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Target dependence of slow electrons emitted in swift ion-atom collisions
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Low-energy electron emission is studied for 3.6-MeV/u Au531 impact on Ne and Ar using the first-Born and
continuum-distorted-wave eikonal-initial-state~CDW-EIS! approximations. By using optimized effective po-
tentials to represent the target atom, very good agreement is obtained between the CDW-EIS results and
experiments. The comparison with the calculations using the first-Born approximation shows that the emission
is very asymmetric, with a preferential emission into the forward direction. A detailed study of the emission
from each initial orbital of the target atom reveals features in the spectra which can be related to the structure
of the initial-state bound wave function.
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I. INTRODUCTION

Electron emission plays a major role in the energy loss
swift ions in different media, and therefore in radiation da
age. Depending on the target thickness the impinging ion
suffer single or multiple scattering. However, the ba
mechanism by which electrons are produced is that of e
tron emission in single ion-atom collisions. Of course, t
electronic states in solid or biological target differ from tho
of isolated atoms, but the reaction remains the same. Th
fore, it is very important to have a precise knowledge of
electron emission process in ion-atom collisions.

The first measurements of electron emission spectra w
performed during the 1960s by Rudd and co-workers@1#.
Since then the field has witnessed many major breakthrou
due to the ever increasing precision of experimental te
niques, the development of highly charged ion sources,
availability of antiproton beams, etc. At the same time,
theoretical description has evolved from simple first-ord
theory to the present calculations, which can take into
count very accurately a description of target bound and c
tinuum states and the distortion due to the long-range pro
tile Coulomb potential@2#.

Detailed information about the reaction dynamics is p
vided by doubly differential cross sections~DDCS’s! as a
function of the electron momenta in the final state. Due
the cylindrical symmetry of the collision with respect to a
axis defined by the projectile velocityvW , DDCS’s can be
expressed either in terms of the electron energy and a
(Ee ,ue) or the longitudinal and transverse linear mome
(pei ,pe'). Two experimental techniques are available
measure DDCS’s in ion-atom collisions. In the first the em
ted electron energy is measured by an analyzer located
fixed angle. Varying this angle it is possible to map all t
DDCS’s @1#. The second method involves the extraction
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an emitted electron, by a combination of electric and m
netic fields, which is then recorded by a position-sensiti
detector. This allows one to measure the full momenta of
emitted electron. By simultaneously measuring the recoil
using a similar technique, and using energy and momen
conservation, it is possible to extract the complete kinem
ics, i.e., the momentum transfer, the recoil-ion momenta,
the electron spectra, for defined charge states of the resi
target@3#. Both methods provide different views of the sam
spectra of emitted electrons. However, it turns out that b
methods are complementary, since they are best suite
different parts of the spectra. The former method has
limitation of measuring low-energy electrons, while the lat
is not accurate for high-energy electrons.

At present the final-state electron momentum distribut
has been studied mostly in the case of a He target, where
entire momentum space has been explored. These stu
were performed with protons up to multiply charged ion
Much less is known about the case of multielectronic targ
where very few experimental and theoretical studies
available. For a target atom with several filled shells, seve
questions arise which are of great importance, for exam
in calculations of radiation damage. Since an electron can
emitted from any shell, it is important to know the relativ
contributions as a function of projectile charge and veloc
On the other hand, electrons in the initial state fill levels w
different values of the principal, angular momentum a
magnetic quantum numbers (nlm). One can expect that th
final momentum distribution will be different, and will carr
information about the corresponding initial state.

In recent experiments using swift highly-charged Au531

ions impinging on He, Ne, and Ar@4,5#, it was found that the
low-energy part of the electronic momentum distribution d
pends on the target. These results can be taken as an ind
confirmation of previous theoretical studies, which indicat
that there is a target dependence due to the different beha
of the bound and continuum states at the threshold@6#.
Therefore it is our purpose to study in more detail the el
tron emission process close to threshold for different ini
©2001 The American Physical Society20-1
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states. The study will be performed at a fixed impact ene
of 3.6 MeV/amu, which is equivalent to projectile velocity
12 a.u., for light (H1) and highly charged ions (Au531) im-
pinging on Ne and Ar target atoms.

This paper is organized as follows. In Sec. II we pres
the theoretical models used to obtain the momentum di
bution, and discuss the different model potentials used
the calculation of the DDCS’s. Section III contains a co
parison between the experimental and theoretical results,
a study of the dependence of the DDCS on the initial st
Finally, in Sec. IV we present conclusions. Atomic units w
be used.

