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Nonperturbative theory of projectile-electron loss in fast collisions with heavy atomic targets

A. B. Voitkiv,* G. M. Sigaud, and E. C. Montenegro
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The electron loss of He1 projectiles in heavy targets is studied within the framework of the sudden approxi-
mation. The main focus of the present study is in the elastic~screening! contribution to the electron loss. The
calculations presented here unitarize the final populations of the projectile and of the target, take into account
the nonperturbative character of the collision, and include the possibility of multielectronic transitions in the
target atom concomitantly with the loss process. An analytical estimate for the screening contribution is also
obtained.@S1050-2947~99!06104-1#

PACS number~s!: 34.10.1x, 34.50.Fa
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I. INTRODUCTION

The understanding of collision processes out of the p
turbative regime is, as a general rule, limited to sing
electron transitions and to collision regimes where only o
collision channel contributes significantly. In more compl
collisions, where several collision channels are import
and many-electron transitions can occur through them, th
are few methods that go beyond the usual methodol
@1–4# of combining perturbative approaches with the ind
pendent electron model~IEM!. Indeed, most of the nonper
turbative close-coupling calculations, which are the stand
alternative to the perturbative approaches, are limited to f
electron systems@5#.

Projectile electron loss by heavy atomic targets, in
intermediate-to-high velocity regime, is an example of a c
lision system that can be quite complex, even for sim
projectile ions such as He1. If the He1 electron loss occurs
through collisions with light atomic targets, first-order pe
turbation theories give a good theoretical description of
collision dynamics@6,2,3,7#. In this case, the projectile ion
ization occurs via the interaction with a weak potential, d
either to the screened target nucleus~elastic mode! or to the
electron-electron interaction~antiscreening mode! with one
of the ~few! target electrons. In the screening mode t
nucleus and the electron cloud of the target act coheren
since the final state of the electron cloud remains unchan
In the antiscreening mode the target electron cloud chan
its state and its effect on the projectile electron cannot
coherently summed with that of the target nucleus. Thus,
screening and antiscreening modes can be alternatively
nominated coherent and incoherent modes, respectively

When the target atomic number increases, the strengt
the target field over the projectile electron in close collisio
increases substantially and perturbative methods are
longer valid. The projectile ionization probability for th
elastic mode can reach values near unity at small imp
parameters and, because the antiscreening probability
increases with the number of target electrons, the couplin
the elastic and the antiscreening modes cannot be negle
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Furthermore, due to the large number of target electr
available, target ionization is very likely to happen togeth
with the loss process, which causes the elastic mode to
conditioned to the nonoccurrence of the target ionization
the projectile is a multiply charged ion, electron capture b
comes important in the intermediate-to-low velocity regim
and must also be considered in the analysis of the elec
loss process.

Some of these difficulties were identified long ag
through the use of the free-collision model~FCM! @8,9# in
the study of electron-loss probability of H atoms in vario
gases. As noted by Walters@10#, the increase of the stati
field in heavy targets makes it necessary to go beyond fi
order Born approximation to describe the elastic scattering
the projectile electron in this field. More recently, Riess
mann et al. @11# used an extension of the FCM to stud
projectile electron loss of H and H2 on gaseous targets, ob
taining a good agreement with experiment.

However, because the FCM is not formulated in terms
the impact parameter of the collision, its use is restricted
cases where the coupling between competitive collis
channels either is weak or can be taken into account by
ther simplifications in the IEM. In general, these conditio
do not hold when the projectile charge increases. These
strictions are partially eliminated through the use of nonp
turbative, close-coupling calculations. These calculatio
were introduced in the study of He1 electron loss in noble
gases by Grandeet al. @12# and, because it is formulated i
terms of impact parameters, it allowed these authors to e
mate the effect of the joint unitarization of the elastic a
antiscreening modes. This last formulation, however, can
be considered as fully unitarized because the close-coup
method was applied only to the screening mode. As a c
sequence, the coupling between target ionization and pro
tile electron loss, for example, is ignored. As we will see
Sec. II B, this coupling plays an important role in the case
heavy targets.

The sudden approximation~SA! is a nonperturbative, uni-
tarized theory~see, e.g., Ref.@13# and the review in Ref.
@14#!. In this paper the SA is used to study projectile electr
loss of He1 in noble gases. The SA is employed to descr
the full colliding system, i.e., to describe the dynamics
both projectile and target electrons. This means that the fi
populations of both projectile and target states induced
t

2794 ©1999 The American Physical Society
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PRA 59 2795NONPERTURBATIVE THEORY OF PROJECTILE- . . .
the collision are unitarized within this approach. As a con
quence, it will be shown that the screening~elastic!, anti-
screening, and target ionization channels appear natu
from the theory in a unitarized way, without the need of a
ad hocassumption. The general theory is presented in S
II. The comparison of calculated results with experimen
data of He1 electron loss in noble gases is discussed in S
III, where an analytical approximation for the elastic cont
bution to the electron loss is also introduced. Section
presents the main conclusions.

