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Two-center effect on low-energy electron emission in collisions of 1-MeVÕu bare ions with atomic
hydrogen, molecular hydrogen, and helium. I. Atomic hydrogen
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We have investigated ionization mechanisms in fast ion-atom collisions by measuring the low-energy elec-
tron emission cross sections in a pure three-body collision involving bare carbon ions (v56.35 a.u.) colliding
with atomic hydrogen targets. The measurements have also been extended to molecular hydrogen and helium
targets. In this paper we provide the energy and angular distributions of double differential cross sections of
low-energy electron emission for atomic hydrogen targets. The Slevin rf source with a high degree of disso-
ciation was used to produce the atomic H target. It is found that the two-center effect has a major influence on
the observed large forward-backward angular asymmetry. A detailed comparison is presented with calculations
based on the continuum distorted-wave~CDW! and CDW-EIS~eikonal initial-state! approximations. Both the
continuum distorted-wave calculations provide a very good understanding of the data, whereas the first Born
calculation predicts almost symmetric forward-backward distributions that do not agree with the data. The
two-center effect is slightly better represented by the CDW calculations compared to the CDW-EIS calculation.
The total cross sections are, however, in good agreement with the theories used. The results for molecular
hydrogen and helium will be discussed in the following paper.
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I. INTRODUCTION

Ionization is one of the dominant inelastic processes
intermediate and fast ion-atom collisions. The ionization
atomic hydrogen by swift bare ions is one of the simpl
atomic collision processes leading to pure three-body ion
tion and provides a most suitable testing ground of quant
mechanical theoretical models that describe electron e
sion in the ionization process. Although there have be
numerous experimental and theoretical studies on ion-im
ionization in the past, the understanding of the energy
angular distributions of low-energy electron emission
heavy ion-induced ionization is far from complete. Most
the previous experiments have been carried out using m
electron targets. The total ionization cross sections~TICSs!
for atomic hydrogen targets have been measured in the
@1–3# using protons. However, TICSs result from an integ
tion over the momenta of the three particles in the final st
They cannot provide the finer details of the process si
these are obtained by integrating over the momenta of
three particles in the final state. In order to gain more insi
into the ionization dynamics, one needs to measure the
ergy and angular distributions of the low-energy electro
since these electrons carry the bulk of the cross secti
although they are difficult to detect. The double different
ionization cross sections~DDCSs!, differential in emission
angle and energy for a pure three-body collision system,
provide stringent tests to the most sophisticated theories
ionization. Such measurements for atomic hydrogen h
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been carried out only for low charged projectiles such
electrons@4#, protons@5,6#, and helium ions@7#.

The first measurement on electron DDCS in the ionizat
of atomic hydrogen by highly charged heavy ions has b
reported only recently@8# at high velocity (v510 a.u.). The
initial-state electron cloud is highly perturbed under the
fluence of heavy ions, and the ejected electron moves in
long-range Coulomb fields originating from the ionized ta
get and the moving ion. Such a two-center effect modifi
drastically the angular distributions of the emitted electro
causing forward-backward asymmetry, which again depe
on the electron energy. Such two-center effects~TCEs!,
which are stronger for projectiles with higher atomic num
bers~Z! and lower velocity (v), have been explored mostl
for high velocity ions (v>10) @9# on He. To explore the
angular distribution patterns of different energy electrons
der the influence of the TCE, it is therefore necessary
measure the electron DDCS using lower velocity heavy io
We present here the energy and angular distributions of e
trons with energies between 1 and 300 eV emitted in
ionization of atomic hydrogen in collisions with 1 MeV/
(v56.35 a.u.) bare carbon ions.

