obtained with the
origin of the effective Coulomb potential at the midpoint
the H-H axis, ands̄ @Eq. ~12!#, calculated with the approxi-
mate orientation averaging described in Sec. II B. We se
Figs. 6 and 7 that the relative error bars are small, and
minish with the ion chargeq. In addition, although for ion-
ization there are no semiclassical results to compare
cross sections with, the comparison for single-electron c
ture ~Fig. 7! is very good, even for H1 projectiles, and for
He21 our estimates are systematically closer to experim
@109,56#, to the model close-coupling results of Fritsch@49#,
and to the new perturbative values from Busnengoet al.
@104#, than to the earlier unitarized close-coupling results
Shingal and Lin@46# or to previous estimates from Corch
et al. @105#.

On the other hand, the comparison is more difficult wh
the measured data include contributions from two-elect
processes~see Sec. II B!. At largev, our small discrepancies
with the measurements for ionization could be attributed
our overestimation of the cross section for double ionizat
s̄di . The situation is worst for Li31 projectiles, for which
measurements include a contribution from transfer ioni
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tion, both from direct processes and from autoionization
the doubly excited (Li1)** ion. We have checked, usin
CTMC @9# and semiclassical@50# methods, that the IPM con
siderably overestimates these contributions. Conseque
for Li31, comparison with experiment does not yield, forv
,2 a.u., a fair estimate of the accuracy of our sing
electron data, and we give in Figs. 6 and 7 our results w
and withouts̄ ti ; for conciseness, the former are display
only for the orientation-averaged calculations. We have a
included in the figures the CTMC data from Menget al.
@47#, who also employ a factorized electron distributio
~hence an IPM!, and include the transfer ionization contrib
tion; we are unable to explain the coincidence between t

FIG. 6. We draw, as functions of the relative velocityv, the
ionization cross sections forAq11H2 collisions ~in units of
10216 cm2 and scaled as stated below!, obtained from our calcula-
tions using the method of Sec. II B. The difference between

values fors̄(v) ( ) @Eq. ~12!# ands(v) (--- ---) @Eq. ~11!#
are taken, as explained in that section, as estimating the aniso
effects. We compare our results with the following experimen
and theoretical data. For H1 projectiles: single plus double ioniza
tion: (() measurements from Shahet al. @109,56#; ( ) data
from Pons@50#. For He21 projectiles, single plus double ionizatio
(data310): (() measurements from Shahet al. @109,56#; (h)
data from Menget al. @47,48#. For Li31 projectiles, single, double
and transfer ionization (data3200): (• • • •) present results with
the autoionization contribution: (() measurements from Sha
et al. @94,109#; (h) data from Menget al. @47,48#. For Be41 pro-
jectiles, single ionization (data35000): (3) results from Schultz
et al. @106#.
f

ly,

-
h

o

ir

data with the contribution and our results without it. Final
we attribute the large differences with the CTMC results
Schultz et al. @106# for Be41 projectiles to their use of a
microcanonical initial condition, which, as usual, conside
ably underestimates the cross sections at lowv.

r

py
l

FIG. 7. We draw, as functions of the relative velocityv, the
capture cross sections forAq11H2 collisions~in units of 10216 cm2

and scaled as stated below!, obtained from our calculations usin
the method of Sec. II B. The difference between our values

s̄(v) ( ) @Eq. ~12!# ands(v) (--- ---) @Eq. ~11!# are taken,
as explained in that section, as estimating the anisotropy effects
compare our results with the following experimental and theoret
data. For H1 projectiles, single capture: measurements of (

•

• •
) de Heeret al. @108#, ( – – – – ) Williams and Dunbar

@107#, and (() Shahet al. @109,56#; ( ) results from Pons
@50#, (n) Busnengoet al. @104#, (,) Shingal and Lin@46#, (h)
Menget al. @47,48#, (d) Kuang and Lin@64#. For He21 projectiles,
single capture (data32): (() measurements of Shahet al.
@109,56#; calculations of (,) Shingal and Lin@46#, ~full triangle!
Fritsch @49#, ~full box! Corchset al. @105#, (n) Busnengoet al.
@104#. For Li31 projectiles, single capture plus transfer ionizatio
(data35): (• • • •) present results with the autoionization cont
bution; (() measurements of Shahet al. @94,109#; (h) results
from Meng et al. @47,48#. For Be41 projectiles, single capture
(data350): (3) results from Schultzet al. @106#. For B51 projec-
tiles, single capture plus transfer ionization (data3200): (• • •

•) present results with the autoionization contribution: (() mea-
surements of Shahet al. @71#. For C61 projectiles, single capture
plus transfer ionization (data3500): (• • • •) present results with
the autoionization contribution;~full triangle up! measurements o
Grahamet al. @110#.
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2. Scaling rules