Atomic units are used throughout except where otherw
stated.

II. THEORY

A. Sudden perturbation for projectile electron loss

In the impact parameter method the electronic system
colliding partners is described by the time-dependent Sc¨-
dinger equation,

i
]

]t
C~r ,tN ,t !5„Hi1Ha1Vint~ t !…C~r ,tN ,t !. ~1!

In Eq. ~1!, C(r ,tN ,t) is the electronic wave function o
the colliding system,r is the coordinate of the active electro
of the projectile ion with respect to its nucleus,tN
5$r1 ,r2 , . . . ,rN% is the (3-N)-dimensional vector repre
senting the coordinates of theN atomic target electrons with
respect to the target nucleus,Hi and Ha are the electronic
Hamiltonian of the projectile ion and of the target ato
respectively, and

Vint~ t !5
Z1Z2

R~ t !
2

Z2

uR~ t !2r u
2(

j 51

N
Z1

uR~ t !1rj u

1(
j 51

N
1

uR~ t !1rj2r u
~2!

is the time-dependent interaction between the projectile
the target. In Eq.~2!, Z1 and Z2 are the nuclear charges o
the projectile ion and of the target atom, respectively, a
R(t) is the internuclear distance. The first term on the rig
hand side of Eq.~2! is independent of the electron coord
nates and can be eliminated by a simple phase transform
of the wave function, a procedure that will be followed b
low. In this work, R(t) is assumed to be a straight lin
R(t)5b1vt, determined by the relative~collision! velocity
v and by the impact parameterb, (b•v50).

To describe projectile electron loss at relatively high c
lision velocities,v.v i ~a stricter condition isv@v i , where
v i is the orbital velocity of the electron in the projectile ion!,
in collisions with heavy atoms, whenZ2.v, and, corre-
spondingly, the perturbation theory is invalid, the sudd
approximation can be used when the effective collision ti
tcoll is small compared to the orbiting timet i of the electron
in the ion. The effective collision time can be estimated
tcoll.aat /v, where aat;a051 a.u. is the atomic dimen
sion. Estimating the orbiting time ast i.ai /v i , where ai
.a0n2/Z1 is the characteristic dimension of the project
ion andv i.v0Z1 /n (n is the principal quantum number o
the electron state in the projectile andv051 is the Bohr
-
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velocity!, we havet i.t0 n3/Z1
2 , wheret051 is the char-

acteristic atomic time. Thus, the sudden approximation
be applied to treat the electron transitions in the projec
ion when the collision velocity satisfies the conditionv
.v0Z1

2/n35Z1
2/n3 ~a stricter condition would bev

@Z1
2/n3).

Below, Eq. ~1! is solved with the interaction~2! in the
zeroth order of the sudden approximation~see Ref.@14#!. It
should be noted that, for collisions with heavy atoms,
interaction can be sudden for the electron of the ion and
outer electrons of the atom, but may not be sudden for in
tightly bound, electrons of the atom. Therefore, it is conv
nient to divide all atomic electrons into two groups. The fi
group contains inner, tightly bound electrons with orbitin
times smaller than the collision time~passive atomic elec
trons!. For these electrons the interaction with the ion~with
not a very high charge! is a weak perturbation. Thus, it wil
be considered that these electrons are only spectators in
collision and that their role is restricted to the partial scre
ing of the target atomic nucleus. The second group conta
atomic outer electrons with orbiting times larger than t
effective collision time~active atomic electrons!.

To go further, it is considered here that the wave funct
of the Schro¨dinger equation~1! depends only on the coordi
nates of the projectile electron and of the targetactiveelec-
trons. The interaction term~2! can be approximated as

Vint~ t !52
f 2„uR~ t !2r u…

uR~ t !2r u
2(

j 51

na Z1

uR~ t !1rj u

1(
j 51

na 1

uR~ t !1rj2r u
, ~3!

where2$@ f 2(uR(t)2r u)#/uR(t)2r u% is the interaction of the
electron of the projectile with the target nucleus, partia
screened by the passive electrons of the target,

2
f 2„uR~ t !2r u…

uR~ t !2r u
52

Z2

uR~ t !2r u
1K (

p51

np 1

uR~ t !1rp2r u L ,

~4!

where na and np are the numbers of active and passi
atomic electrons, respectively, and the symbol^•••& repre-
sents the averaging over the charge density of the target
sive electrons. Note that limx→0 f 2(uxu)5Z2 .

