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Adiabatic theory for binary-encounter-electron emission
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The electron-impact approximation for the ejection of target electrons by heavy, highly charged projectiles
is modified in order to allow for a distortion of the initial state by the heavy perturber. Model calculations for
ionization of H2 by 0.5–0.6 MeV/amu Cu51 impact show that the binary-encounter peak is considerably
broadened when distortion effects are included. In general, this leads to a better agreement of the peak shape
with experimental data than the conventional binary-encounter model.@S1050-2947~97!00207-2#

PACS number~s!: 34.50.Fa
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I. INTRODUCTION

The spectroscopy of binary-encounter~BE! electrons
ejected in heavy-ion–atom collisions is presently a field
great interest, both experimentally and theoretically. Bina
encounter electrons are readily identified in the elect
spectra in the case of not too small collision velocitiesv,
since they form a peak located near an energy ofE0
52v2cos2qf for electron emission into the forward hem
sphere (q f&60°) with respect to the beam direction. In th
case of highly charged projectiles anomalies in the elec
spectra were discovered that revealed the close conne
between the ejection of loosely bound electrons and the e
tic scattering of free electrons by a strong perturber field@1#.
These anomalies concern the inverse scaling of the bin
encounter peak intensity with the ionic charge of the proj
tile, which is most obvious at small ejection angles of t
electrons and at low to moderate ionic charges@2–6#. Also,
double-peak structures were found at certain emiss
angles, which could be related to the Ramsauer-Towns
structures in elastic electron-ion scattering@7–11#. All these
effects gradually disappear, however, when the collision
ergy is increased.

For the theoretical interpretation of these electron spec
the binary-encounter model and related theories are c
monly in use. The basic concept of these theories is the
scription of the ionization process in terms of quasielas
scattering of the active target electron from the projec
field, implying that the final state of the electron is a proje
tile continuum eigenstate@12–16#. On the other hand, the
interaction between electron and target is neglected in
scattering process; the only role of the target is to provide
momentum distribution of the electron in its initial stat
Since these theoretical models are based on a zeroth-o
perturbation theory in the target field, combined with the u
of an undisturbed initial target eigenstate, they are only va
at high collision energies.

However, the measurement of binary-encounter p
structures usually requires moderate impact velocit
which, although high with respect to the orbiting velocity
the active target~valence! electron, are low with respect t
the projectile nuclear charge or even the projectile io
561050-2947/97/56~1!/395~8!/$10.00
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charge. Hence, while providing a qualitative explanation
the observed anomalies, the binary-encounter theories o
fail to be in quantitative accord with the experimental da
@9,10#.

In this work a molecular perturbation theory is applied f
the description of the binary-encounter electrons. In t
theory, the target and the projectile potential are allowed
influence the electronic initial state. In a slow collision, t
electron will follow a molecular orbital@17–20# as projectile
and target are approaching each other, until ionization occ
at very small internuclear distances. When the collision
slightly more energetic, the electron may be transferred
adjacent molecular orbitals via Landau-Zener transitio
@21,22# before it is ionized. In this case, electron ejecti
may be viewed as originating from a superposition of init
states weighted with the corresponding occupation proba
ties, rather than originating from a single initial state. T
shape of the binary-encounter peak will then be determi
from the superposition of the momentum distributions of t
populated molecular orbitals at the internuclear dista
where ionization takes place.

This paper is organized as follows. In Sec. II, th
electron-impact approximation@13#, a quantal version of the
binary-encounter model, is reformulated in terms of ad
batic perturbation theory. The molecular orbitals~MO! are
provided by an ion-atom correlation diagram calculation, a
their occupation numbers are evaluated within the Land
Zener formalism. The results for the test systems 0.53
0.6 MeV/amu Cu511H2 are given in Sec. III. Scaling rela
tions for the MO occupation numbers are found and, w
their help, electron emission from 0.3 MeV/amu Cu411H2
collisions is calculated. For all these systems, compariso
made with available experimental data. The conclusion
drawn in Sec. IV. Atomic units (\5m5e51) are used un-
less otherwise indicated.

