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Electron capture by highly charged projectiles under channeling conditions

D. H. Jakubaßa-Amundsen
Physics Section, University of Munich, 85748 Garching, Germany

~Received 9 November 2001; published 24 April 2002!

The impulse approximation for charge transfer in fast, asymmetric ion-atom collisions is modified according
to the presence of the axial potential and the geometric target structure when the projectile is axially channeled
in a Si single crystal. Calculations of the impact-parameter-dependent capture probability by 1.6–5.6 MeV/
amu O81 and S161 show that electron transfer only takes place at short distances to a string of target atoms,
combined with a strong reduction as compared to atomic charge transfer.
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I. INTRODUCTION

Recent experiments on channeling and dechanneling~also
termed ‘‘cooling’’ and ‘‘heating’’ with respect to the trans
verse motion! of wide-angle randomly incident ions in sing
crystals1,2 have prompted an interpretation in terms of
interplay between electron capture and loss by the proje
when traversing the crystal.1,3 More precisely, the impact
parameter dependence of the capture-to-loss ratio is assu
to be responsible for the observed effect.

However, little is known about the impact-parameter d
pendence of electron capture in a single crystal under ch
neling conditions. There exist calculations on radiative el
tron transfer where the resulting photon distributions
directly accessible to experiment,4–6 and on electron captur
to continuum by channeled particles where the forward e
tron yield has been measured.7 The models used are the im
pulse approximation5,6 ~for radiative transfer only! or the first
Born approximation,4,7 and the modifications introduced int
the theories formulated for ion-single-atom collisions~here-
after denoted by ‘‘atomic’’ theories! concern solid-state ef
fects in the target electron momentum distribution as wel
consideration of the projectile flux distribution in the crys
channel.

In the case of~nonradiative! electron capture to be dis
cussed below the inclusion of channeling effects is m
complicated. An ‘‘atomic’’ theory, appropriate for electro
transfer in fast, asymmetric ion-atom encounters is the str
potential Born~SPB! theory8–10 and its on-shell version, the
impulse approximation~IA !.9,11 In contrast to the above
mentioned models~where the transition operator is either th
radiation field or the electron-projectile interaction! SPB and
IA are second-Born-type prescriptions where after being
leased from the target, the electron propagates in the stro
of the two atomic potentials before it is captured by the p
jectile. For the fast, heavy projectiles considered below
crystal field is subordinate to the projectile field and the
fore enters as transition operator~and not by means of an
eigenstate!. The adjustment of an ‘‘atomic’’ capture theory t
channeling conditions involves therefore a modification
the transition operator itself.

In this work a quantum-mechanical calculation of t
impact-parameter dependence of electron capture by c
neled projectiles is provided. As an underlying ‘‘atomic
theory, the impulse approximation is used and the cry
0163-1829/2002/65~17!/174110~9!/$20.00 65 1741
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field which replaces the atomic potential is treated in
continuum approximation, valid for fast projectiles.12,13

The paper is organized as follows. In Sec. II the impu
approximation is briefly described and in Sec. III the inte
action potentials and their Fourier transforms are deriv
Section IV gives details concerning the evaluation of t
capture probability and in Sec. V, results are shown for
impact-parameter-dependent electron capture into theK and
L subshells of 25.6, 55, and 89.9 MeV O81 and 110 and
179.8 MeV S161 projectiles. The conclusion is drawn in Se
VI. Atomic units (\5m5e51) are used unless otherwis
indicated.

II. IMPULSE APPROXIMATION

In the semiclassical picture adopted here, the projec
moves along a classical straight-line trajectory characteri
by an impact parameterb0 and the collision velocityv. The
dynamics of the active target electron is treated quan
mechanically, and the passive target electrons are accou
for by means of effective potentials. For the sake of simp
ity, we shall assume a completely stripped projectile. T
post form, to be considered below, of the strong poten
Born approximation is valid for heavy projectiles and eith
light targets or fast collisions~where ‘‘heavy’’ and ‘‘light’’
mean high and low nuclear charge, respectively!. It is de-
rived from the exact amplitudeaf i for the transition from a
bound electronic target statec i

T to a bound projectile state
c f

P which is formally given by the time integralaf i5

2 i *2`
` dt^c f

PuVTuc i
(1)& ~see, e.g., Refs. 9 and 14!. c i

(1) is an
exact solution to the three-body scattering problem, defi
by the Lippmann-Schwinger equationc i

(1)5c i
T1GVPc i

T ,
and the potentialsVP andVT describe the interaction of th
electron with the projectile and target, respectively. The
proximation concerns the replacement of the full propaga
G ~in the field VP1VT) by the propagatorGP5( i ] t2Te
2VP1 i e)21 in the projectile field alone~where Te is the
kinetic energy of the electron ande→10),

af i
SPB 5 2 i E

2`

`

dt^c f
PuVT1VTGPVPuc i

T&. ~2.1!