In the zeroth order of the sudden approximation the tr
sition amplitude,A0→n

0→m , for the projectile ion being in a fina
statecn(r … and the target atom being in a final statexm(tna

)
after the collision, reads~see, e.g., Ref.@14#!

A0→n
0→m5^cn~r !xm~tna

!uexpS 2 i E
2`

1`

Vint~ t !dtD
3uc0~r !x0~tna

!&, ~5!

wherec0(r ) andx0(tna
) are the initial states of the ion an

the atom, respectively, andtna
5$r1 ,r2 , . . . ,rna

% is the

(3-na)-dimensional vector representing the coordinates
thena atomic targetactiveelectrons with respect to the targ
nucleus.
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B. Elastic contribution from the target „screening…

From Eq.~5!, it follows that the amplitude for projectile
excitation or loss, when the atomic electrons remain in th
initial states~i.e., the elastic amplitude!, is given by

A0→n
0→05^cn~r !x0~tna

!uexpS 2 i E
2`

1`

Vint~ t !dtD
3uc0~r !x0~tna

!&. ~6!

If one defines

Vscr~ t !52
f 2„uR~ t !2r u…

uR~ t !2r z

1^x0~tna
!u(

j 51

na 1

uR~ t !1rj2r u
ux0~tna

!&

52
Z2

uR~ t !2r u
1^x0~tN!u(

j 51

N
1

uR~ t !1rj2r u
ux0~tN!&

~7!

as the screened potential of the target atom, which can
very strong at small impact parameters, and

DV52(
j 51

na Z1

uR~ t !1rj u
1(

j 51

na 1

uR~ t !1rj2r u

2^x0~tna
!u(

j 51

na 1

uR~ t !1rj2r u
ux0~tna

!&, ~8!

so that Vint5Vscr1DV, Eq. ~6! can be written, using the
completeness relation for the projectile states, as

A0→n
0→05^cnuexpS 2 i E

2`

1`

Vscr~ t !dtDG„r …uc0&

5(
n8

^cnuexpS 2 i E
2`

1`

Vscr~ t !dtD
3ucn8&^cn8uG~r !uc0&, ~9!

where

G~r !5E )
j 51

na

drj ux0~tna
!u2 expS 2 i E

2`

1`

DV dtD .

~10!

Considering the r -dependent part of the interactio
DV(r ,tna

,t) as a weak perturbation acting on the active el
tron of the projectile, Eq.~9! can be rewritten approximatel
as

A0→n
0→0.^cnuexpS 2 i E

2`

1`

Vscr~ t !dtD uc0&^c0uG~r !uc0&,

~11!

where the only term kept in the sum overn8 is the one which
gives a nonvanishing value in the limit
ir

be

-

(
j 51

na 1

uR~ t !1rj2r u
2^x0u(

j 51

na 1

uR~ t !1rj2r u
ux0&→0.

Assuming a small ion charge (Z1,v) and keeping only
the first three terms of the expansion of the exponent c
taining the termDV in Eq. ~11!, the elastic probability,
P0→n

el (b)5uA0→n
0→0u2, can be written, after some elementa

but rather cumbersome algebra, as

P0→n
el ~b!5U^cnuexpS 2 i E

2`

1`

Vscr~ t !dtD uc0&U2

3S 12 (
mÞ0

U^xmu E
2`

1`

V0~ t !dtux0&U2D ,

~12!

where

V0~ t !5(
j 51

na S 2
Z1

uR~ t !1rj u
1^c0u

1

uR~ t !1rj2r u
uc0& D

~13!

is the net potential of the projectile acting on the target el
trons, assuming the projectile electron to be ‘‘frozen’’ in i
ground state.

Noticing that

p0→n
scr ~b!5U^cnuexpS 2 i E

2`

1`

Vscr~ t !dtD uc0&U2

~14!

is the probability of the projectile electron to make a tran
tion in the field of the screened target atom in the grou
state, one can write Eq.~12! as

P0→n
el ~b!5p0→n

scr ~b!S 12 (
mÞ0

U^xmu E
2`

1`

V0~ t !dtux0&U2D .

~15!

Equation~15! is the first main result of this paper. Sinc
the zeroth-order sudden approximation assumes the elec
~with respect to their nuclei! to be frozen during the collision
time, Eq. ~15! is in agreement with this assumption. Th
equation has a simple physical meaning: the elastic proba
ity is equal to the screening probability of the projectile ele
tron to make a transition in the field of the target atom in t
ground state, multiplied by the probability of the target ato
to remain in this state during the collision. This last term c
then, be rewritten as

12 (
mÞ0

U^xmu E
2`

1`

V0~ t !dtux0&U2

512Pexc
a ~b!2Pion

a ~b!,

~16!

wherePion
a (b) andPexc

a (b) are the probabilities of ionization
and excitation of the target by the projectile, respectively

For multielectron atoms the ionization channel domina
over the excitation to discrete states and one can set app
mately

12 (
mÞ0

U^xmu E
2`

1`

V0~ t !dtux0&U2

.12Pion
a ~b!, ~17!
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From Eqs.~15! and ~17! it follows that

P0→n
el ~b!5p0→n

scr ~b!@12Pion
a ~b!#. ~18!