The usefulness of scaling rules for H2 targets follows as
for H(1s). Our procedure in this case is more empirical th
in Sec. III A, because at largev the ionization cross section
for molecular targets do not follow a simple rule like E
~13!, and, in particular, we do not obtains̄si}q2. We have
examined this point, and found that the single-electron i
ization probabilities do obey the same laws as for H targ
mainly ` i(v,b,q)}q for fixed v,bq21/2 and for the impact
parametersb that determine the cross sections. However,
these impact parameters, the probability`e(v,b,q) of the
electron not being captured or ionized strongly diminish
with q, so that, for the range of nuclear velocities conside
here, no simple scaling exists, even at highv, for the com-
bined probabilityPsi52` i`e @eq.~7!#. Our empirical law for
s̄si is

s̄si
scaled~q,v !

5s~1,v !q2$0.922exp[20.57(v20.01q)] 2exp[21.8(v220.08q)] %.

~16!

The accuracy of this analytical fit is slightly worse than f
the ion-atom case. Forv>0.5 a.u., the maximum absolut
error of this expression with respect to our calculated val
is about 0.2q2, in the maximum region of the cross sectio

On the other hand, with regard to electron capture,
found a simple, linear scaling rule fors̄sc:

s̄sc
scaled~q,v !5s̄sc~1,v8!q ~17!

with v85vq0.11. As in Sec. III A, an estimate of the accu
racy of this expression is difficult, and may be given by t
largest absolute error with respect to our calculated value
sc ; this is, at lowv, of the order of 0.6q ~for q58).

3. Application of our data to dressed projectiles

As for the ion-atom case, we check in this section whet
the results for bare ion projectiles can be used to estimate
v.1 a.u., the corresponding data for dressed project
with the same net chargeq. Then, the scaling laws of Eqs
~16! and ~17! can be applied to reactions that have not be
treated experimentally, such as for Beq1 (q52,3) projec-
tiles, or for impact by dressed ionsAq1 with q.4 ~ioniza-
tion! and 5~capture!.

We display in Figs. 8 and 9 the same capture and ion
tion data given in Figs. 6 and 7, respectively, together w
the corresponding measurements from Shahet al.
@94,71,91,95# for bare and dressed-ion projectiles collidin
with H2 . The comparison is very similar to that for atom
targets~Sec. III A!, and the discussion on the influence of t
core electrons, which follows similar lines, will not be r
peated. Incidentally, a fortuitous agreement at lowv should
be noted between our ionization data with the autoioniza
contribution and experiment for dressed ions withq52; this
is due to a compensation between our overestimation of
double-capture cross section~Sec. II B! and our underesti-
mation of the role of the core~Sec. III A!.
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IV. CONCLUSIONS

We have reported results for single-electron ionizat
and capture cross sections inAq11H collisions, withAq1 a
bare ion, in a wide range of intermediate energies. Use o
impact parameter, CTMC treatment, with initial spatial a
momentum densities that are close to the exact ones@25#,
achieves a considerable improvement over previous clas
work, so that the accuracy of the approach is much hig
than usually assumed@1,2#. This applies, to a good extent, t
partial cross sections as well as transition probabilities,
though tabulation of the former quantities exceeds the a
of the present paper. This performance of CTMC calcu
tions is very encouraging, since they are considerably s
pler than ab initio, close-coupling treatments, especia
when pseudostates need to be included in the latter~see, e.g.,
Refs. @112–114,2,64,55,54#!; also, as we have seen, pertu
bative approaches are not applicable in the lower range
nuclear velocities that we have treated. Our data for H targ
are of predictive value for bareAq1 ions, q.3,v.3 a.u.,

FIG. 8. Comparison of the present resultss̄(v) without ( )
and with (• • • •) autoionization contributions~in units of
10216 cm2 and scaled as stated below!, for the single, double, and
transfer ionization cross section ofAq11H(1s) collisions, with
Aq1 a bare ion, with experimental data for stripped and dres
Aq1 projectiles.q51: data from Shahet al. for H1 @109,56# (d)
and Li1 @94# ((). q52 (data310): values from Shahet al. for
He21 @109,56# ~full box!, Li21 @94# ((), C21 @109# (h), N21

@109# (n), and O21 @109# (,). q53 (data3500): values from
Shahet al. for Li 31 @94# ((), C31 @109# (h), N31 @109# (n), and
O31 @109# (,). q54 (data310 000): values from Shahet al.
@109# for C41 (h), N41 (n), and O41 (,).