Introducing a complete set of plane wavesuq&, going on-
shell and using the definition (11GPVP)uq&5ucq

P& of a pro-
©2002 The American Physical Society10-1
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jectile scattering eigenstate with momentumq, one arrives at
the impulse approximation in its post form,

af i
IA52 i E

2`

`

dtE dq^c f
PuVTucq

P&^quc i
T&. ~2.2!

From this equation the physics behind the impulse appr
mation becomes clear: In its post form, the capture amplit
is calculated from the time-reversed process where a pro
tile electron is excited into a projectile continuum eigenst
which has a strong overlap in momentum space with
state describing a bound target electron in the projec
frame of reference.

Before Eq.~2.2! is evaluated further, the geometry pe
taining to a single-crystal target must be specified. A Si cr
tal has a diamond structure with lattice constantd
55.43 Å510.25 a.u.15 According to Fig. 1, thez axis is
chosen parallel to thê110& axial channel which has a con
figuration of six neighboring atoms.16 These six-atom layers
form a sequence along thez axis, spaced byd. The origin is
located at the intersection of the^110& axis with one particu-
lar plane that contains three atoms of the channel boun
~1, 2, andj in Fig. 1! while the other three atoms are n
situated atz50 but in a parallel plane spaced by half th
channel diameter. We denote the positions of the atomj
51, . . . ,6 byr j5(r j' ,zj ) in cylindrical coordinates.

To be specific, assume that atomj provides the electron to
be captured. When evaluating the transition amplitude i
convenient to choose the rest system of the heavy proje
as a frame of reference. This means that the initial-state w
function c i

T(r2r j ), which originally is defined in the targe
reference frame, has to be Galilean transformed to the
jectile frame of reference. Denoting this transformation byÛ
one has9,10

Ûc i
T~r2r j !e

2 iEi t5e2 iv2t/2e2 ivr Pc i
T~r P1R2r j !e

2 iEi t,
~2.3!

FIG. 1. Schematic collision geometry for a projectileP colliding
with a Si target parallel to thê110& axis z. e2 denotes an electron
released from atomj of the target. Atoms displayed by filled sym
bols lie in the planez50 while empty symbols are projection
~along z) of atoms lying in the parallel planez5r j where r j

53.63 a.u. is half the channel diameter. The distance of ato
from 2 andj is the nearest-neighbor spacing~4.44 a.u.!.
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whereR5b01vt is the coordinate of the projectile,r P the
electron coordinate in the projectile frame of reference, a
Ei the initial-state energy. Forming the overlap of Eq.~2.3!
with the plane-wave stateuq&5(2p)23/2exp(iqr P) and intro-
ducing the Fourier representationṼT(s) of the target field
VT(r ), the transition amplitude~2.2! takes the form

af i
IA~ j !52 i E

2`

`

dtE dq
1

~2p!3/2E dsṼT~s!

3^c f
P~r P!ueis(r P1R)ucq

P~r P!&•
1

~2p!3/2

3^eiqr Pue2 iv2t/2e2 ivr Pc i
T~r P1R2r j !&e

i (e f2Ei )t,

~2.4!

wheree f is the energy of the final bound state. With

^eiqr Pue2 ivr Pc i
T~r P1R2r j !&

5E d%e2 i (q1v)(r92R1r j )c i
T~% !

5~2p!3/2ei (q1v)Re2 iqr jw i
T~q1v!, ~2.5!

where the momentum-space representationw i
T of the initial

state has been introduced, the time integral becomes tr
and leads to the energy-conserving delta function. Subst
ing q by q85q1s one arrives at the final form,

af i
IA~ j !52

i

A2p
E dq8dS e f2Ei1q8v1

v2

2 D
3eiq8b0E dsṼT~s!M P~s,q82s!

3e2 i (q82s)r jw i
T~q82s1v!, ~2.6!

M P~s,q!5^c f
P~r P!ueisrPucq

P~r P!&.

III. INTERACTION POTENTIALS

Let us first calculate the target field induced by the sin
layer shown in Fig. 1. The potential seen by an elect
released from the core statei of atom j has the following
structure:

V~r !5 (
j 851

6

VN~r2r j8!1Vci~r2r j !