It is worth noting that Eq.~18! appears naturally in the
approach used in this work. In perturbative approaches
the other hand, the product of probabilities like that of E
~18! appears in anad hocway, in connection with the inde
pendent electron model~see Ref.@1#!.

The probabilityp0→n
scr (b) describes electron transitions

the projectile induced by the interactionVscr(t) between the
projectile electron and the target atomic field, which stron
depends on the impact parameter and varies rapidly f
very large magnitudes, atb→0, to negligible ones, atb
;aat;1. Therefore, one can assume that the probab
Pion

a (b) is a rather smooth function of the impact parameteb
as compared to the probabilityp0→n

scr (b) for electron transi-
tions in the ion and can be approximated by its value ab
50 in the calculation ofP0→n

el (b) in Eq. ~18!. Then, the
elastic cross section can be obtained from Eqs.~15! and~18!
as

sn
el52pE

0

`

db bP0→n
el ~b!

.2p@12Pion
a ~b50!#

3E
0

`

db bU^cnuexpS 2 i E
2`

1`

Vscr~ t !dtD uc0&U2

.

~19!

This expression is the second main result of this paper
it will be used in Sec. III to describe collisions of He1 ions
with noble gases.

C. Total contribution from the target

1. General expressions

In cases where the final state of the target atom is
observed, the probability of projectile excitation or loss
given by

P0→n~b!5(
m

uA0→n
0→mu25E drE dr 8cn* ~r !c0~r !

3cn~r 8!c0* ~r 8!E )
j 51

na

drj ux0~tna
!u2

3expS 2 i E
2`

1`

@Vint~r ,t !2Vint~r 8,t !#dtD .

~20!

When deriving Eq.~20!, the completeness relation for th
atomic statesxm was used. It should be noted that the use

(
m

uxm~tna
!&^xm~tna

!u5I ,

is, in fact, an approximation whose accuracy is not easy
estimate, because the functionsxm(tna

) describe only the
n
.

y
m

y

d

ot

f

to

active electrons of the total target atomic system. The st
that form a complete basis set are the statesxm(tN).

In the sudden approximation used here, unlike pertur
tive approaches, the sum over the population probabilitie
all states~including both projectile and target states! is ex-
actly equal to 1,

(
n

P0→n~b!5(
n

(
m

uA0→n
0→mu251. ~21!

Equation~21! follows straightforwardly from Eq.~20! and
the completeness relation for the projectile statescn .

Equation~20! can be rewritten as

P0→n~b!5E drE dr 8cn* ~r !c0~r !cn~r 8!c0* ~r 8!

3expS 2 i E
2`

1`

@Vscr~r ,t !2Vscr~r 8,t !#dtD
3E )

j 51

na

drj ux0~tna
!u2 expS 2 iE

2`

1`

@DV~r ,tna
,t !

2DV~r 8,tna
,t !#dtD . ~22!

It should be noted that, in contrast to the screening e
tron transition probability~15!, Eqs. ~20! and ~22! do not
contain the interaction term( j 51

na @Z1 /uR(t)1rj u#. The rea-
sons for this are the following:~i! no interaction can chang
the total probability to find the atomic target in some of
states — a sum over all atomic states for atomic populati
probabilities is equal to unity;~ii ! the interaction term in
question is independent of the coordinates of the electro
the ion; and~iii ! the summation over all atomic states of th
target has already been done in Eqs.~20! and ~22!.

Expanding the exponential term in Eq.~22!, which con-
tains the weak perturbation@DV(r ,tna

,t)2DV(r 8,tna
,t)#,

into series and keeping the first three terms one obtains, a
some straightforward but cumbersome calculations,

P0→n~b!5E drE dr 8cn* ~r !c0~r !cn~r 8!c0* ~r 8!

3expS 2 i E
2`

1`

@Vscr~r ,t !2Vscr~r 8,t !#dtD
3S 12

1

2 (
mÞ0

u f m~r ,b!u22
1

2 (
mÞ0

u f m~r 8,b!u2

1 (
mÞ0

f m~r ,t ! f m* ~r 8,b! D , ~23!

where

f m~r ,b!5^x0u E
2`

1`

dt(
j 51

na 1

uR~ t !1rj2r u
uxm&. ~24!

It is interesting to note that the unitarity is still kept in E
~23!: (nP0→n(b)[1 for anyb.
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2. Close and distant collision limits

Equation~23! can be further simplified for two limiting
cases: close collisions, whereb,aat;1, and distant colli-
sions, whereb@1.