-
ha
to
d—
as
e

sy
is
r

ev

ed
ra
se
e

ex
e

-
rk,
int
es-

ere
t
ule
l

data

nd,

, and
ially
iz-
ion
be-

der,
s-
is

e-

that
the
oss
eri-

h is
r-
-
on

be
o a
a-

-
n
-
ion

T
nk

se

4558 PRA 60CLARA ILLESCAS AND A. RIERA
and at lowv we compare very well with close-coupling re
sults for ionization. In this respect, we have mentioned t
the problem of the normalization of the experiment by pro
impact cannot be taken as being completely solve
otherwise, we would have a surprising coincidence of cl
sical and semiclassical results lying above the measurem
at the cross-section maximum. For capture, our data lie
tematically above those of atomic treatments, and this
matter worth investigating, since we agree at the highev
with CDW results.

In the present work, we have also checked that our pr
ous studies of the mechanisms@7,8# extend to projectiles
other than He21. We have then reckoned that the detail
inner structure of either colliding partner may not be of pa
mount importance to treat ionization and capture proces
since these take place outside the inner regions. We w
thus led to compare our data for bare ion impact to the
periment for dressed-ion projectiles, showing that core

FIG. 9. Comparison of the present resultss̄(v) without ( )
and with (• • • •) autoionization contributions~in units of
10216 cm2 and scaled as stated below!, for the single capture plus
transfer ionization cross section ofAq11H(1s) collisions, with
Aq1 a bare ion, with experimental data for stripped and dres
Aq1 projectiles. q51: measurements from Shahet al. for H1

@109,56# (d), Li1 @71# ((), B1 @71# (n), and C1 @71# (h). q
52 (data310): values from Shahet al. for He21 @109,56# ~full
box!, Li21 @94# ((), B21 @71# (n), and C21 @71# (h). q
53 (data3100): values from Shahet al. for Li31 @94# ((), B31,
@71# (n), and C31 @71# (h). q54 (data31000): values from
Shah et al. @71# for B41 (n) and C41 (h). q55 (data
310 000): values from Shahet al. @71# for B51 (n) and
C51 (h).
t
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fects are unimportant for nuclear chargesZ.1 and a fixed
net chargeq, at v.0.5 a.u.~capture! andv.1.5 a.u.~ion-
ization!, where our estimates are of predictive value forq
.5, and Beq1 impact. At smaller velocities, simple argu
ments indicate that electron correlation effects are at wo
and these must involve, for ionization, the saddle-po
mechanism, which is also a point that deserves further inv
tigation.

From the previous conclusions on the mechanisms, th
also emerges a model for H2 targets, in which the relevan
quantities are the vertical ionization potential of the molec
and the projectile net chargeq. This apparently crude mode
yields, as far as we know, the most accurate theoretical
for single-electron processes, in av domain spanning the
maximum of the ionization cross section. On the other ha
as in other simplified approaches@49,48,38#, dissociative re-
actions cannot be separated from nondissociative events
the model fails for double-electron processes, and espec
with respect to transfer ionization stemming from autoion
ation. Therefore, only the cross sections for single ionizat
and capture are given in tabulated form. Comparison
tween Table I~for H targets! and Table IV ~for H2) then
shows that, because of a compensation effect at lowv, the
data for atomic and molecular targets are of the same or
while at largev the latter tend to twice the former, as a
sumed in previous works. Comparison with experiment
very encouraging, except that our limitation to singl
electron events causes an inconvenience for Li31 projectiles
at low v, because the measured data@94,109# include trans-
fer ionization. Nevertheless, it should be remembered
one of the aims of the present work was to check whether
method provides reliable data for the single-electron cr
sections, rather than to reproduce those of all the exp
ments. Our results are of predictive value for Beq1 (q
52,3,4) projectiles and for impact by dressed ionsAq1 with
q.4 ~ionization! and q.5 ~capture!, hence including, in
particular, the important@5,4# carbon and oxygen ions.

For application purposes, Eqs.~14!, ~15!, ~16!, and ~17!
provide a scaling of our data to a benchmark case, whic
that of H1 impact, except for electron capture from H ta
gets, where the benchmark is He21. To construct these em
pirical laws, we have studied the variation of the transiti
probabilities withq,v, and the impact parameterb. We have
found for ionization of H targets that the Born-type}q2

variation holds even at such lowv that the conditions for the
Born approximation are inapplicable. This behavior can
related to a scaling of the ionization probabilities, related t
distant collision hypothesis for the direct ionization mech
nism. With respect to the variation withv, our classical data
are compatible, forv>5 a.u., with a Bethe-Born limit be-
havior ~13!. Similar behaviors are found for the single
electron probabilities for ionization of the ‘‘active’’ electro
in collisions with H2 targets, but not to the total single ion
ization probabilities, because of the variation in the transit
probability of the ‘‘passive’’ electron.
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