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A general formula for the dependence of the electron capture probability
on scattering angle in fast collisions is derived using the semiclassical
zero impact parameter approximation. We apply the impulse approxi-
mation (SCIA) to perform numerical calculations of the capture prob-
ability from the K and L shell of Ne and Ar targets by protons and give
a comparison with recent experiments.

1. Introduction

The measurement of cross-sections differential in the projectile
scattering angle has contributed much to our understanding of
excitation and ionisation mechanisms in ion-atom collisions.
Also for charge transfer in fast and asymmetric collisions,
experiments have been performed which provided some insight
in the dependence of the capture probability on impact par-
amter and collision energy [1-3]. These measurements have
mostly been concerned with very small projectile scattering
angles, and could well be explained within the semiclassical
impulse approximation [4, 5]. Thereby the internuclear motion
was approximated by a classical, straight-line trajectory.
Recently, however, Horsdal Pedersen and Loftager {6] have
measured electron capture by protons at large scattering angles,
and they found a strong angular dependence of the capture
probability in the case of Ne and Ar targets, while for a He
target the capture probability turned out to be roughly constant.
These experiments can no longer be described with a theory
that neglects projectile deflection by using a straight-line path.
We present in this paper a semi-classical higher-order theory for
charge transfer which allows for a curved nuclear trajectory
(Section 2). In order to extract the dependence of the capture
probability on the scattering angle we make in Section 3 a
partial wave analysis of the transition amplitude. Then we
introduce the zero impact parameter semi-classical approxi-
mation [7, 8] where the classical nuclear trajectory is replaced
by a “broken line”, This means that the colliding nuclei are
assumed to approach each other head-on and scatter through
the given scattering angle at time ¢ = O (Section 4). This approxi-
mation is necessary to make numerical calculations feasible.
In Section 5 the theory is specialized to the capture from the
K and L shell into the projectile 1s state, and the semi-classical
broken-line impulse approximation is used to calculate the
transition probabilities, Numerical results are given in Section
6 and compared with experimental data for collisions of protons
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with He, Ne and Ar targets. Concluding remarks follow (Section
7.

Atomic units (e=h=m=1) are used throughout the
paper, and the conventions concerning the angular momentum
algebra follow Edmonds [9]. We also introduce the abbrevi-
ations ¢ = |a| and 4= a/a for the length and direction of the
vector a.

2. General theory

For definiteness we shall consider the transfer from a heavy
target atom with an effective one-electron potential ¥, to a
light projectile with a potential V|, The formalism developed
in this section is a generalisation of the straight-line theory as
described by Jakubafa-Amundsen and Amundsen [5] to an
arbitrary nuclear trajectory. In a coordinate system centered
at the target nucleus the Hamiltonian of the active electron is
given by

H=T+V,()+V,t—R)+ Vy 2.1)
where T is the kinetic energy and
M, .. 1 aVn(R) -
V = — —— . R = —_—— +R i
BR™ "M M, M, B8R (2.2)

is the recoil potential which is present if the classical projectile
path R(?) is not a constant-velocity straight-line path [10],
M, and M, are the mass of the projectile and target, respec-
tively, and Vyy is the (spherical) internuclear potential.

The semi-classical transition amplitude in the prior form is
then given by [11]
ag = =i [ dK@PO V1 + ValyT (o) (2.3)
where (YT (¢)) = [¢T)exp(—iEr) is an eigenstate with energy
ET of H, =T+ V, while |®§7(z)) is that solution of the full
scattering problem which asympotically develops into an
eigenstate of H,(f) =T+ V,(¢), i.e., into a Galilei-transformed
projectile eigenstate.