II. THEORETICAL MODEL

The theoretical description of electron emission in io
atom collisions requires two basic ingredients. The first is
accurate calculation of the target bound and continu
states. Following the work of Madison@7# within the first-
Born approximation, this can be done by assuming that th
is only one active electron during the collision. The targ
can then be replaced by a suitable model potential, and
bound and continuum states have to be calculated num
cally.

The second ingredient is to include the distortion in t
initial and final channels introduced by the projectile. Due
the long range of the Coulomb potential, two effects appe
The initial bound state is distorted~or polarized!, and the
final state is aligned, preferentially in the forward directio
due to the attraction of the projectile potential. Theoretica
it is very difficult to describe these states of the two-cen
potential formed by the target and projectile nuclei. A use
method to take these effects into account is distorted-w
theory, which allows one to develop perturbative schem
where the long-range character of the Coulomb potentia
taken into account. Many first-order approximations ha
been conctructed based on this theory. Usually the initial
final distorted wave functions are proposed as

x i5f i~xW !Li~sW !, ~1!

x f5f f~xW !Lf~sW !, ~2!

wherexW (sW) is the coordinate of the active electron in th
target~projectile! reference frame, andf i andf f the initial
bound and final continuum states of the target atom.
choosing different distortionsLi f , it is possible to define
different approximations. One of the most successful is
continuum-distorted-wave-eikonal-initial-state~CDW-EIS!
@8,2# model, where the initial target bound state is distor
by an eikonal phase factor (Li) which takes into account th
projectile-electron Coulomb interaction. In the final state,
interaction of the emitted electron with the projectile is i
troduced through a multiplicative continuum wave functi
(Lf). Within the CDW-EIS model it is also possible to d
scribe with good accuracy, as in the first-Born approxim
tion, the bound and continuum states of the target@9#. Within
the one-active electron approximation the target is rep
sented by a model potential, and the bound and continu
06272
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states are obtained numerically by solving the tim
independent Schro¨dinger equation.

Several model potentials are available in the literatu
given either in tabular form or by analytical formulas. Th
most used are the Hartree-Fock-Slater~HFS! potentials of
Herman and Skillman@10#. However, these potentials hav
an incorrect asymptotic behavior which is usually arrang
by introducing the so-called Latter correction. Recent
search showed that this method can produce unphys
structures in the electron momentum distribution@11#.
Therefore it is necessary to use other potentials which
have the correct asymptotic behavior and which provide
curate values of the binding energy and of the bound
continuum wave functions. In the present work we will u
those obtained from the optimized effective potential~OEP!
method developed by Talman and co-workers@12–14#. The
accuracy of these potentials has been tested in compa
with Hartree-Fock calculations, and can be checked in co
parison with results obtained from density-functional theo
~DFT!. The DFT potentials have the correct asymptotic b
havior, and, when used within the CDW-EIS model, gi
results in very good agreement with experiment@11,15#. For
example, the binding energy of the 3p states of Ar calculated
using the OEP is -0.585 a.u. which falls between the val
of -0.620 and -0.533 a.u. obtained with the DFT and H
potentials, respectively. Since the absolute values of
cross sections are closely related to the value of the bind
energy, we can expect that the results obtained with the O
potential will be larger than those from DFT, and smal
than the HFS values. The advantage of OEP potentials o
DFT is that they are available for every target in tabular fo
@13#. Therefore, these potentials will be used in the calcu
tions shown in the following.

III. RESULTS AND DISCUSSIONS

Electrons emitted with very low energy in ion-atom co
lisions are very difficult to measure. However, the multiele
tron recoil-ion momentum spectrometer recently develop
by Ullrich et al. @3# is very well suited for this task. Experi
ments with this technique achieve unprecedented accura
low electron energies, with an electron momentum resolut
of Dpei5131022 a.u. in the longitudinal direction and
Dpe'51.431022 a.u. in the perpendicular direction. Th
allows one to measure the so-called soft-collision peak
Ee50 eV with an accuracyDEe52.5 meV. Experiments
have been performed using He@4#, Ne, and Ar@5# gas tar-
gets. In Figs. 1 and 2 the experimental doubly differen
cross sections for net ionization of Ne and Ar by 3.6 MeVu
Au531 impact are shown in comparison with theoretical c
culation using the first-Born~B1! and CDW-EIS models. For
the B1 calculations we have also employed the OEP’s. T
DDCS’s are presented as a function ofpei for fixed values of
pe'50.05, 0.45, and 0.95 a.u. It is clear from the figures t
the CDW-EIS results using the OEP are in very good agr
ment with the experimental data, especially in the case of
Conversely, the results from B1 largely overestimate the
perimental results at the peak and for negative values ofpei .
A comparison between both models shows that B1 give
0-2
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TARGET DEPENDENCE OF SLOW ELECTRONS EMITTED . . . PHYSICAL REVIEW A63 062720
symmetric peak while the CDW-EIS results are clea
asymmetric in agreement with experiments. Except forpe'
50.05 a.u., the maximum is shifted to positive values ofpei
due to the Coulomb attraction by the highly charged io
This effect is not present at small values of bothpei and
pe' , due to the large density of states at threshold wh
produces the peak. In the case of a H target this effect would
be even more pronounced, since the density of states
verges at threshold as 1/pe , wherepe