It is known that the two-center electron emission can
be described by the first Born calculations. At intermedi
and high energies, distorted wave theories provide an
equate framework to treat the electron emission process
der heavy-ion impact. At present, two of them—the co
tinuum distorted-wave~CDW! and continuum distorted
wave with eikonal initial-state ~CDW-EIS!
approximations—have been studied in detail. The CDW-E
approximation, developed by Crothers and McCann@10# and
extended to multielectronic targets by Fainstein and
workers@11,12#, has been successfully applied to explain t
©2001 The American Physical Society23-1
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two-center effect on electron emission. The continuum d
tortion applied in the outgoing channel is shown to be
equate to describe the dynamics of the ionized electron in
combined Coulomb fields of the projectile and target. T
CDW theory for ionization was introduced by Belkic´ @13#.
However, the model received less interest due to the in
rect normalization of distorted waves resulting in overe
mated cross-section values at low impact energies@14#. The
significant difference between the CDW and CDW-EIS a
proximations lies in the forms of distortions applied in t
initial channel. The former accounts for the distortion
using an eikonal phase, while the latter, similar to the fi
channel, uses a continuum distortion. The eikonal phase
responds to the asymptotic behavior of the continuum dis
tion at asymptotic distances, consequently the two-ce
character of the distorted-wave functions is highly reduc
Moreover, recently it has been shown@15–17# that the use of
more realistic wave functions, instead of H-like wave fun
tions, for the initial and final states of the electron, provid
a better agreement with the data for multielectron targ
However, in the case of an atomic hydrogen target, where
initial wave function is known exactly, such modification
are not required.

It is known that in the case of two-electron or multiele
tron targets, the contributions from double electron or mu
electron process electron-electron correlation can be sub
tial enough to complicate the data analysis and a compar
with theoretical methods suffers from ambiguity. In spite
reasonable success in describing the features of elec
emission in fast ion atom collisions, the CDW-EIS calcu
tions are shown to deviate from the measured data, e
cially in the extreme forward and backward angles for H
H2, Ne, and even for atomic hydrogen targets.

Recoil-ion momentum spectroscopy~RIMS! using the
cold-target technique has also been used recently to stud
two-center effect and post-collision interactions and their
fluences on the emission of low-energy electrons and re
ions @18#. The relation between electron spectroscopy a
RIMS has also been addressed recently@19–21# in order to
study the ion-atom ionization mechanism. The observed s
in the recoil-ion and electron longitudinal momentum dist
butions in the opposite directions is believed to be associ
with such post-collision interactions~PCIs! @22#, which are
shown to be stronger with higher values of perturbat
strengthSp5Zp /vp (Zp and vp are the atomic number an
velocity of the projectile!. A large shift and hence a larg
PCI is observed forSp52.0, whereas a negligible shift in th
electron and recoil-ion longitudinal distributions is noticed
the case of much smaller values ofSp ~50.6! @19,20#. How-
ever, in spite of a negligible shift in the momentum distrib
tions @21,22#, a large forward-backward asymmetry has be
observed in the electron emission for C611He for whichSp
was quite small, e.g., 0.6@23# and 0.4@9#. The aim of the
present measurement is to explore the two-center effec
measuring the forward-backward asymmetry in the ang
distribution of low-energy electron emission in fast ion-ato
collisions with atomic hydrogen with a perturbation streng
of nearly 1.0 (Sz50.94).
06272
-
-
e

e

r-
-

-

l
r-

r-
er
.

-
s
s.
e

-
an-
on
f
on
-
e-
,

the
-
il
d

ift

ed

n

-
n

by
r

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

The experimental technique has been described in our
lier letter communication@8# and therefore we give the nec
essary details only. The highly collimated energy a
charge-state selected beam of 1 MeV/u bare carbon ions
was obtained from the tandem Van de Graaff accelerato
the J. R. Macdonald Laboratory at Kansas State Univer
~KSU!. The beam interacts with the atomic hydrogen jet t
get 2 mm below the nozzle. A commercially available~Leisk
engineering! rf hydrogen atom source, developed by Slev
and Sterling@24#, was fed with a high-purity hydrogen gas
a pressure of 0.3–0.4 torr. The outlet gas contains some
dissociated H2 along with atomic hydrogen, which were a
lowed in the chamber through a 1-mm-diam capillary tub
The x, y, andz positions of the nozzle could be adjusted
order to align the gas jet with respect to the beam to obta
maximum dissociation fraction.