For collisions with heavy atomic targets atb,1, where
the interactionVscr is very strong, one can neglect in Eq.~23!
the terms containing the antiscreening part of electr
electron interactions, which results in

P0→n~b!5U E dr cn* ~r !c0~r !expS 2 i E
2`

1`

Vscr~r ,t !dtD U2

.

~25!

This equation describes the transitions of the projec
electron due to the interaction with the atomic target,
electrons of which are ‘‘frozen’’ during the collision time.
should be noted that, since the summation over all state
the target was carried out, the target is allowed to be in
of its possible states after the collision, in contrast to
elastic mode.

For distant collisions, the short-range interactionVscr van-
ishes, and it follows straightforwardly from Eq.~23! that

P0→n~b!5 (
mÞ0

U^cnxmu E
2`

1`

dt(
j 51

na 1

uR~ t !1rj2r u
uc0x0&U2

.

~26!

In this case, the total transition probabilities of the proje
tile electron are reduced to the antiscreening mode, whic
known to dominate over the screening mode in distant co
sions@6#.

3. Perturbative limit

In cases where all interactions are weak, the exponen
term in Eq.~23! can be expanded in series. Keeping the fi
three terms of this expansion one obtains

P0→n~b!5U^cnu E
2`

1`

Vscr~r ,t !dtuc0&U2

1 (
mÞ0

U^cnxmu E
2`

1`

dt(
j 51

na 1

uR~ t !1rj2r u

3uc0x0&U2

. ~27!

This equation describes the total probability of the proj
tile electron transitions as a sum of the screening and a
screening electron transition probabilities. It coincides w
the result for the total probability, obtained in the first ord
of the perturbation theory@6#, if one disregards the factor
exp(2ivif t) @15#, where v i f are the transition frequencies
which are neglected in the sudden approximation@14#. It
should be noted that, in contrast to Eq.~27!, obtained in the
perturbative regime, Eq.~23!, in general, does not allow suc
a simple separation for the total transition probability.

In order to get an analogy with the perturbative limit, E
~27!, the probabilityP0→n(b) can be rewritten as
-

e
e

of
y

e

-
is
i-

ial
t

-
ti-

r

.

P0→n~b!5(
m

uA0→n
0→mu25uA0→n

0→0u21 (
mÞ0

uA0→n
0→mu2.

~28!

The first term in the right-hand side of Eq.~28! is the
elastic probability,P0→n

el , determined by Eq.~15!. The sec-
ond term is the inelastic contribution to the total probabil
and can be split into two parts. One corresponds to the a
screening mode,P0→n

anti , calculated in the first order of the
perturbation theory. The other,DP(b), accounts for
electron-nucleus interactions occurring together with the
tiscreening part of the electron-electron interaction.DP(b)
can be either positive or negative, and goes to zero in
perturbative limit.

Thus, Eq.~28! takes the form

P0→n~b!5P0→n
el ~b!1P0→n

anti ~b!1DP~b!. ~29!

III. RESULTS AND DISCUSSION

In the case of ionization, the final state of the project
electron is in the continuum, with momentumk and a corre-
sponding Coulomb wave functionck . Thus, the elastic part
s loss

el , of the total cross section for the electron loss can
written as

s loss
el 52pE

0

`

db bPloss
el ~b!, ~30!

where

Ploss
el ~b!5E dk P0→k

el ~b!. ~31!

Following Eq.~19! one can, then, write

Ploss
el ~b!.@12Pion

a ~0!#E dk p0→k
scr ~b!

5@12Pion
a ~0!#

3E dkU^ckuexpS 2 i E
2`

1`

Vscr~ t !dtD uc0&U2

.

~32!

Using the analytical screening function from Ref.@16#,

Vscr~ t !52
Z2

uR~ t !2r u(i 51

3

Ai exp@2a i uR~ t !2r u#, ~33!

where Ai and a i are tabulated parameters from the abo
reference, the integration overt in expression~32! can be
done analytically, giving
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s loss
el 5@12Pion

a ~0!#2pE
0

`

db b

3E dkU^ckuexpS 2 i
2Z2

v (
i

AiK0~a i ub2r'u! D
3uc0&U2

5@12Pion
a ~0!# Sloss

scr , ~34!
nd

e
id
h

he

hi
ck
n
n

m
th

th

ob
where Sloss
scr is the screening contribution to the loss cro

section,K0 is the modified Bessel function of the secon
kind, andr' is the transverse part of the vectorr , which is
perpendicular to the collision velocityv.