For an arbitrary time the asymptotic projectile state can
be written in the following way

. o, , o
WE() = 6% T F G —R) exp (—i/2 || R? &' —iEFp)

2.4)

[ ak oy e71e0 gF (=R ()
where ¢f is a momentum space projectile eigenstate of energy
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ET (as seen in the projectile frame) and the phase is

t
et) = EFt +k-R()+} | K2 & —R°R (2.5)

Since we are interested in asymmetric collisions we use a
formulation that allows a systematic expansion of [®§()) in
terms of the weaker of the two atomic potentials, ¥, while
retaining the asymptotic behaviour of the wavefunction. Gen-
eralising from the straightline case we find that [®§(£)) is
a solution of

B = WE+ |_dr 69 1)

(Vi) + VREN @O N = Vi ()W EM] (2.6)

where G$7(¢, ') is the Greens function satisfying (i0/0f — H,)
G$(¢t, ') = 6(t—1t'). The potentials ¥, and Vg do not enter
symmetrically into (2.6) because Vy vanishes identically for
t—+*% and thus is not contained in the definition of the
asymptotic state, Following Jakubafa-Amundsen and Amundsen
[51 the lowest-order solution |{(#)) is given by

Ao

Lc d¢' J dw et exp(—i(ee(t) — wt")

I
Wy = Jaks

vrk =Rk, T Q2.7

where |k, w)7 is an off shell target continuum state of energy w.

While for a straight-line path, R = (b, 0, v¢), where b is the
impact parameter and v the collision velocity, the ¢' and w
integrals can be carried out immediately, a similar reduction is
not possible for a general projectile path, like a hyperbolic
Kepler orbit. Thus the Coulomb deflection problem turns out
to be much more complicated in the present case than for first-
order theories for excitation and ionisation, where one only has
to change the projectile path dependence of V;(r —R) in the
transition matrix element [12].

Equation (2.7) can be approximated by making use of the
fact that the main contribution to the w integral comes from
values of w around the point of stationary phase:

des(r)

o = Ef HEeR() —1R) - RE@)-RE)

(2.8)

wo(t) =

When |k, w)T is taken outside the w integral at w = w,, the
w and ¢ integrals in eq. (2.9) become trivial, yielding

S

(@) = | dk e <067 (k —R()) K, wo)T (2.9)

which is a direct generalisation of the straight-line result [5].

If |®§7(2)) can be approximated by the first-order expansion
term in Vi, [¥(¢)) as given by eq. (2.9), the transition amplitude
finally becomes

ag = =i [_dr [ak @ (k—R@) exp ((es() — EF 1)

Tk, wol V1 (D) + Ve (DY (2.10)
Here we have used the fact that the recoil-contribution is small
and can be treated as a perturbation.

The significance of the difference between egs. (2.7) and
(2.9) may loosely be interpreted as follows: The electron,
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being ejected into the target state [k, w)T at time ¢ finds itself
in a (travelling) projectile state at a different time #'. The
approximate result, eq. (2.9), neglects this time-delay. We have
not been able to evaluate the transfer amplitude based on
eq. (2.7) directly, so in the following sections we shall take
eq. (2.10) as our starting point. It should be noted, however,
that although we expect the stationary phase argument leading
to eq. (2.9) to be valid in most situations, there may exist
particular kinematical situations, where the off-shell wave-
function |k, w)T varies too rapidly with w for this to be a
good approximation,

3. Partial wave decomposition

In the following we shall assume that the capture takes place
from a state of angular momentum quantum numbers L;, M;
and with radial wavefunction R; to a projectile state of angular
momentum L¢, M; and momentum space radial wavefunction
P;. A partial wave expansion of the ionisation matrix element
is straightforward, and yields

! L;
Tk, wo IV =R = Y Z(—l)’"( )
Im Au -_m u M

. ~ L PN
X AIYAILY C (k) GX 1 (K, wo, R)Y" (WYL (R) (3.1)
Here (J||Y, I)L; is a reduced matrix element, while
k) = i’% gloi® (3.2)

Gk w0, R) = [, P arRI(k wo,P) m( RR()  (33)

with Ry(k, wo, r) as the radial part of the target off-shell wave-
function, with a corresponding phase shift o,(k). Furthermore,
o\ (7, R) is the 22 -pole component of ¥,

*
Vi@—R) = kZuvA(r, R)YY (RYL() (3.4)
The recoil term can readily be incorporated in these expressions
by adding a term to v, for A = 1 from eq. (2.2).
For convenience we shall assume that the internuclear
motion takes place in the x-z plane. The classical path can then
generally be written

R(?) = R(?) (sin a(?), 0, cos a(z))

R() = v(#) (sin B(¢), O, cos B(z)) (3.9)
Since () in most cases will be a constant along the path, one
can obtain a separation of the velocity-dependence of ¢t (k — R)
from the k-depencence by performing a time dependent rota-
tion, so that the velocity becomes parallel to the z-axjs. If the
corresponding rotation operator is denoted by D,(f), we have,
withp =k —R(?)