The experimental setup including the spectrometer w
constructed at the University of Nebraska and moved to K
for the earlier experiments and was also used in the pre
investigations. The collimator geometry for the beam e
trance was changed slightly. A turbomolecular pump w
used to evacuate the chamber to 131027 torr. The various
tests for performance of the spectrometer are similar to th
described in Refs.@5,6#. A m-metal shield was used insid
the chamber to reduce the stray magnetic field. A curre
carrying coil placed in the horizontal plane around the cha
ber was enough to reduce the stray magnetic field belo
mG in the region where the electrons travel before enter
the analyzer. A hemispherical electrostatic analyzer@5,6#
made of oxygen-free high-conductivity copper with inn
and outer radii of 25 and 35 mm was used. The spher
surfaces were coated with carbon soot to reduce secon
electron production from the copper surface due to the e
tron bombardment. Before entering the analyzer, the e
trons had to pass through a collimator made of a copper t
with two rectangular grounded apertures, one on each
These two apertures of widths 4 and 3 mm mainly define
effective path-length solid-angle integral~see below!. Addi-
tional apertures at the entrance and the exit of the anal
were biased with a small voltageV0 in order to preaccelerate
the electrons entering the analyzer. It was found thatV05
15 V was enough to improve the collection efficiency of t
low-energy electrons. The energy-analyzed electrons w
detected by a channel electron multiplier~CEM! mounted on
the exit of the analyzer. The cone of the CEM was biased
1100 V to help the low-energy electrons reach the detec

The spectrometer could be rotated between 15° and 1
and electrons with energies between 1 and 300 eV were
tected at various angles at intervals of 10° or 15°. The e
tron spectrum was taken with the rf power on (Son) and RF
power off (Soff), keeping the jet pressure the same~about 0.3
T! in both cases. From these measurements, one can d
mine the ratio~R! of ionization cross sections~i.e., DDCS!
for H to that for H2 @see Eq.~2! below#. The absolute cross
section (s2) for H2 was determined using a static gas co
dition with the rf off. The cross sections (s1) for H were
obtained using these cross sections and the measured
3-2
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TABLE I. Measured double differential cross sections~in units of Mb/eV sr! for different angles. Typical errors are about 25–30
except fore<5 eV, for which the errors could be 40–45 %. For backward angles the uncertainty is large~about 40–45 %! for higher energy
~>100 eV! electrons due to a substantial background.

u \e~eV! 1 3 5 10 40 100 200 240

15° 3.15 2.50 3.1 1.69 0.233 0.0192 0.00113 0.00110
45° 3.56 2.96 3.3 3.660 0.312 0.0388 0.0101 0.00484
60° 4.26 3.19 2.63 2.94 0.465 0.090 0.0372 0.030
70° 3.97 3.12 2.74 3.34 0.612 0.17 0.064 0.051
90° 3.09 2.64 2.48 2.26 0.306 0.037 0.00194 8.0931024

105° 1.10 0.93 0.92 0.053 0.00227
120° 0.85 0.946 0.61 0.382 0.0137 7.3631024 3.7431025

135° 0.496 0.49 0.28 0.0073 6.42831024 7.03631025

160° 0.652 0.353 0.320 0.0060 3.93324
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(R). The details of the measurements ofs2 can be found in
Paper II. In brief, the chamber was flooded with low press
~0.1–0.3 mTorr! H2 gas. The low gas pressure was to min
mize the scattering of low-energy electrons before ente
the analyzer. For absolute normalization of the H2 data, we
have measured the electron spectrum at different angles
1.5 MeV p1He, for which the absolute cross sections a
known @25#. The normalization constant was independent
electron energy or angle within about 7% for«51
2300 eV. The efficiency of the channel electron multiplie
which is included in the derived normalization, is known
remain constant ('0.95) @26,27# for electron energies be
tween 0 and 500 eV since the front cone of the CEM w
biased to about1100 V. The electron DDCS for H wa
found from the following expression:

R5
s1

s2
5

1

A2D f
S Son

Soff
211D f D , ~1!

where Son and Soff are the background subtracted electr
counts for the same number of incident ions for a giv
electron energy and angle. This equation was used befo
Refs. @4# and @5#. The DDCS for H atoms is then given b
s15Rs2. The typical uncertainty ins1, which is determined
by Eq. ~1!, was;20–25 %~see Table I!.