1 (
j 851
j 8Þ j

6

Vc~r2r j 8!1Vval~r !, ~3.1!

whereVN is the potential of a Si nucleus,Vc the potential of
the core electrons,Vci the core potential with electroni re-
moved, andVval the potential of the electron gas originatin
from the Si valence electrons. We now have to account
the fact that the target consists of a sequence of such lay

1
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As viewed from the rest system of the projectile, these lay
move past the projectile with the velocity2v at a frequency
v/d. In the limit v/d→` the z dependence of the potentia
disappears and the effective field seen by the released
tron is an average overV(r ),

VT~r'!5
1

dE2d/2

d/2

V~r !dz. ~3.2!

This defines the axial potential in the continuu
approximation.13 Sinced is fixed, the collision velocity mus
be sufficiently high for this continuum approximation to b
valid. The validity criterion given by Lindhard12 is related to
the critical anglec15(2ZPZT /Ed)1/2 for axial channeling,
ZP andZT being the nuclear charges of projectile and tar
atoms, respectively. Let the Thomas-Fermi screening c
stant a50.885(ZP

2/31ZT
2/3)21/2 be a measure of the atom

interaction region. If the center-of-mass collision energyE is
so large thatc1,a/d, then a well-channeled particle~and
hence also an electron attached to it! traverses the interactio
region of many atoms of thê110& string before it is suffi-
ciently deflected to leave the channel. This is a neces
condition for the averaging ofV(r ) along the projectile path
to be meaningful. For a Si target and the projectiles un
consideration, the energy required must exceedE52 MeV,
which is well satisfied for the present collision systems.

In the formalism of Sec. II, the Fourier transform
VT(r') is needed,

ṼT~s!5
1

~2p!3/2E dre2 isr
1

dE2d/2

d/2

V~r' ,l!dl. ~3.3!
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Since the interatomic spacingd is much larger than the rang
of the atomic potential, the integration limits6d/2 can be
replaced by6`.

A. Core potential

The potentialVc originating from the core electrons of
fixed atomj can be expressed in terms of the electron den
(n8ucn8

T (r 82r j )u2 wheren8 runs over the core states~Si K,L
subshells! described by the wave functionscn8

T . The poten-
tial seen by a point charge2e at locationr is given by

Vc~r2r j !5e2(
n8

E dr 8
1

ur2r 8u
ucn8

T
~r 82r j !u2. ~3.4!

From Eq.~3.3!, the Fourier transform of the averaged co
potential is obtained by means of the substitutionx9'5
r'2r'8 for r' ,

Ṽc~s;r j !5
e2

d

1

~2p!3/2E2`

`

dl(
n8

E dx9'dzE dr'8 dz8

3
e2 is'(x9'1r'8 )e2 iszz

@x9'
2 1~l2z8!2#1/2

ucn8
T

~r 82r j !u2. ~3.5!

Next we replacel by l85l2z8 and then r 8 by r 95

r 82r j such thatṼc factorizes into three parts,
Ṽc~s;r j !5
e2

d~2p!3/2
e2 is'r j'S (

n8
E dr 9e2 is'r'9 uc

n8
T

~r9!u2D •S E dze2 iszzD •S E
2`

`

dl8E dx9'e2 is'x9'
1

~x9'
2 1l82!1/2D .

~3.6!
di-
s

Note that the Fourier transform of the potential is indep
dent of thez component ofr j . The z integral in Eq.~3.6!
gives 2pd(sz) which implies sz50 everywhere. The las
integral is also easily evaluated by introducing the new v
ablex5(x9' ,l8),

E dl8dx9'

e2 is'x9' 2 iszl8

~x9'
2 1l82!1/2

5E dxe2 isx
1

x
5

4p

s2
5

4p

s'
2

.

~3.7!

For the remaining integral use is made of the fact that
occupied core states, the electron density is spherically s
metric. With the decompositioncn8

T (r )5Rnl(r )Ylm( r̂ ) where
the angular part is described in terms of spherical harmo
-

i-

r
-

cs

Ylm with r̂ denoting the angular components ofr , one finds
in the case of Si~including the spin degrees of freedom!,

(
n8

ucn8
T

~r 9!u2[
1

4p
R̃~r 9!