II. THEORY

Our basic concern in this paper will be single target io
ization, which means the ejection of one target elect
while the projectile ion remains unaffected. For high
charged ions, electron loss will be quite unlikely because
395 © 1997 The American Physical Society
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396 56D. H. JAKUBASSA-AMUNDSEN AND P. KÜRPICK
the strong binding as compared to the target valence e
trons. On the other hand, the ejection of an energetic bin
encounter electron requires close collisions so that multi
target ionization is strongly suppressed in the energy reg
of the binary-encounter peak. Therefore, the active elec
can be described within the independent-particle mo
while the passive projectile and target electrons are
counted for by means of modified single-particle potenti
and wave functions. Furthermore, the semiclassical appr
mation is used, representing the internuclear motion in te
of a classical trajectory.

A. Adiabatic electron-impact approximation

In the case of a strong perturber field, its influence on b
the initial and final states of the active electron has to
treated nonperturbatively. For slow collisions~as compared
to typical projectile electron orbiting velocities!, the elec-
tronic statesf i

MO and f f
MO are conventionally taken a

eigenstates to the combined fieldVP1VT of projectile and
target. This leads to the adiabatic perturbation theory wh
to first order, the transition amplitude for electron emission
given by

af i52E dtK f f
MO~RW !U ]

]tUf i
MO~RW !L ei*dt~« f

MO
2« i

MO
!. ~1!

The statesf i , f
MO as well as their energies« i , f

MO depend on time

via the internuclear coordinateRW . Since we are concerne
with the emission of binary-encounter electrons requir
close collisions with typical impact parametersb;v/D«
;(2v cos2qf)

21&v21, we replace the molecular function
by their united-atom limitf i , f

UA5f i , f
MO(R50) and follow

Briggs @23# to obtain

af i52 i E dt^f f
UAuVP1VTuf i

UA&ei ~« f
UA

2« i
UA

!t. ~2!

For heavy perturber fieldsVP as compared to the target fie
VT ~i.e.,ZP@ZT whereZP andZT are the nuclear charges o
projectile and target!, VT can be neglected in the transitio
operator as well as in the final state. This leads to the a
batic electron-impact approximation (a-EIA)

af i52 i E dt^f f
PuVPuf i

UA&ei ~« f2« i
UA

!t, ~3!

where nowf f
P is an unbound projectile eigenstate. Equati

~3! differs from the conventional EIA solely by the replac
ment of the initial target eigenstate with a bound eigens
of the united atom formed by projectile and target. The
fore, the doubly differential cross section for the ejection
an electron with energy« f5kf

2/2 into the solid angledV f is
readily obtained from the EIA formalism@13,24#
c-
y-
-
n
n
el
c-
s
i-
s

h
e

e,
s

g

a-

te
-
f

d2s

d« fdV f
~f i

UA!5
kf
v E dqW d~« f2« i

UA1qW •vW !

3u f e~k,u!u2uw i
UA~qW 1kW f !u2 ~4!

by introducing the Fourier transformw i
UA of the united-atom

eigenstate. In the above expression, the on-shell approx
tion is made, andf e(k,u) is the amplitude for scattering
free electron elastically from the projectile field. Its mome
tum k and scattering angleu are average values of the tru
electronic momenta in the initial and final states,qW 1kW f and
kW f , respectively~in the projectile frame of reference, wit
kW f5kW f2vW and kW f the final-state momentum in the targ
frame!. In all calculations, the Hartley and Walters on-sh
prescription is used@25#:

k5max~ uqW 1kW f u,k f !, sin
u

2
5

q

2k
. ~5!