Numerical calculations forSloss
scr show that, for collisions

of He1 with Ne, Ar, Kr, Xe at not very high collision ve-
locities, this magnitude is much larger than the geome
cross section of He1, sgeom

He1 .p/4.0.8 a.u. Thus, large im-
pact parameters~as compared to the characteristic dimens
of He1) contribute most toSloss

scr . Expanding K0(a i ub
2r'u) in series with respect tor' /b and keeping only the
‘‘monopole’’ and ‘‘dipole’’ terms one obtains
s loss
el '[12Pion

a ~0!]2pE
0

`

db bE dkU^ckuexpS 2 i
2Z2

v (
i

Aia iK1~a ib!
b•r'

b D uc0&U2

5[12Pion
a ~0!]2pE

0

`

db bE dku^ckuexp~2 iq•r !uc0&U2

, ~35!
us-
ng

ion
s-

es

in
en-

he

pre-
whereK1 is the modified Bessel function of the second ki
and

q5
2Z2b

vb (
i

Aia iK1~a ib! ~36!

can be interpreted as the mean momentum transferred to
projectile electron by the screened field of the atomic targ
In the above approximation the projectile electron is cons
ered, during the collision, as a free classical particle. T
approximation is justified if~i! the effective collision time is
small compared to the orbiting time of the electron in t
projectile; and~ii ! the ‘‘strength’’ of the atomic field, acting
on the electron of the ion, is almost homogeneous wit
distances of the order of the size of the electron wave pa
;ai . Condition~i! corresponds to the validity of the sudde
approximation. However, it is unlikely that the second co
dition can be well justified for a short-range screened ato
potential. Therefore, one should expect that, in principle,
function

p~b!5E dkz^ckuexp~2 iq•r !uc0& z2 ~37!

could be regarded only as a rough approximation for
probability

ploss
scr ~b!

5E dkU^ckuexpS 2 i
2Z2

v (
i

AiK0~a i ub2r'u! D
3uc0&U2

. ~38!

Figure 1 presents an example of calculations for the pr
the
t.
-

is

n
et

-
ic
e

e

-

ability ploss
scr (b) using Eq.~38!, together with simplified ver-

sions of this equation given by Eq.~37! and Eq.~A4! ~see
below!.

Surprisingly, numerical calculations for cross sections
ing Eq. ~35! give a good agreement with calculations usi
Eq. ~34! for a wide range of the collision parametersZ2 and
v whereSloss

scr is much larger than the geometric cross sect
sgeom

He1 of the projectile. This agreement improves for increa
ing values ofSloss

scr , i.e., when the collision energy decreas
and/or when the atomic numberZ2 increases. This good
agreement with the full calculations, given by Eq.~34! ~see
below!, encourages one to make further simplifications
order to obtain a simple analytical expression for the scre
ing cross section for electron loss.

For the atomic targets studied, Ne, Ar, Kr, and Xe, t
values of the parametersa i and Ai are such that the term

FIG. 1. Probabilityploss
scr (b) for He1 collisions with Kr at the

projectile energy 4 MeV: the solid, dashed, and dotted lines re
sent results of calculations using Eqs.~38!, ~37!, and~A4!, respec-
tively.
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with the lowest value ofa i in the sum in Eq.~33! @and of
corresponding sums in Eqs.~34! and ~35!# gives the main
contribution to cross sections, given by Eqs.~34! and ~35!.
Keeping only this term, the following simple analytical es
mate can be obtained for the screening contribution in ca
where the collision velocity is not very high, i.e
Z2

2Amin
2 amin

2 /(Z1
2v2)@1 ~see Appendix!,

s loss
el '@12Pion

a ~0!#

3F p

4amin
2

ln2S 1.13pZ2
2Amin

2 amin
2

Z1
2v2 lnS 1.13pZ2

2Amin
2 amin

2

Z1
2v2 D D

1
p

2amin
2 lnS 1.13pZ2

2Amin
2 amin

2

Z1
2v2 D G , ~39!

whereamin is the smallest value from the set of paramet
a i , andAmin is the corresponding value from the set of p
rametersAi .

In order to estimate the ionization probabilityPion
a (b

50) of the target atom the following procedure was us
The ionization probability in close collisions with He1 was
assumed to be approximately equal to the ionization pr
ability in close collisions with protons multiplied by som
factor, i.e.,

Pion
a ~0,He1!5zeff

2 Pion
a ~0,p1!,

wherezeff can be interpreted as an effective charge of H1

‘‘seen’’ by atomic electrons in close collisions, and which
taken here as a free parameter. In general, the magnitud
zeff is within the limits 1<zeff<2. Choosingzeff

2 51.8, a good
agreement with the experimental data for collisions with N
Ar, and Kr was obtained. Ionization probabilities for Ne a
Ar in collisions with protons were evaluated from the sem

FIG. 2. Elastic cross section for He1 electron loss in collisions
with Ne as a function of the projectile energy. Theory: thick so
line, Eq.~34!; dashed line, Eq.~35!; dotted line, Eq.~39!; thin-solid
line, calculations using Eq.~34!, when the ionization of the target i
not taken into account (Pion

a 50); dash-dotted line, coupled-chann
results of Ref.@12# for the screening cross section. Experime
solid circles~Refs.@17,18#!.
es

s
-

.