5
1

2p
@ uR1s~r 9!u21uR2s~r 9!u213uR2p~r 9!u2#,

~3.8!

whereR1s ,R2s , and R2p are the radial parts of the 1s,2s,
and 2p wave functions, respectively. Using spherical coor
nates (r 9,q9,w9) for r 9 the integral can be written in term
of a Bessel transform,
0-3
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(
n8

E dr 9e2 isr9ucn8
T

~r 9!u2

52pE
0

`

r 92dr9E
21

1

d~cosq9!e2 isr9cosq9
1

4p
R̃~r 9!

5E
0

`

r 92dr9 j 0~sr9!R̃~r 9![R̃0~s!, ~3.9!

where j 0(x)5sinx/x. Recalling that sz50 ~such that s
5s'), Eq. ~3.6! turns into

Ṽc~s;r j !5
e2

d
2A2p

1

s'
2

d~sz!R̃0~s'!e2 is'r j'. ~3.10!

B. Nuclear potential

The nuclear potentialVN is Coulombic,

VN~r2r j !52ZTe2
1

ur2r j u
. ~3.11!

The Fourier-transformed average potentialṼN(s;r j ) is
readily obtained within the above formalism if in Eq.~3.4!
and hence in Eq. ~3.9! the formal replacemen
(n8ucn8

T (r 9)u2°2ZTd(r 9) is made. Repeating the step
leading to Eq.~3.10! results in

ṼN~s;r j !52
ZTe2

d
2A2p

1

s'
2

d~sz!e
2 is'r j'. ~3.12!

C. Valence potential

When the Si atoms combine to a crystal the valence e
trons are released and move freely in the potential of
ionic cores. Hence, the density distribution of the valen
electrons has the periodicity of the crystal. For the diamo
structure of Si, the valence potential may be approxima
by a sum over reciprocal lattice vectorsG,15 which is sym-
metric in t wheret5dA3/4 is the spacing of the closest S
atoms in the unit cell,17

Vval~r !5 (
uGu<G0

cos~Gt/2!VGe2 iGr ~3.13!

with G05A11•2p/d andVG the form factor corresponding
to G. The contribution to the Fourier-transformed averag
potential for a fixedG follows from

Ṽval~s;G!5
1

~2p!3/2E dre2 isr
1

dE2d/2

d/2

dl

3cos~Gt/2!VGe2 iG'r'e2 iGzl, ~3.14!

which factors into three integrals,
17411
c-
e
e
d
d

d

S E dr'e2 i (s'1G')r'D •S E dze2 iszzD S E
2d/2

d/2

e2 iGzldl D
5~2p!2d~s'1G'!•2pd~sz!•

2

Gz
sin

Gzd

2
~3.15!

such that one obtains

Ṽval~s!5 (
uGu<G0

~2p!3/2
2

dGz
cos~Gt/2!

3VGd~s'1G'!d~sz!sin
Gzd

2
. ~3.16!

Collecting results, the total target potential entering into E
~2.6! is given by

ṼT~s!5 (
j 851

6

ṼN~s;r j 8!1Ṽci~s;r j !1 (
j 851
j 8Þ j

6

Ṽc~s;r j 8!1Ṽval~s!

[ṼT~s'!d~sz!, ~3.17!

where the individual potentials are defined in Eqs.~3.12!,
~3.10!, and ~3.16!, while Ṽci(s;r j ) is taken from an Eq.-
~3.10!-type expression where inR̃(r 9), defined by Eq.~3.8!
and entering via Eq.~3.9!, the bound-state wavefunction o
electron i is omitted. ~In case of ap state we assume a
average over the magnetic quantum numbers such tha
density of the remaining core electrons is still spherica
symmetric.!

IV. CAPTURE PROBABILITY AND DETAILS OF
CALCULATION

The total capture probability of an electron initially occ
pying Si core statei into a given subshellf of the projectile is
calculated from

Pf i~b0!52(
j 51

6

uaf i
IA~ j !u2, ~4.1!

where the sum runs over all six atoms of the target la
~Fig. 1! with af i

IA( j ) from Eq.~2.6!. The prefactor 2 account
for the spin degeneracy of the initial subshell.

We now turn to details of the wave functions involve
For a bare projectile the eigenstatesc f

P andcq
P are Coulomb

functions and the matrix elementM P in Eq. ~2.6! is known
analytically. For capture into a 1s state one has

M1s
P ~s,q!5

1

~2p!3/2E drephq/2G~12 ihq!