Equation ~4! provides the ionization cross section when
single united-atom state is populated during the approac
the collision partners. If, however, several united-atom sta
are populated, the ionization cross section is obtained fro
superposition,

d2s tot

d« fdV f
5(

i
Pi

d2s

d« fdV f
~f i

UA!, ~6!

wherePi is the occupation probability of the statef i
UA . The

calculation with probabilities rather than with amplitudes
not exact since interference terms are neglected. Howe
when the active electron is distributed over many molecu
states, we expect that Eq.~6! is a reasonable approximation

B. Population of the initial united-atom states

The population of electronic molecular states prior to io
ization is conventionally obtained by solving the singl
particle Dirac-Fock-Slater equations for the collision syst
in question @18–20#. In this formalism, the exact time
dependent electronic wave function is expanded in term
molecular orbitalsfn(rW,RW )e

2 i*«ndt, which are eigenstates t
VP1VT at a given internuclear separationR ~for brevity, the
superscript MO is dropped!. This leads to a coupled system
of differential equations for the expansion coefficientsan :

d

dt
an52(

m
amK fnU ]

]t UfmL ei*~«n2«m!dt, ~7!

where«n(R) is the energy offn(rW,RW ). For later purpose, we
note that the coupling matrix elements can be split into c
tributions from radial and rotational coupling,

K fnU ]

]tU fmL 5ṘK fnU ]

]RUfmL 2 i u̇^fnu ĵ yufm&, ~8!

with ĵ y5 i ]/]u the angular momentum operator. Since t
adiabatic statesfn are defined such that the magnetic qua
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56 397ADIABATIC THEORY FOR BINARY-ENCOUNTER- . . .
tum numbermj is conserved, either radial coupling~for
Dmj50) or rotational coupling~for Dmj51) does occur.

1. Calculation of the correlation diagram

Before solving Eq.~7!, the relevant molecular orbitals an
their energies have to be determined. Since the initial stat
the active target~valence! electron has a small binding en
ergy as compared to the electrons bound to the proje
nucleus, the separated-atom level of the active electron
correlate to high-lying, unoccupied states of the united at
formed by projectile and target. The correlation diagram
calculated with the relativistic Dirac-Fock-Slater linear co
bination of atomic orbitals–molecular orbital~LCAO-MO!
basis set method as discussed in earlier work@18,20#. The
time-independent Dirac-Fock-Slater equation contain
nuclear, Coulomb, and exchange potentials,

@ t̂1V̂N~RW !1V̂C~RW !1V̂a
Ex~RW !#fn~rW,RW !5«n~RW !fn~rW,RW !,

~9!

is solved by expandingfn(rW,RW ) in a basis consisting of pro
jectile ionic statesjn

P and target atomic statesjm
T :

fn~rW,RW !5 (
n51

NP

cnnjn
P~rW,RW !1 (

m51

NT

dnmjm
T~rW,RW !. ~10!

The potentials involved in Eq.~9! are the electron-nucleu
potential V̂N(RW ), the electron-electron Coulomb potenti
V̂C(RW ), and the Slater exchange potentialV̂a

Ex where the
Slater parameter was set toxa50.7.

Figure 1 shows the correlation diagram for the test sys
Cu511H. This is a simplification of the experimental sy
tem, Cu511H2, but it has been shown that for binary
encounter electron emission, the H2 target ~if not oriented!
can well be approximated by two independent hydrogen
oms @10#.

FIG. 1. Correlation diagram for the system Cu511H. The low-
est level shown is that of the 10~1/2! state connected to the UA
4s1/2 state, followed by 11~1/2!, 12~1/2!, and 5~3/2! connected to
the UA 4p group. The levels adjacent to 13~1/2! @i.e., 14~1/2!
16~3/2! and 7~3/2!12~5/2!# all relate to the UA 4d group whereas
the subsequent 15~1/2! level connects to the UA 5s1/2 state. Only
core states up to UA 4s1/2 are occupied by the Cu51 electrons.
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Included in the basis~10! are the projectile 1s1/2 to
6d5/2 states with angular momentuml<2, as well as the
target 1s1/2 to 2p3/2 states. All ~separated-atom! projectile
states$nl j % that are more strongly bound than the hydrog
1s1/2 state correlate to the corresponding$nl j % states of the
united atom. The target 1s1/2(mj51/2) ground state corre
lates via the 13(mj51/2) molecular orbital to the UA
4d3/2(mj51/2) state, while for the higher-lying states, lev
promotion may occur. Since united-atom states are not
cluded in the~truncated! basis set~10!, one cannot expect the
MO energies to converge to the exact UA energies in
limit R→0. However, the minor deviations forR,1 do not
affect the correlation of the various states.