-

of

,

-

classical calculations of Hansteen, Johnsen, and Kocb
@20#. Ionization probabilities for Kr in collisions with proton
were estimated as follows. Since, for the range of collis
velocities studied in Refs.@17,18#, single ionization cross
sections for Ar and Kr in collisions with protons are rough
the same@19#, the total probability for ionization of the 4s
and 4p shells of Kr was assumed to be the same as the t
probability for ionization of the 3s and the 3p shells of Ar.
The ionization probability of the 3d shell of Kr was also
obtained from Ref.@20#.

Results of the numerical calculations fors loss
el for He1

electron loss in collisions with Ne and Kr as a function of t
projectile energy are presented in Figs. 2 and 3 together w
the differences loss

tot 2(qÞ0s loss
q . In calculating this differ-

ence,s loss
tot was taken from the total electron loss measu

ments of Ref.@17# ands loss
q from the coincidence measure

ments of Ref.@18#. The above sum was carried out for all th
measured charge states,q, of the recoiling target ion. In Fig.
4 the results for Ne, Ar, and Kr targets at a fixed project
energy are presented.

It can be seen from these figures that a good gen
agreement between theory and experiment is obtained fo
full calculation, Eq.~34!, as well as for the simplified ver
sions given by Eqs.~35! and~39!. Figures 2 and 3 also show

:

FIG. 3. Same as in Fig. 2, but for the Kr target.

FIG. 4. Elastic cross section for the He1 electron loss in colli-
sions with Ne, Ar, and Kr at the projectile energy 3 MeV. Theor
solid line, Eq. ~34!; dashed line, Eq.~35!; dotted line, Eq.~39!.
Experiment: solid circles~Refs.@17,18#!.
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the importance of the term@12Pion
a (0)# in reducing the

screening cross sectionSloss
scr , mainly when the projectile en

ergy decreases and the target atomic number increase
mentioned before. The dependence ofSloss

scr on the projectile
velocity, given by calculations presented here, are very s
lar to that given by the coupled-channel calculations
Grandeet al. @12#. However, the coupled-channel calcul
tions give values which are, in general, larger than th
obtained from the sudden approximation.

Using Eq.~29! and neglecting the termDP(b) the total
electron loss cross section was also estimated. The el
contribution was calculated using Eq.~34!, and the anti-
screening contribution was calculated following the extend
sum-rule method of Montenegro and Meyerhof@21#. In Figs.
5 and 6 the present calculations are compared with the
perimental data of Sant’Annaet al. @17# for the total electron
loss cross section for Ne and Kr targets, respectively.
rather good agreement obtained between the present cal
tions and experiment shows that the termDP(b) can be
neglected. This means that, in contrast to the elastic co
bution, the electron-nucleus interaction is not very import
for the inelastic mode. In this intermediate-to-high veloc

FIG. 6. Same as in Fig. 5, but for the Kr target.

FIG. 5. Total electron loss cross section for collisions of H1

with Ne as a function of the projectile energy. Theory: dashed l
elastic cross section, Eq.~34!; dotted line, perturbative antiscreen
ing cross section~Ref. @21#!; solid line, sum of both contributions
Experiment: solid circles~from Ref. @17#!.
as

i-
f

e

tic

d

x-

e
la-

ri-
t

regime, the elastic and the antiscreening processes contr
at the same foot to the total electron loss cross section. T
last conclusion, which was also obtained earlier for light t
gets@6#, could hardly be extrapolated for heavier targets
simple qualitative grounds.

IV. CONCLUSIONS

In this paper a fully unitarized theory, based on the su
den approximation, is used to describe the simultaneous
izations of the projectile and of the target, including tho
induced by electron-electron correlation. Within this forma
ism, the multiparticle aspects of the collision dynami
emerge quite naturally, in contrast to perturbative, or ev
nonperturbative but partially unitarized, approaches like
free-collision model or coupled-channel calculations,
though one loses information about the time evolution of
collision.