3eiqr
1F1~ ihq,1,i ~qr2qr !!eisr

ZP
3/2

Ap
e2ZPr

5
4A2

p
ZP

5/2ephq/2G~12ihq![s22~q1 iZP!2] 2 ihq21

3@ZP
2 1~s1q!2# ihq22

•@s21~11 ihq!qs#, ~4.2!
0-4
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where 1F1 is a confluent hypergeometric function,G the
gamma function, andhq5ZP /q the Sommerfeld paramete
Explicit expressions for theL-subshell capture matrix ele
ments can be found in Ref. 18.

For the target, using spherical coordinates, the Fou
transform of a bound-state wave function can be expres
by means of the Bessel transform

w i
T~q!5

1

~2p!3/2E0

`

r 2drRnl~r !E dVe2 iqr cosqYlm~ r̂ !

5A2

p
~2 i ! lYlm~ q̂!E

0

`

r 2dr j l~qr !Rnl~r !, ~4.3!

where use has been made of the partial-wave decompos
of exp(2iqr cosq). In Eq. ~4.3!, q denotes the angle be
tweenq and r , and j l is a spherical Bessel function.

As concerns the target core states, Slater-screened hy
genic wave functions are used for the innermost shell wh
allows for an analytic evaluation of the Bessel transfor
entering into Eqs.~3.10! and ~4.3!,

E
0

`

r 2dr j 0~qr !R1s~r !5
4Z5/2

~Z21q2!2
,

E
0

`

r 2dr j 0~sr!uR1s~r !u25
16Z4

~s214Z2!2
~4.4!

with Z5ZT20.3 the effective target charge. For th
L-subshell states of the Si atom, Hartree-Fock wave fu
tions are taken, generated numerically with the Herman
Skillman code.19 Their Bessel transforms are evaluated w
the help of a fast Bessel transform routine.20 In the actual
calculations of the capture amplitude, the Bessel transfo
are calculated in advance on a large grid of mesh points. T
leaves a fourfold integration over the perpendicular com
nents ofs andq8 @note that the two integrals over the respe
tive z components are trivial because of the delta function
Eqs.~3.17! and ~2.6!#. All integrals are well behaved excep
for a singularity of the capture matrix element~4.2! when
hq→` ~i.e., for q5uq82su50). Since sz50 and qz85
2(e f2Ei1v2/2)/v, the singularity can only occur if the
collision system is chosen such thatqz850. This ~square-
root! singularity is integrable but for very smalluqz8u, the
integrand is rapidly oscillating.

Up to now we have considered the case where the e
tron originates from a target core state. For the sake of c
pleteness we include the formalism for the capture of vale
electrons although this process is of no significance as
cussed later. For fast collisions these electrons can be tre
as constituents of a free-electron gas (Ei50) confined to a
Fermi sphere in momentum space. The momentum-sp
wave function of such an electron, normalized to unity,
given by15
17411
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w i ,val
T ~q!5

1

2
A3

p

1

kF
3/2

u~kF2q!, ~4.5!

where u is the Heaviside step function andkF
5@3p2(32/d3)#1/3 is the Fermi momentum for a Si crysta
In that case, the potentialṼ(s) is calculated from all core
electrons which means that the restrictionj 8Þ j and the term
Ṽci in Eq. ~3.17! are dropped.

V. RESULTS

The importance of electron capture for a given collisi
system can be extracted from dynamical considerations
momentum balance. In the projectile frame of reference,
target electron has initially the energyEi1v2/2 and finally
the energye f ; hence a large transition probability is ex
pected when Ei1v2/2'e f . According to the energy-
conserving delta function in Eq.~2.6! this implies that the
momentum transfer is subject toqz852(e f2Ei1v2/2)/v'
2v.

That the conditionqz8'2v provides large transition am
plitudes follows also from the structure of Eq.~2.6! by
means of peaking considerations. For Coulomb-type po
tials, ṼT(s) is largest fors→0 @due to the denominators'

2 in
Eqs. ~3.10! and ~3.12!#, and—for spherically symmetric
states—the momentum-space wave functionw i

T is peaked at
zero momentum. This requires 0'q82s1v'q81v and
henceqz8'2v for the capture amplitude to have a maximu
value.