2. MO coupling in the Landau-Zener formalism

As follows from Eq.~7!, the time dependence of the two
center potential viaRW (t) induces couplings between th
molecular-orbital states. If an isolated coupling between t
molecular states is restricted to a small regionDR around an
avoided crossing pointR̄, the transition probability between
these states can be obtained by means of the Landau-Z
formalism, a theory much simpler than a full time-depend
Dirac-Fock-Slater calculation. The application of this fo
malism requires, however, knowledge of thediabatic corre-
lation diagram instead of the adiabatic correlation diagr
shown in Fig. 1. This is achieved through a linear combin
tion of the MO functionsfn(rW,RW ), or equivalently, through a
transformation of their expansion coefficientsan @17#:

ane
2 i*«ndt5(

k
Cnk~R!bk

~d! , ~11!

wherebk
(d) are interpreted as expansion coefficients of

exact wave function in terms of the diabatic basis sta
When Eq.~11! is inserted into the differential equations~7!,
a set of equations forbk

(d) is obtained. The transformatio
matrixC in Eq. ~11! is found from the requirement that onl
potential (V) coupling occurs in these equations,

i
]

]t
bk

~d!5(
m

Vkmbm
~d! . ~12!

One obtains

]

]t
Cnk52(

k8
K fnU ]

]tUfk8LCk8k ,

~13!

Vkm5(
n

Ckn
21«nCnm ,

whereC21 is the inverse matrix ofC. If restriction is made
to a two-level system (n51,2), one can readily solve fo
C andV @17#:



398 56D. H. JAKUBASSA-AMUNDSEN AND P. KÜRPICK
C5S cosa sina

2sina cosa D ,
~14!

V5SV11 V12

V12 V22
D , V115«1cos

2a1«2sin
2a, V225«1sin

2a1«2cos
2a

V125sina cosa~«12«2!
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with a defined through]a/]t52^f1u]/]tuf2&. With the
knowledge of the potential matrixV, the probability for re-
maining in the diabatic leveli ~with energyVii , coinciding
at R→` with the adiabatic level i ) or, equivalently, for
changingfrom oneadiabatic level i to the other one can b
calculated within the Landau-Zener model. The diabatic l
els have a real crossing atR̄ @i.e., whenV11(R)5V22(R)],
and the transition probability from the~adiabatic! level 1 to
level 2 is given by@21,22#

P1→25e2g, g52puV12u2
1

u]/]t~V112V22!u
U
R5R̄

,

~15!

whereas the probability for the electron to remain in leve
is P1→1512exp(2g) from the conservation of unitarity
The denominator ofg is proportional to]a/]t and hence to
the adiabatic coupling matrix element^f1u]/]tuf2&. For the
radial respective rotational coupling one obtains

g rad5pu«̄12 «̄2u/u4vR^f1u]/]Ruf2&u R̄,
~16!

g rot5pu«̄12 «̄2uR̄2/u4bv^f1u ĵ yuf2&u R̄,

where «̄ i5« i(R̄) are the adiabatic energies at the cross
point. Into the radial transition probability enters the rad
velocity vR5v@12( «̄11 «̄2)/2Ec.m.2(b/R̄)2#1/2 ~with Ec.m.
the center-of-mass energy of the collision! such that both
g rad andg rot depend on impact parameterb.