Since the gas jet at the outlet of the rf source conta
some amount of undissociated molecules along with
atomic hydrogen, it is necessary to find the dissociation fr
tion D f in order to deriveR from Eq. ~1!. The quantityD f
was measuredin situ using a method called the 9-eV proto
method @5#. The spectrum of recoil ions produced in th
collision of bare ions with H2 contains a broad peak of H1

having an energy around 9 eV. Two protons each of ene
9 eV are produced by the Coulomb explosion of a dou
ionized H2 molecule @28# due to the interaction with the
passing projectile. These protons also arise from the di
ciation of the 2psu and some other nearby states of H2

1

@29#, and the total energy released~18 eV! is shared by the
two protons. The protons are detected by the same ele
static spectrometer used for the electron detection, by rev
ing the polarities of the potentials applied on the inner a
outer hemispheres. The cone of the CEM was biased
06272
e

g

for
e
f

,

s

n
in

s
e

c-

y
y

o-

ro-
rs-
d
a

high positive voltage~12.2 kV! and the rear was grounded
The dissociation fraction (D f) is defined as

D f512
Son

Soff
, ~2!

whereSon and Soff represent the yields of the 9 eV proton
detected with the rf power on and off, respectively. T
yields are determined from the areas under the 9-eV pe
The best spectrum is shown in Fig. 1. The highest disso
tion fraction was 88%. However, the typical dissociati
fraction was found to be;80–85 % and almost independe
of angle except for extreme forward and backward angles
which theD f was somewhat lower (;70%). This could be
due to geometrical effects and to the fact that the p
lengths seen by the detector are largest for these angles.
observation is consistent with the results of Kerbyet al. @6#.
However, the dissociation fraction obtained in the pres
experiment is even larger than that obtained in the previ
experiments using the same source@6,8#. We have also de-
terminedD f by a second method, which was based on bin

FIG. 1. ~a! The spectrum showing the proton peak at 9 e
produced in the collision C611H2 for u590° for RF power on and
off.
3-3
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FIG. 2. ~a! The angular distribution of elec
tron DDCS for different energies. The solid
dashed, and dotted lines represent the CDW-E
CDW, andB1 calculations, respectively.
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encounter electron yields. TheD f value obtained with these
two methods agrees within;5%.

The energy dependence of the DDCS was studied for
different angles between 15° and 160°. At each angle, e
trons having energies between 1 and 300 eV were detec
We report the cross sections for atomic hydrogen in this fi
paper~paper I!. We have also measured the angular distrib
tions of low-energy electron DDCSs for the simplest tw
electron systems such as helium and molecular hydro
which are described in paper II.

III. RESULTS AND DISCUSSIONS

A. Angular distributions of the DDCS

The angular distributions of the electron DDCS for diffe
ent electron energies are displayed in Fig. 2. Six differ
energies—5, 10, 40, 100, 200, and 240 eV—were chose
represent the behavior of the entire energy range inve
gated. For each energy, the angular distributions are c
pared with three theoretical models such as the First B
~B1!, CDW-EIS, and CDW models. The angular distrib
tions are found to have peaklike structures around 70° o
above 40 eV. At lower energies, the distributions show
almost flat behavior for the forward angles and a large
crease in the cross sections for backward angles. The p
in the angular distributions, of which the positions follow th
u5cos21(ve/2vp) rule, are due to the binary collisions~com-
monly known as the binary encounter approximation
BEA! between the projectiles and electrons. The widths
06272
n
c-
d.
t
-
-
n,

t
to
ti-

-
rn

ly
n
-
ks

r
f

the peaks are due to the initial momentum distributions
the electrons. It is well seen that this is the dominant proc
for ejecting medium- and high-energy electrons at the giv
ejection angle. For lower electron energies, other mec
nisms, such as the dipole or distant collisions, become do
nant in forming the angular distributions of the DDCS. How
ever, similar to the BEA, this process also predicts
symmetric peak around 90°. This is the gross feature that
already been accounted for in theB1 model. The results
from the distorted wave theories show that the effects of
TCE appear mostly at the tails of the peaks by chang
drastically the asymmetry character.

TheB1 calculations show a large deviation from the da
in general, as far as the angular distributions are concer
The shapes of the distributions are similar to the experim
tal data only above 40 eV. The calculations, in general,
derestimate the data by a large factor for small forwa
angles and overestimate them at large backward angles@see
Figs. 2~c!–2~f!#. The behavior in the forward angles can b
understood in terms of the two-center effect, i.e., due to
long-range Coulomb fields arising from the residual rec
ion and projectile acting on the electrons. The electrons em
ted between 60° –90° are mostly dominated by the bin
collisions and are reproduced by theB1 calculations.