For the collision system selected by experiment,21 55
MeV O81→Si (v511.73 a.u.) the matching condition i
violated ~e.g., for 2p→L transitions withe f528 andEi5
23.64 one getsqz8525.5). This means that a considerab
momentum has to be supplied both by the initial-state w
function (q82s1vÞ0) and by the interaction field (sÞ0).
This is readily possible for the inner-shell wavefunctions a
for Coulombic potentials due to their slow decrease in m
mentum space. However, the valence potentialṼval only pro-
vides momenta of the order of a reciprocal lattice vec
(s'52G') and therefore can be neglected. On the ot
hand, the cutoff wave function~4.5! for the valence electrons
poses the restrictionuq82s1vu<kF which implies qz81v
5(2e f1v2/2)/v<kF . SincekF50.96 a.u.,v/2 and2e f

5ZP
2 /2n2.0, this condition cannot be satisfied for the col

sion systems under consideration. Even the replacemen
the cutoff function by a more realistic Fermi distributio
with an exponential tail15 only provides an insignificant con
tribution of the valence electrons to the total capture pr
ability.

The dependence on impact parameter is governed by
phase factor exp@2iq8(r j'2b0)# in Eq. ~2.6!. Let us define
b5ur j'2b0u as the distance of closest approach betwe
projectile and target atomj ~see Fig. 1!, the conventional
definition of the impact parameter in ion-atom collisions, a
let us for the moment disregard capture from the other fi
atoms. Due to its oscillatory behavior, the factor e
(2iq'8b) leads to a significant reduction of any contributio
0-5
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to theq8 integral which arises fromq'8 b@1 ~even if the two
vectors in the exponent are not assumed to be para!.
Hence, the inverse,q'8

21 , is a measure of the decay length
the capture probabilityP(b). Assumingq'8 to be of the same
order of magnitude as the minimum momentum transferuqz8u,
and using thatqz8'25.5 for L→L transitions, this prescrip
tion asserts a width of the impact-parameter distribution
the order of 0.2 a.u.

Figure 2 showsP(b)5uaf i
IA( j )u2 for an electron initially

occupying a 2p state of atomj according to Fig. 1. Capture
probabilities into theK and allL subshells of O81 are given.
The transition probabilities from 2p,m50 to K, 2s and
2p,m50 have all decreased forb50.2 a.u. by a factor of
e21 or more with respect toP(b50), which is consistent
with the above picture. Exceptions are the transitions wh
change them quantum number (m50→m51 and m51
→m50) which go to zero asb→0 because orthogonality o
the angular part of the wave functions inhibits capture if
angular momentum is supplied by the transition operator

All capture probabilities have in common that atb50.6,
they have dropped by nearly two orders of magnitude. T
means that in the channel center, spaced byur j u53.63 a.u.
from atomj, the capture probability is completely negligibl
But even if capture from an atom were considered for wh
the spacing to the nearest neighbor is minimum~4.44 a.u.!,
the capture probability halfway between these two adjac
atoms would be much less than 1024 of its maximum value.
As a consequence, at most one of the six atoms of the l

FIG. 2. Capture probability per target electron for 55 MeV O81

(v511.73) traversing a Si single crystal along the^110& direction.
Shown are the impact-parameter-dependent capture probab
from the 2p,m50 state of atomj ~upper curves! into the projectile
K shell ~dotted line! and into the 2s ~dashed line!, the 2p,m50
~full line!, and the 2p,m51 ~dot-dashed line! subshells. The two
lower curves denote the capture probability from the 2p,m51 state
of atom j into the projectile 2p,m50 ~dot-dashed line! and 2p,m
51 ~full line! subshells.
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contributes to electron capture at a givenb0.
This in mind we have tentatively switched off the pote

tial of the other five atomsj 8Þ j to estimate their contribu-
tion to the total interaction field. We have found that forb
&0.2 where the capture probability is high, the influence
the potential of the other atoms can be neglected (&5%)
while there is a slight reduction ofP(b) (&15% as com-
pared to the one-atom potential! for the larger impact param
eters considered.

Figure 3 gives the capture probabilities from an initial 2s
state of atomj. Theb dependence is similar as found for th
initial 2p states, the capture probabilities amounting to
most 1024. The highest probability atb*0.6 is reached for
the 2p,m50→2p,m50 transition (631027 at b50.6).
The dominant contribution atb50 comes from theK→K
transition, showing a steep decrease withb. As discussed
below, the impulse approximation may, however, be inac
rate for this transition. If summed over all core electrons
target atomj and over all final states considered~projectileK
and L shells! the total capture probability is found to b
PS(b50)51.631023 andPS(b50.62)54.731026.