25pei
2 1pe'

2 is the elec-

FIG. 1. DDCS for net ionization of Ne by 3.6 MeV/u Au531

impact as a function ofpei . Experiments: (d), from Ref. @5#.
Theory: solid line, CDW-EIS with the OEP; dot-dashed line, B
with the OEP.

FIG. 2. DDCS for net ionization of Ar by 3.6 MeV/u Au531

impact as a function ofpei . Experiments: (d), from Ref. @5#.
Theory: solid line, CDW-EIS with the OEP; dot-dashed line, B
with the OEP; dashed line, CDW-EIS with the DFT potential fro
Ref. @11#.
06272
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tron momentum, therefore producing a cusp as the w
known ‘‘electron capture to the continuum’’ cusp. In Fig.
we also include the CDW-EIS results from Ref.@11# using
the DFT potential for Ar. As predicted above from the bin
ing energies of the 3p electrons in the initial state, the DFT
results are smaller than the present results using the O
However, the results from both calculations are very close
each other, showing the same dependence onpei for the
different values ofpe' .

More detailed information about the electron emissi
process can be obtained by studying the contribution fr
the different initial orbitals of the target. Previous studi
@5,11# showed that the main contribution to DDCS’s in th
momentum range shown in Figs. 1 and 2 come from
outer shells of the target, that is, the 2s and 2p orbitals of Ne
and the 3s and 3p orbitals of Ar. DDCS’s from each initial
orbital show a different functional dependence with the lo
gitudinal and transverse momenta. Instead of plott
DDCS’s for different cuts, associated with constant values
pe' , it is more interesting to have a view of the whole di
tribution in momentum space. A three-dimensional plot
the DDCS as a function ofpei andpe' has all the informa-
tion, but many details are lost since the DDCS varies
several orders of magnitude in a small range of electron m
menta. We have therefore chosen to view the results as
tour plots which are the projection of the DDCS’ onto th
(pei ,pe') plane.

In Figs. 3, 4, and 5, we present the contour plots for
MeV/amu H1 and Au531 impact on Ar 3s, 3p0, and 3p61
initial orbitals. These plots show a striking difference b
tween both projectiles. For H1 impact the momentum distri
butions show a preferential emission at 90° (pei50), which
is characteristic of the dipolar transitions that are dominan
the case of light projectiles at high impact energy. As t
projectile charge increases, the momentum distribution
shifted in the forward direction due to the Coulomb attra
tion by the projectile potential. Although the projecti
charge is large and the process is nonperturbative~the pro-
jectile charge to velocity ratio is 4.4!, it is still very surpris-

FIG. 3. Contour plot showing the projection onto the (pei ,pe')
plane of the DDCS divided byZP

2 for electron emission from the 3s
state of Ar by 3.6 MeV/u H1 ~left panel! and Au531 ~right panel!
impact.
0-3
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ing that at high velocities the projectile field can produ
such a large variation of the momentum distribution at v
small electron energies.

A particular feature appears for the 3p0 orbital, where
there is a pronounced dip close topei50. It can be shown,
with a very simplified model, that this feature is related
the nodal structure of the 3p0 orbital. Let us consider the
first-Born approximation in the limit ofpe→0. We describe
the final continuum state using a hydrogenic wave funct
with an effective nuclear charge, to be chosen using so
recipe which is of no importance here. Therefore the DD
can be written as

d2s

dpW e

'
4p2ZP

2

v2
uN~pe!u2E dhW

ufnlm~qW 1pW e!u2

q2
, ~3!

whereqW (hW ) is the ~transverse! momentum transfer by the
projectile, ZP and v are the projectile charge and velocit
fnlm is the initial orbital occupied by the active electron, a
uN(pe)u is the Coulomb density of states, which at thresh
behaves as

FIG. 4. Same as Fig. 3, but for electron emission from the 3p0

state of Ar.