III. RESULTS

The doubly differential cross sections for binar
encounter-electron emission were calculated from the
mula ~6! with the initial-state occupation probabilities take
from Eqs.~15! and~16!. For each electron spectrum, a fixe
impact parameterb̄5(2v cos2qf)

21 was used to calculate
the numbersPi . For the calculation of the ionization cros
sections~4!, the elastic scattering amplitude was obtained
means of a partial wave expansion of the scattering st
The corresponding phase shifts were calculated numeric
@24#, using a static plus exchange potential for electron s
tering from the copper ions: the static potential was obtai
from a Hartree-Fock-Slater code taking the ground-state c
figuration of the Cu ions, and exchange was included via
local AAFEGE ~asymptotically adjusted free-electron g
exchange! potential@26#. Polarization was neglected since
is not important for highly charged ions at large impact v
locities. The united-atom energies and wave functions w
obtained from a Dirac-Fock calculation, and their Four
transformsw i

UA were found with the help of a fast Bess
transform routine@27,28#.
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A. The test system Cu51 on H2

We consider the two collision energies, 0.53 and 0
MeV/amu, corresponding tov54.6 and 4.9 a.u., and emis
sion anglesq f between 0° and 40°. For the range of the
parameters, we have 0.1&b̄&0.2 a.u. From this it follows
that the MO level couplings belowR50.1 are inaccessible
and therefore the slight inaccuracies of the correlation d
gram nearR50 do not play any role. We estimated the o
cupation probabilities from the coupling strengths betwe
the initially occupied 13~1/2! state and the adjacen
levels nearR;0.3 ~using the level energiese i and the adia-
batic coupling matrix elements provided by the LCAO-M
calculation! and found that radial coupling was largely dom
nating. Couplings at larger distancesR were neglected
because many of them are weak or involve only int
subshell coupling, and moreover, the couplings nearR;0.3
are so strong that they would lead to a complete redistri
tion of probability anyway. Neglecting MO states for whic
the transition probability from the 13~1/2! state is much
less than 10%, we have found that for thev andq f range
considered above, the hydrogen electron during the appro
of projectile and target is distributed over MO levels co
necting to the following united-atom statesf i

UA with average
probabilitiesPi : 4p1/214p3/2 (18%), 4d3/214d5/2 ~47.5%!,
5s1/2 ~10%!, 5p1/215p3/2 ~14.5%!, and 5d3/215d5/2 ~10%!.
ThesePi values, which are normalized to 1, are quite inse
sitive to small changes inv or b̄. The deviation of the indi-
vidual numbers for each group of states~i.e., when a fixed
v and q f is selected! from the average numbersPi given
above is at mostDP/Pi;6% except for the 5p group at
v54.6 andq f540° where one crossing is no longer reach
~20%!.

Figure 2 shows our results for 0.6 MeV/amu Cu51 on
H2 at the emission angles 0°, 25°, and 40° in comparis
with experimental data from Schmidt-Bo¨cking and co-
workers@10# recorded at the Heidelberg facilities. These e
lier data are not measured on an absolute scale. We h
therefore normalized them to the absolute data taken rece
by Hagmann and collaborators@11,29# in Kansas. To this
aim we have extrapolated the Kansas zero-degree data a
able for a variety of copper charge states and impact vel
ties to v54.9 and charge state 51 at the binary-encounte
peak maximum to have a reference intensity for the Heid
berg data. When comparing these normalized 0° data to
conventional EIA theory it follows from Fig. 2~a! that al-
though the experimental yield at the BE peak maximum
reproduced, the calculated peak width is too narrow and
intensity much too low for energies below the binar
encounter peak. The presenta-EIA theory, although giving a
smaller peak intensity, improves on the peak shape since
initial-state Compton profile~which determines the shape! is
much wider for the (Cu511H! UA 4d and the adjacent UA
states than for the hydrogenic ground state used in the
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56 399ADIABATIC THEORY FOR BINARY-ENCOUNTER- . . .
ventional EIA. Part of the difference in intensity between t
calculated and the measured spectra may be due to the
that no coincidence is made with a fixed charge state of
transmitted ions. Therefore, the measured spectra will c
tain some contribution from projectile ionization that is n
considered in theory and that is most serious for forw
electron emission.