We have also compared the capture probabilities un
channeling conditions with the ‘‘atomic’’ capture probabil
ties from the collision of an O81 projectile with an isolated
Si atom at the same velocity. The latter case will occur
projectile beams at random incidence and thin targets.
capture amplitude for the random case is calculated from
~2.6! with r j set equal to zero and with the Fourie
transformed potential given by

ies

FIG. 3. Capture probability per target electron from the 2s state
of atom j by 55 MeV O81 projectiles traversing a Si single crysta
along the^110& direction. Shown is the impact-parameter depe
dence for capture into the projectileK shell ~dashed line!, and into
the 2s ~full line!, 2p,m50 ~dotted line!, and 2p,m51 ~dot-dashed
line! subshells. Also given is the capture probability from theK
shell into the projectileK shell ~two-dash–one-dotted line! as well
as the ‘‘atomic’’ capture probability from the 2s state into the pro-
jectile K shell ~dashed line!.
0-6
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ṼT,ran~s!5e2A2

p

1

s2

3S 2ZT1R̃0~s!2E
0

`

r 2dr j 0~sr!uRi~r !u2D
~5.1!

with R̃0(s) from Eq. ~3.9!. The last term corrects for th
absence of the electronic statei, initially occupied by the
active electron, in the potential. From Fig. 3 it is obvious th
for small b, capture under channeling conditions is reduc
by as much as two orders of magnitude as compared to
ture by randomly incident projectiles, whereas the decre
with impact parameter is much slower in the channel
case. This is related to the fact that the continuum potenti
on the one hand much weaker than the atomic potential~the
reduction being of the order ofa0 /d;431022 for Si with
a050.885ZT

21/3), but it is, on the other hand, of infinite rang
in the axial direction because of the averaging@Eq. ~3.2!#.

Figure 4 shows capture probabilities for the heavier S161

projectiles at two different velocities,v511.73 andv515
~corresponding to beam energies of 3.44 and 5.62 M
amu!. At the higher velocity, results for the random situati
for K→K and 2s→K captures are also included. For th
collision system capture under channeling conditions is
tually dominant atb.0.6. Capture from the targetK shell is
about one order-of-magnitude larger than capture from
2s subshell, which also holds for the lower velocity. In co

FIG. 4. Capture probability per target electron for S161 projec-
tiles traversing a Si single crystal along the^110& direction at two
different velocities. Shown are the impact-parameter-depen
capture probabilities forv515 ~180 MeV! from K→K ~full, thick
line!, K→2s ~short dashed line!, and 2s→K ~full, thin line!, and
for v511.73 ~110 MeV! from 2s→K ~dot-dashed line!. Also
shown are the ‘‘atomic’’ capture probabilities forv515 from
K→K ~long dashed line, upper curve! and from 2s→K ~long
dashed line, lower curve!.
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trast, for the lighter O81 projectile, capture from theK shell
only dominates at small impact parameters~Fig. 3!. The rea-
son is that the momentumqz81v which has to be supplied by
the initial-state wave function is much higher for S161 than
for O81, favoring capture from theK shell with its wider
momentum distribution.

In Fig. 5 the velocity dependence of the 2p,m50
→2p,m50 capture probability is depicted for O81 and S161

projectiles. There is a monotonic decrease of the cap
probability with velocity for both projectiles~in contrast to
the situation of the 2s→K capture for S161, Fig. 4, where
v511.73 andv515 lead to similar capture probabilities!.
For an explanation, one may again consider the deviatio
qz81v from zero. For the 2p,m50→2p,m50 transition
with O81 projectiles, one hasqz81v54.5, 6.24, and 7.8 for
v58, 11.73, and 15, respectively, and the numbers for
S161 projectiles areqz81v58.3 and 9.4 forv511.73 and 15,
respectively~whereas for S161 and the 2s→K transition, one
gets a slightly smaller value for the higher velocity,qz81v
516.3 and 15.7 forv511.73 and 15, respectively!.

We close this section with some comments on the
proximations inherent in the above theory for electron c
ture by channeled projectiles. The underlying ‘‘atomi
theory, the impulse approximation in its post form, is va
for ZP /ñ*ZT /n if v@ZP /ñ or for ZP /ñ@ZT /n if v
*ZP /ñ whereñ andn denote the main quantum numbers
the projectile final state and target initial state, respectiv
The first inequality determines the asymmetry of the co
sion system while the second inequality defines ‘‘fast co
sion’’ in terms of the classical electron orbiting velocity fo
the heavier of the two collision partners.