The TCE causes a large enhancement in the forward
rection and a depletion in the backward angles, an effect
is included in the continuum distorted-wave calculation
The CDW-EIS and CDW models reproduce the overall a
gular distributions quite well@solid and dashed lines in Figs
2~a!–2~f!#. For example, at 40 and 100 eV, the CDW-E
3-4
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FIG. 3. ~a! The electron energy distribution
of electron DDCS for different emission angles
forward direction. The CDW-EIS, CDW, andB1
calculations are shown by solid, dashed, and d
ted lines, respectively.
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model gives a much better agreement compared to theB1
model, but still underestimates the data by almost a facto
2 at extreme forward angles. The CDW calculations giv
good agreement with the data over the whole angular ra
at these energies. The differences between the CDW-EIS
CDW models are observed only for small forward and la
backward angles and the difference remains small~within
about 20%! below 50 eV. Above 100 eV@see Figs. 2~d!–
2~f!# the CDW values are a factor of 2 to 4 higher than t
CDW-EIS values at backward angles. The experimental d
seem to support the CDW values for backward emissio
The emission cross sections in the transverse cone, i.e.
tween 60° and 120°, are very well reproduced by both of
distorted-wave models.

B. Energy distributions of DDCSs

The energy distributions of DDCSs measured at the
ward anglesu515°, 45°, 60°, 70°, and 90° are shown
Fig. 3. Foru515°, the general agreement with the CDW
EIS and CDW models is quite good. However, these mod
give slightly lower cross sections above 10 eV. At this e
treme forward angle, theB1 calculations fall well below the
data throughout most of the energy range. At 45°, the ag
ment with the theories is similar to the case of 15° exc
that now all the theories come closer to the data and theB1
results still fall well below the DDCS data between 5 eV a
the binary encounter~BE! peak position. Foru560° –90°,
all the calculations, however, provide quite good agreem
with the data.

As seen in Fig. 4, at 105° the distorted-wave models
in good agreement with the data while theB1 calculation
yields cross sections that are larger by a factor of 2–3.
larger angles, both distorted-wave calculations give go
agreement with the data below 100 eV but at higher ener
06272
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the CDW-EIS calculations fall below the data while th
CDW calculation remains in good agreement. At 160°,
CDW results fall above the CDW-EIS results at even low
energies, and agree better with the data. A good agreem
between the CDW model and the data may indicate that
TCE is described better by this model compared to
CDW-EIS model.

C. Forward-backward asymmetry

It is obvious from the previous discussions that theB1
calculations underestimate the DDCS data in the extre
forward angles and overestimate them for large backw
angles. Such a forward-backward asymmetry is caused
the two-center effect, which will be clear in Fig. 5, in whic
we show the ratio~R! of the DDCS data to theB1 calcula-
tions. The deviation ofR from 1.0 can be directly interprete
as the quantitative estimate of the two-center effect. For
ample, in the forward angles the ratio increases with elect
energy @Figs. 5~a!–5~c!# since electrons with gradually in
creasing energies correspond to those produced at sm
impact parameter collisions. The relative velocity betwe
the electrons and the projectile ions is decreasing and he
is subjected to larger two-center effects. The ratio peaks a
electron energy that approximately corresponds to elec
velocity ve5vp cosu, wherevp is the cusp electron velocity
which is the same as the velocity of the projectile. The e
ergies of these electrons, i.e.,«5Ep(m/M p)cos2u
5548.58(Ep /M p)cos2u eV ~whereEp and M p are the en-
ergy and mass of the projectile,m being the electron mass!,
are indicated by arrows in Figs. 5~a!–5~c!. It is known that at
zero degree the cusp electrons are produced as a resu
projectile interaction with the electrons moving with veloci
vp , which is not included in theB1 calculations. At higher
energies@i.e., Ee>Ep(m/M )cos2u], there is a greater differ-
3-5
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FIG. 4. Energy distributions of electron
DDCS for different backward angles. The line
have the same meaning as in Fig. 3.
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ence between the electron and the projectile velocities
hence the interaction between the electrons and projectil
again reduced. The minimum is obtained at the BE p
position.