¢t (p) = Dy(— B) Pe(p)Y 7 (")

PP L d58y, (—B) YT, O, 4}) (3:6)
m

Here p’'=D,(B)p - and similarly for other vectors - so that

p' = |k' —ve,|. Furthermore, (®}, v}) are the polar angles of

K, di&  Is a rotation matrix element and

sin® = k' sin ©,/p: 3.7
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Making a similar transformation in eq. (3.1) and carrying out
the integration over ¢, we find after some manipulations
that eq. (2.10) can be written

an = —2mi (=M LAY LY |k ak G
A

x X

my,m,u

! N L
(- 1)“( ) Ao, - (—B)

—my 8 oMy M

.0

X A8 (=B i™ T Y R) | dr et

A

i *
x| d(cos &) YF, (®,0)Y[" (&}, 0)
X Jim, —m| (kR sin O}, sin (@ — B))Gx ik, wo, R)

x exp [ikR cos B, cos (@ —B)]
x P} (VKX + 02 (t) — 2ku(?) cos ©))

(3.8)

where

~

Qot = EF —ED)+4 |, v* () dt—v(D)Re,

and J,, is a Bessel function. In this expression the dependence
on the scattering angle is still contained in a nontrivial way,
being determined by the directions of R and R, i.e., & and B.
We also see that much of the complications can be traced back
to the expression (3.6}, i.e., to the fact that the travelling
projectile state has a complicated angular momentum structure.

4. Zero impact parameter approximation

The transfer amplitude, eq. (3.8), simplifies considerably when
the internuclear vector is (anti-) parallel to the velocity vector,
This is the case for the zero impact parameter (“broken line”)
approximation of Ciocchetti and Molinari [7]. As illustrated
in Fig. 1, this approximation is obtained from eq. (3.5) by
choosing

t<0
t>0

n—9/2,
3/2,

<0
t>0

~9/2,

() =

4.1
8. (4.1)

a(t) =

where O is the scattering angle, and the radial velocity is set
equal to its asymptotic value, ¥(¢) = v. Then the energy £ =
EE — ET —1%/2 becomes time-independent. This approximation
is reasonable if the classical time delay from the slowing down
and scattering of the nuclei is short compared to typical orbiting
times of the active electron, and if the distance of closest

Fig. 1. Hlustration of the approximation of the classical nuclear trajectory
by a zero impact parameter broken-line path.
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approach between the two nuclei is much smaller than the
electronic shell radius. These conditions are well satisfied in
the case of high-energy charge transfer, and also the choice of
b =0 is a grood approximation, as the large scattering angles
correspond to very small impact parameters.

Quantum mechanically, the applicability of the broken-
line approximation implies that the main contribution to the
total transfer matrix element comes from regions of space
where the nuclear wavefunctions are close to their asymptotic
values. Then it can be shown that the zero impact parameter
SCA and the quantal first-order Born approximation are equi-
valent, where the argumentation follows closely the theory for
nuclear time-delay effects and their influence on the ionisation
probability in asymmetric collisions [13].