For the present collision systems, capture from the ta

nt

FIG. 5. Capture probability for a 2p,m50 Si electron into the
2p,m50 shell of an O81 or a S161 projectile at collision velocities
v58, 11.73, and 15 durinĝ110& axial channeling as a function o
impact parameter. The full lines are the results for O81, the dashed
lines correspond to S321.
0-7
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K shell is the most pathological case.K-shell capture by the
O81 projectiles does not satisfy the IA validity criterion
whereas it is marginally satisfied by the heavier S161 projec-
tiles. In the channeling case,ZT /n does not seem to be th
appropriate measure of the interaction strength with the
get, taking into consideration the strongly reduced poten
in the continuum approximation. This would suggest that
IA is applicable for capture from and to allK- and L-shell
states even for O81, provided v*ZP /ñ. Nevertheless, IA
results violating the above-mentioned validity criterio
should be treated with some care.

As concerns the description of the target field, the init
statei of the active electron is not included in the core p
tential. However in the channeling situation, the electron w
interact with different atoms of the string which do not ha
an inner-shell vacancy. In order to estimate the importanc
an inner-shell vacancy, we have made test calculations w
potential corresponding to fully occupied core states. Wh
compared to previous results, the capture probability is lo
ered,,10% for small impact parameters, but as much
35% for the largerb (&0.6 a.u.) in the case of capture fro
theK shell. For capture from the L shell which dominates
large b, the reduction is smaller (&10% for b&0.6 a.u.).
This decrease ofP(b) when core statei is added is due to the
reduction of the attractive total core potentialVN1Vc as
compared toVN1Vci .

Another approximation which might be questioned is t
calculation of the target core states from a neutral-atom co
as well as the use of experimental binding energies for
isolated atom. Inside the solid, the valence electrons are
which consequently will lead to a modification of the co
states. When the outer electrons are removed, i.e., the sc
ing of the central field is weakened, the core-state bind
energies will get larger. In turn, this implies some reduct
of the capture amplitude. However, this is likely to be co
pensated by an enlarged spread of the core-state wave
tions in momentum space. The additional approximatio
pertaining to a crystal target, the continuum approximat
for the target field, the neglect of the valence electrons
well as the disregard of multiple capture from differe
strings are well justified in the present situation.

VI. CONCLUSION

The impulse approximation in its post form, applicab
for heavy projectiles and high collision velocities, has be
used to calculate electron capture by energetic, fully strip
projectiles channeling through a single crystal. Due to
large momentum transfer required, only capture from the
nd

17411
r-
al
e

l
-
l

of
a

n
-
s

t

e,
n
st

en-
g

-
nc-
s
n
s

n
d
e
r-

get core states plays any role. Results have been provide
capture into the projectileK shell andL subshells. For the
present collision systems,K→K transfer is the most impor
tant process at small impact parameters with respect
string of atoms. At the larger impact parameters, 2p,m50
→2p,m50 subshell capture gives the dominant contrib
tion. We have found that, due to the weakness of the cry
field treated in the continuum approximation, the captu
probabilities are very small. For the collision systems inv
tigated, they amount to at most;1024 for a given subshell
transition at small impact parameters. This number is ab
two orders-of-magnitude smaller than that for an isola
ion-atom collision. If summed over the core states of a tar
atom and over the finalK-shell andL-subshell states of the
projectile, the total capture probabilityPS(b50) is ;1023.
Inclusion of M-shell and higher final states will not chang
this result because capture to higher states with a narro
momentum distribution is expected to be less important t
capture to the innermost shells.

Since large momenta can only be supplied in close co
sions, the transition probability decreases rapidly towards
center of the crystal channel. The width of the impa
parameter distribution is, however, considerably larger th
the corresponding width in an isolated ion-atom collisio
because the range of the continuum potential is infinite al
the axial direction. Nevertheless, the capture probabili
have decreased by many orders of magnitude in the cha
center such that a folding with the beam profile of we
channeled projectiles will lead to negligible capture pro
abilities. Even if taken into consideration that our resu
suffer from many approximations related to the descript
of solid-state effects and therefore may readily be inaccu
by a factor of 2, this excludes any interplay between elect
capture and loss which was postulated to describe the ex
mental data. Also, the smooth dependence of the cap
probabilities and of the width of the impact-parameter dis
butions, both on collision velocity and projectile charge, do
not provide any explanation of the sharp transition2 in v and
ZP from cooling to heating in single crystals.

Rather, the present results should be considered a
benchmark showing that phenomena well known from io
atom collisions may basically change inside a solid. In p
ticular, all processes requiring large momentum transfers
be strongly suppressed in the case of well-channeled be
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