At the larger angles@Figs. 2~b! and 2~c!#, the a-EIA re-
sults are in considerably better agreement with experim
both in shape and in intensity. In the 25° spectra, a dou
peak structure is visible, which can be traced back to
Ramsauer-Townsend minimum in the elastice-Cu51 scatter-
ing cross section near 120°~in the projectile reference fram
@10# corresponding to a laboratory angle of;30°; see also

FIG. 2. Doubly differential cross section for electron emissi
in 0.6 MeV/amu Cu511H2 collisions at emissions angles 0°~a!,
25° ~b!, and 40° ~c!. Experimental data:d, Wolff et al. @10#.
Theory: —,a-EIA; -•-•-•-, EIA; •••, UA 4d3/2; ---, Zeff51.61.
act
e
n-

d

t,
e-
a

Fig. 4!. While this structure is very pronounced in the EI
results, it is damped in thea-EIA results in a similar way as
in the measurements.

Figure 3 shows the electron spectra from the Kan
group@11,29# for 0.53 MeV/amu Cu51 on H2 at 0° and 40°.
These data are absolutely measured singles data. The
retical results for zero degrees compare to experiment
similar way as in Fig. 2~a!. However, the discrepancy in
intensity betweena-EIA and the data persists at the larg
angles, being nearly an order of magnitude at 40°@Fig. 3~b!#.
Also, the binary-encounter peak is more pronounced tha
the 0.6 MeV/amu Cu511H2 spectra, such that the decrea
of thea-EIA results on the high-energy wing of the BE pea
is too slow as compared with experiment.

The different behavior of the 0.53 and 0.6 MeV/am
Cu511H2 collision systems at the larger angles cannot
ascribed to a dynamical effect since the two collision velo
ties differ by 6% only. Indeed, the EIA anda-EIA results are
much alike for the two systems. This suggests some inc
sistency in the acquisition of the data of Wolfet al. and
Hagmann and co-workers. In order to be more specific,
singly ~angular! differential cross sections are plotted in Fi
4, which are obtained upon integrating each spectrum ac
the binary-encounter peak. The Hagmann and co-work
BE peak yields are available from the experimentali
@11,29# while the 0.6-MeV/amu data points were found fro
directly integrating the measured spectra@10,30# without any

FIG. 3. Doubly differential cross section for electron emissi
in 0.53 MeV/amu Cu511H2 collisions at emission angles 0°~a!
and 40°~b!. Experimental data:s, Liao @11#. Theory: —,a-EIA;
-•-•-•-, EIA; ---, Zeff51.61.
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400 56D. H. JAKUBASSA-AMUNDSEN AND P. KÜRPICK
background subtraction procedure. Therefore, the latter
may be systematically too high. It is obvious, however, t
the data of Wolfet al. fall off by nearly two orders of mag-
nitude whenq f is increased from 0° to 40°, whereas th
0.53-MeV/amu data decrease by less than a factor of 5
exhibit a distinct second maximum around 40°. In order
stress the relation between BE electron emission and f
electron scattering, we have included in Fig. 4 the elas
scattering cross section of electrons from Cu51 at k5v
54.6 and 4.9 corresponding to the Cu51 collision velocities.
This cross section is conveniently calculated in the projec
reference frame@termedds8/dV(k,u), with u5p22q f ],
and is subsequently transformed to the target reference fr
by means of@1#:

ds

dV f
54Nicosq f

ds8

dV
~k,u!, ~17!

whereNi52 is the number of target valence electrons.
the lower velocity, the Ramsauer-Townsend minimum at
is somewhat more pronounced than forv54.9, but other-
wise the two cross sections are much alike, confirming
weak velocity dependence of the cross sections discu
earlier. In order to compare with the quasielastic scatter
data, the cross section~17! has to be folded with the bound
state momentum distribution as done in the EIA anda-EIA
theories. This leads to a considerable damping of
Ramsauer-Townsend structures~for the a-EIA even more
than for the EIA!, which nevertheless are more easily d
cernible in the singly differential cross sections than in
BE electron spectra. At angles up to;35°, the data of Wolf
et al. are in good accord with the EIA on a relative sca
whereas the shape of the second maximum in the ang