The ratio is much less than 1.0 for backward angles,
dicating the inadequacy of theB1 calculations in predicting

FIG. 5. The DDCS ratio, i.e., the DDCS data divided by theB1
calculations, along with the corresponding ratios of the CDW-E
and CDW to theB1 calculations. The different panels display th
ratios for different emission angles.
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the electron emission in large backward directions. T
backward emission could also be affected by a double co
sion @30#, i.e., the electrons that are liberated by the inter
tion with the passing projectile are further scattered from
target atom~or recoil ion!. The CDW calculations show a
slightly better agreement with the data compared to
CDW-EIS model. This shows that a more detailed desc
tion of the ionization mechanism cannot be accounted
without considering the electron as moving in a two-cen
field created by the heavy particles in the entire time of c
lision. In the CDW-EIS model, as is mentioned in the Intr
duction, this two-center character is emphasized mostly
the outgoing channel. So the above results show that be
agreement and finer details on the DDCS can only
achieved by including the two-center dynamics of electro
also in the incoming path of the collision, as is done in t
CDW model.

D. Single differential and total cross sections

The single differential distributionsds/dV were derived
by performing numerical integration of the energy distrib
tions of the DDCS and are shown in Fig. 6~see also Table
II !. The distribution has a peaklike structure that is high
asymmetric about the peak position, i.e., a large forwa
backward asymmetry is obvious. TheB1 calculations, in
contrast, predict a symmetric distribution near the peak
sition. The continuum distorted-wave calculations, on
other hand, reproduce the distribution quite well, giving
large forward-backward asymmetry caused by the two-ce
effect. The CDW-EIS calculations are slightly lower in th
forward angles compared to the CDW calculations. The d
do not allow us to differentiate between the two calculatio

The total cross sections were calculated by integrating
single differential cross section~SDCS! in Fig. 6. The ex-
perimental total cross section is found to be 622 Mb, wh
is in excellent agreement with the CDW~633 Mb! and
CDW-EIS ~560 Mb! predictions. TheB1 calculations are
3-6
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within 10% of the measured data. Therefore, the total cr
sections are not a very sensitive test of these different th
retical models, since all of them agree with the data wit
about 10%, whereas large deviations are observed in the
of DDCS data and therefore they provide a more sensi
test. The total cross sections mentioned above include e
trons having energies between 1 and 300 eV and are em
between 15° and 180°. The electrons outside those ra
will increase the cross sections, but only by a few perce

IV. CONCLUSIONS

We have measured the double differential cross sect
of low-energy~1–300 eV! electron emission for a pure three
body collision system involving a bare ion on an atom
hydrogen target. The two-center effect has been explore
detail from the observed forward-backward asymmetry
measuring the angular distribution of these electrons. TheB1
calculations give much lower DDCS at small forward angl

FIG. 6. The energy integrated angular distributionsds/dV for
12 MeV C611H. The data are compared to theB1, CDW-EIS, and
the CDW calculations using the different lines described in Fig
nn
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much higher values at large backward angles, and provid
good agreement for angles around 90°. The CDW-EIS
CDW models provide a reasonable agreement for all
angles and energy ranges, although some discrepancies
for electron emission in extreme forward and backwa
angles. The CDW model predicts slightly higher cross s
tions than the CDW-EIS model and agrees better with
data at higher energies. The finer details of the two-cen
electron emission are better represented by the CDW m
compared to the CDW-EIS model. The single different
distributions are also studied and a large forward-backw
asymmetry is observed, which is reproduced very well by
continuum distorted wave calculations. TheB1 calculations
fail completely to predict the observed large asymmetry
the DDCS and SDCS. The total cross sections derived
integrating the measured data are, however, in good ag
ment~i.e., within 10%! with all the models studied here. Th
two-center effect among the collision partners in the fin
state plays an important role in the electron emission in
present collision system with velocityvp56.35 a.u. and per-
turbation strengthZp /vp;1.
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TABLE II. Single differential cross sections (ds/dV) for dif-
ferent angles in units of Mb/sr. Typical errors are about 25%.

15° 30° 45° 60° 70° 90° 105° 120° 135° 160

58.8 28 84.6 90.9 110.9 59.4 20.0 10.2 8.1 6.
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