The analysis presented here focused mainly on the ela
contribution for electron loss in collisions with heavy targe
in the intermediate-to-high velocity regime. Under these c
ditions several collision channels contribute at the same ti
inducing ~multiple! electron transitions in the colliding sys
tem, the effects of which over a particular collision chann
cannot be ignored. The nonperturbative, fully unitarize
impact-parameter analysis of the collision dynamics show
that, for close collisions, the strong field produced by t
partially screened target nucleus on the projectile elect
results in a loss probability close to unity. However, beca
close collisions can, very likely, also ionize the multielectr
target, the constraint, imposed by the elastic channel
keeping the target atom in its ground state can strongly
crease the total elastic contribution to electron loss. In cl
collisions the antiscreening contribution plays a minor ro

As the impact parameter increases, the screening p
ability decreases steeply for impact parametersb.aat1ai
due to the decrease of the atomic field of the neutral tar
In this range of impact parameters, which can contribute c
siderably to the total electron loss cross section, complica
inelastic processes appear, which result from the comb
tion of the electron-electron and the nucleus-electron con
butions. For distant collisions, the net field produced by
target on the projectile ion is small, and the antiscreen
contribution dominates.

The theory presented here not only makes it possible
clarify some important features of the physical processes
curring in such complex collisions, which were hidden
previous approaches, but also showed a good and consi
agreement with experiment for both the elastic contribut
and the total electron-loss cross section. It also allowed
obtain an useful, analytical expression to estimate the ela
cross section.

TABLE I. Values of Amin andamin for some elements.

Element Amin amin

He 1.23 2.40
Ne 0.98 2.57
Ar 1.09 2.04
Kr 0.58 1.88
Xe 1.80 0.55

,
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APPENDIX

Keeping in Eq.~35! only the term with the smallest value of the screening parametersa i , one obtains

s loss
el '@12Pion

a ~0!#2pE
0

`

db bE dkU^ckuexpS 2 i
2Z2

v
AminaminK1~aminb!

b•r'

b D uc0&U2

5@12Pion
a ~0!#2pE

0

`

db bE dkz^ckuexp~2 iq1•r !uc0& z2, ~A1!
ti-

n

-

s

res-

r

in
where

q15
2Z2

v
AminaminK1~aminb!

b

b
. ~A2!

In a range of impact parameters, whereq1r;q1ai!1,
Ploss

el (b) can be approximated as

Ploss
el ~b!.@12Pion

a ~0!#E dkz^ckuexp~2 iq1•r !uc0& z2

.@12Pion
a ~0!#q1~b!2E dkz^ckuzuc0& z2

5@12Pion
a ~0!#~0.2834/Z1!2q1~b!2. ~A3!

For small impact parameters, whereq1r;q1ai.1, the
magnitude of the integral*dkz^ckuexp(2iq1•r )uc0& z2 is
close to unity. Since the Bessel functionK1(x) decreases
rapidly for x.1, the electron loss probability can be es
mated as

Ploss
el ~b!.H @12Pion

a ~0!#, b,b0 ,

@12Pion
a ~0!#~0.2834/Z1!2q1~b!2, b.b0 ,

~A4!

whereb0 is the impact parameter satisfying the condition

~0.2834/Z1!2q1~b0!251. ~A5!

When the ratio h5(0.2834/Z1)2 (2Z2Aminamin /v)2 is
large, h@1, ~which occurs for collisions of He1 with Ne,
Ar, Kr, and Xe at the collision energies of the measureme
of Refs. @17,18#! the point b0 lies in a region of impact
parameters where the asymptotic expansion forK1(aminb),
K1(x).(Ap/2x)exp(2x), is already valid. In this case, us
ing the asymptotic representation ofK1(aminb0), an approxi-
mate solution for Eq.~A5! can be written as

b0.
1

2amin
lnF 1.13pZ2

2Amin
2 amin

2 /~Z1
2v2!

ln@1.13pZ2
2Amin

2 amin
2 /~Z1

2v2!#
G . ~A6!
ts

Using Eqs.~A4! and ~A6! to calculate the electron los
cross section, one finally obtains

s loss
el '@12Pion

a ~0!#S 2pE
0

b0
db b

12pE
b0

`

db b~0.2834/Z1!2q1~b!2D 5@12Pion
a ~0!#

3F p

4amin
2

ln2S 1.13pZ2
2Amin

2 amin
2

Z1
2v2 ln S 1.13pZ2

2Amin
2 amin

2

Z1
2v2 D D

1
p

2amin
2

ln S 1.13pZ2
2Amin

2 amin
2

Z1
2v2 D G . ~A7!

When evaluating the second integral in the above exp
sion, the asymptotic relationK1(x).(Ap/2x)exp(2x) was
used. Equation~A7! gives an analytical approximation fo
the seven-fold integral

s loss
el 5@12Pion

a ~0!# 2pE
0

`

db b

3E dkU^ckuexpS 2 i
2Z2

v (
i

AiK0~a i ub2r'u! D
3uc0&U2

.

In order to help the reader, the values ofAmin andamin ,
taken from Ref.@16#, for the noble gases are reproduced
Table I.
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