FIG. 4. Singly differential cross section as a function of an
q f . Experiment: binary-encounter peak yield in 0.6 MeV/amu~l,
Wolff et al. @10#! and 0.53 MeV/amu~s, Liao @11#! Cu511H2

collisions. Theory: cross section for elastic electron scattering fr
Cu51 for k5v54.9 ~—! and 4.6~---!; binary-encounter peak yield
in 0.6 MeV/amu Cu511H2 collisions from EIA theory~-•-•-•-•-!.
ta
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distribution is better reproduced by the Kansas data~al-
though these data seem to be substantially too high at
larger angles!.

B. Scaling relations and the Cu411H2 system

When investigating the test system Cu51 on H, we have
found that the initial-state occupation probabilitiesPi vary
smoothly withv and depend only weakly on impact param
eter b̄. We therefore have tried to fit thePi to a general
formula,

P̄i5
pi

(
i
pi

, pi5nie
2buD« i u

UA/v, ~18!

where the inverse velocity dependence in the exponen
suggested by the Landau-Zener formula~15! with ~16!. In
this expression,D« i

UA is the mean united-atom energy di
ference of a groupi of levels belonging to the same subsh
from the ‘‘central’’ UA state, which correlates asymptot
cally to the occupied target state@for Cu511H the 4d state,
while i runs over (4p, 4d, 5s, 5p, 5d)]. The number of sub-
shells in the groupi that couple to the central state is denot
by ni . b is a fit parameter that is found to beb57.5 in the
case of the average probabilities for Cu511H given above.
The formula~18!, which assumes that the energy differen
at the crossing point can be replaced by the correspon
united-atom energy difference, and that the adiabatic c
pling matrix elements are much alike, makes detailed kno
edge of correlation diagrams and coupling strengths unn
essary. It is only required to know the ‘‘central’’ UA state
i.e., to which UA state the initial state of the active targ
electron is correlating.

The basic importance of this central UA state suggests
even simpler approximation to thea-EIA formula. Instead of
summing over the momentum-space densities of the true
states with weighting factorsPi , one might simply take one
‘‘averaged’’ bound-state density instead. We have includ
in Figs. 2 and 3 the results for the choice of a sing
1s-type hydrogenic state with an effective chargeZeff
5A2u«cuUA calculated from the binding energyu«cuUA of the
central UA state@the (Cu511H) 4d3/2 UA state energy re-
sults inZeff51.61]. In all cases, these results are surprisin
close to those from thea-EIA theory. For the sake of com
parison, we show in Fig. 2 also results where in thea-EIA
formula ~6! solely the central UA state has been includ
with Pi51. It is seen that only forq f525° does the energy
dependence follow thea-EIA theory, but for the other two
angles, the resulting BE peak is considerably broader
lower in intensity than predicted by thea-EIA theory. This
indicates that structures or peculiarities in the BE peak
gion of the electron spectra arising from the nodal struct
of particular UA wave functions contributing to the cro
section ~6! are largely averaged out by calculating th
weighted sum over all relevant states, such that the resu
momentum space density resembles the density of an o
pied atomic shell~and is therefore of 1s type!.
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56 401ADIABATIC THEORY FOR BINARY-ENCOUNTER- . . .
As an application of the scaling relations discussed abo
we show in Fig. 5 results for the collision system 0.3 Me
amu Cu411H2 in comparison with experiment@11,29#. Both
singles data and data in coincidence with transmitted C41

projectiles are measured on an absolute scale. These
indicate that projectile ionization can be quite importa
(Cu41 being of course more easily ionized than Cu51), giv-
ing a similar contribution to the BE peak yield as pure tar
ionization at the considered angle of 20°. The very bro
experimental BE peak at this angle is again caused by
influence of Ramsauer-Townsend structures. Pronoun
double-peak structures are visible in the~peaked! EIA calcu-
lations of Bhalla @9,13# included in Fig. 5, but they are
largely damped out in our~unpeaked! EIA results. We also
showa-EIA results from Eq.~6! with Pi approximated by
Eq. ~18!, assuming that the collision system under investi
tion is sufficiently close to the 0.53–0.6 MeV/amu Cu51