FIG. 5. Same as Fig. 3, but for electron emission from the 3p61

state of Ar.
06272
y

n
e

S

d

uN~pe!u2'1/pe , ~4!

producing the cusp which is characteristic of a pure Coulo
potential. In the present case of multielectronic targets
can suppose that Eq.~3! will remain basically unchanged
except that the density of states given by Eq.~4! will be
replaced by a finite density of states associated with
model potential used to describe the target atom~the density
of states diverges only for a ‘‘pure’’ Coulomb potential!. For
a given initial orbital defined by the quantum numbersn,l ,
and m, the integral in Eq.~3! can be solved analytically
Since we are making very crude approximations, it is n
necessary to do this; we only need to obtain the most imp
tant functional dependence. Solving the integral and tak
the limit pe!v, it is easy to show that

d2s

dpW e

'uN~pe!u2pei
2 , ~5!

d2s

dpW e

'uN~pe!u2, ~6!

where Eq.~5! corresponds to initial orbitals with quantum
numberl ,m51,0, and Eq.~6! to l ,m51,61. These results
show that the DDCS in the limit ofpe→0 is given mainly by
the density of states at threshold multiplied by a functi
which depends on the initial state. In the first case the DD
is proportional topei , and thus it is zero whenpei50.
Therefore, the dip shown in Fig. 4 is directly related to t
symmetry properties of the initial bound state. The resu
from B1 differ a little from this simple model, as we ca
expect more than dipolar contributions, and because the
sult has a limited range of validity which excludes, for e
ample, the large values ofpe' where the dip is shifted from
pei50. This is confirmed by the fact that the shift increas
with the projectile charge.

The previous results show that the momentum distribut
close to the soft-collision peak is sensitive to the initial sta
However, when it is not possible to separate the contribut
from each orbital, these signatures are lost. This is show
Fig. 6, where the contour plots are given, summing the c
tribution from all the initial states as is given by present d
experiments. The distributions now appear as we would
pect from our conventional knowledge. For the light proje
tile close to the peak the emission is symmetrical~note the
different scales in both axis! in the longitudinal and perpen
dicular direction, as one would expect from the major ro
played by the density of states at threshold as explai
above. As the electron momentum increases the emis
becomes mainly dipolar, but with contributions from oth
angular momenta, as is clear from the fact that the emiss
is not exactly ontopei50 but is slightly shifted in the for-
ward direction. When the projectile charge increases the s
is more pronounced, and a change in the distribution is a
observed the region near threshold. This is in agreement
previous theoretical results@6#, showing that the behavio
near threshold is determined by non-Coulombic behavior
0-4
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to the target potential and a two-center effect due to co
bined action of the residual target and projectile potentia

Further insight can be gained by a simple moment
analysis of the collision. In ion-atom collisions at intermed
ate to high impact energy, the momentum transfer from
projectile is given byqW 5hW 1qiv̂. The longitudinal momen-

tum transfer is given byqi5( 1
2 pe

21u« i u)/v where« i is the
initial binding energy. Therefore in the limit ofpe!v we
have qi.0 and qW .hW , and thus the projectile essential
probes the transverse nodal plane of the initial bound st
This result shows a particular feature of low-energy elect
emission. The dependence of the distribution on the ini
state appears because in this region the projectile momen
transfer is mainly in the perpendicular direction. As the el
tron momentum increases, we can expect that these si
tures will be lost because the longitudinal momentum tra
fer washes out this information. It must be noted that in

FIG. 6. Same as Fig. 3, but for electron emission from all sta
of Ar.
.
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case of H1 impact, the processes is closely related to that of
electron loss to low-lying continuum states in the projectile
field in collisions between atoms. Studies by Bu¨rgdorfer@16#
in the case of electron loss from H, initially prepared in the
2p0 initial state with Ar targets, showed the same momen-
tum distribution as shown here in Fig. 4. The main difference
is that in the case of ionization the projectile is a charged
particle, while in the case of electron loss the same role is
played by a target which remains neutral throughout the col-
lision. Therefore, in the latter the momentum distribution is
not perturbed by the target field, while in the former the
charged projectile produces a shift of the distribution in the
forward direction.

IV. CONCLUSIONS

In the present work we have shown that OEP’s are a valid
alternative to HFS potentials, giving cross sections in very
good agreement with experiments. These potentials are als
free from unphysical results due to the incorrect behavior of
the HFS potentials at large distances.

Calculations restricted to very low electron emission en-
ergy for given initial states show distinct features which can
be related to the nodal structure of the initial bound state. It
may be possible to observe such structures in experiment
using state-prepared targets.
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