1H systems such that the scaling relations are suppose
give reliable results~with b unchanged!. With the help of the
LCAO-MO basis set method we have found that the oc
pied target electronic state correlates to the UA-4p3/2 state
~with energy238.22 eV!, which actually is the one closes
in energy to the central UA 4d3/2 state of the Cu511H sys-
tem ~at 235.41 eV!. This could be an indication that th
energy of the central UA state depends only weakly on
projectile. In contrast, its dependence on the target~for ZP
@ZT) is much stronger according to LCAO-MO calculatio
for Cu511He where the central state is the UA 4s1/2 state
~with energy268.45 eV!.

Besides thea-EIA calculation, we have plotted in th
figure results for the choice of a single hydrogenic 1s state
with Zeff51.68 corresponding to the UA 4p3/2 binding en-
ergy. Again, both calculations give very similar resul
However, none of the theories is able to correctly account
the measured BE peak shape, and not even thea-EIA model
provides any particular improvement for this collision sy
tem.

FIG. 5. Doubly differential cross section for electron emissi
in 0.3 MeV/amu Cu411H2 collisions atq f520°. Experimental
data from Liao@11#: d, singles data;l, data in coincidence with
transmitted Cu41. Theory: —,a-EIA; -•-•-•, EIA; ---, Zeff51.68
~present calculations!; -•-•-•-•-•-, peaked EIA from Bhalla~as
quoted in Liao@11#!.
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IV. CONCLUSION

Binary-encounter-electron emission from collisions w
medium-energy, highly charged projectiles has been ca
lated within an adiabatic binary-encounter model where
initial-state occupation probabilities of the individual m
lecular orbitals have been found from an LCAO-MO calc
lation combined with the Landau-Zener formalism. For t
test system Cu511H we were able to deduce scaling rel
tions that allow for an approximate determination of t
initial-state occupation numbers solely from the knowled
of the united-atom level diagram and of the ‘‘central’’ U
level to which the active target electron is correlating. Ev
more, we have found that our results for the doubly diffe
ential cross section for BE electron emission are in ma
cases well approximated by applying a very simplified p
scription. This consists in using the conventional electro
impact approximation with one hydrogenlike initial 1s state
for each active target electron characterized by an effec
charge. The charge parameterZeff is determined from the
energy«c

UA of the central UA state. This prescription work
because in thea-EIA calculations one must sum over man
levels, hence damping out most of the wave-function effe
For all models it is therefore crucial to know the central U
state or rather its energy for a given projectile ion-targ
combination. Assuming that the projectile dependence of
energy is weak for a given target, one may apply the sim
fied model to other collision systems without knowledge
the corresponding correlation diagram.

The comparison of our theory with experimental data
hampered by the fact that the data sets from two experim
tal groups are not internally consistent. The data from
Schmidt-Böcking group rapidly decrease in intensity upo
increasing the electron ejection angle and show a very br
BE peak. This characteristic is observed for a great variet
projectiles @10,30# colliding with H2 or He. Our adiabatic
model is quite successful in explaining the relative ene
dependence of the BE electrons for not too high collis
velocities even for other projectiles like Xe211 colliding with
He ~using the simplified one-state prescription!. On the other
hand, the spectra from Hagmann and co-workers sho
sharp BE peak even at the higher angles, and the peak in
sity decreases only very slowly with angle. For many
these spectra, oura-EIA theory overestimates the peak wid
on the high-energy wing and dramatically underpredicts
electron intensity. Further independent experiments are n
essary to clarify the situation.
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