With this approximation, eq. (3.8) simplifies considerably.
Only terms with =0 and m; =m survive, and using the
product formula for rotation matrix elements, one arrives
at:

a; = —ivm L~ DMWINT T A Y, (1LY
A

-m 0 m
(Lf L A)(Lf L A)
X
m —m 0 Mf _Mi M

X JO k2 dk Cy(k)

l L
x Y QA+ 1)d5 (19/2>( )
AMm

x [(—= MM HEE (K, Qo,0) + HE (K, R0, 0)]

4.2)
where W, = Qg + kv cos O, + £, and (&g = wo — £{F)
. .o -1 N
HYm(k, Qo,v) = | dr | d (cos @) %ot
X GRi(k, wo, v1) YT(®', 0) Y["(6), 0)
X Py (Wk* + v? — 2kv cos ©) 4.3)

From this, the transfer probability from an initially occupied
atomic shell is given by

PS) =2 Y layl* = 8n* Y (YH(9/2,0))
M¢M; AM

x| X A+ DVAAYIYLIL)
IAM

(1 A Li)(Lf L A)

X

-m 0 m/\m —m O

X J, @k G@E) [ DY H (k. Q0,7)

+ Hi\ m(k, Qo, )] (4.4)
where it has been summed over the magnetic final substates.

This is the main result of this section. It shows that the
angular distribution of the transfer probability between two
angular momentum eigenstates is an incoherent sum of con-
tributions from the partial waves A where A is restricted to
ILe — LI <A< L;+ L, and just determined by the spherical
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harmonics Y¥(8/2, 0) which are multiplied by constant (i.e.,
d-independent) amplitudes containing the information on
potentials and wavefunctions. This result, well-known from
excitation and ionisation theories [7, 8] thus holds also if the
initial and final states are centered at different nuclei. In contrast
to the excitation case there is no parity selection rule, and no
further restriction on A. The additional summations in eq.
(4 .4), compared to excitation theories (over /, A and m) describe
the deformation of the final state wavefunction, as seen from
the target system. It should be stressed that this (relatively)
simple structure of the transfer probability is due to the form
of eq. (2.10), as will be discussed in Section 6.

If the scattering angle & becomes zero, which corresponds
to the straight-line (zero impact parameter) case, only the
M =0 contribution survives. As the $-independent amplitudes
are identical for even M (and fixed A) they are thus determined
by the straight-line result. In order to make this more trans-
parent, we introduce the Fourier transform V(s) of the projec-
tile field ¥; such that » (r, R) from eq. (3.4) can be written as

un(r, R) = 4 (2mY? J.:s2 ds V(s)jr(s7)jr(sR) 4.5)

where j, are spherical Bessel functions. The form factor in
eq. (4.4) is given by

(‘UMMH*h (%, Qo,"’)"’Hn\m(k, Qo, )

1
= | d(cos ©}) Y£(®',0) ¥"(6}, 0)

x Py (Wk* + v* —2kvcos ) By (4.6)

with

0 oo R
B = {(_I)MM Ldf+ J.o df} Ga; (k, wo, o)) %ot

We* recall that the factor (—1)* for 1< 0 originates from
Y# (R) with R =vr. The time integral is easily carried out by
using the relation

4 172 . - 1
(2}\_:_7 1) j}\(SR)Yf (R) = %i—}\ J‘—l d(COS @s)

X eisut cos Oy P;\ (COS @s) (47)

which can be derived from the partial wave expansion of
exp (isR). From the definition of Gy, eq. (3.3), we then obtain:

4(2m)?

B =
ALM )

i* J‘ r? dr Ry (k, wo,?) Ri(r)
0

7 Py (&o/s50) © (sv— |xl) M even

2i Oy (Wo/s0) M odd
(4.8)

where © is the step function and P, and @, are the Legendre
functions of the first and second kind, respectively. Thus there
is a substantial difference between the form factors for even
and odd M, which indicates that they may also be sensitive to
different parts of the electronic wavefunctions. This result is
again in complete analogy with the ionisation case.

X j.ws ds V(s) /s (sr)
0

5. Calculation of the capture probability from X and L shell

In this section we apply the results of the general theory to
the transfer of a K or L electron into the 1s state of the light
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projectile. We use the semiclassical impulse approximation
which is obtained from eq. (2.10) by replacing the energy wq
in the wavefunction |k, wo)T by its on-shell value k2/2, such
that this wavefunction becomes a target continuum state
lye). Tt should be noted that going on-shell is not entirely
unproblematic due to the well-known discontinuities of the
Coulomb functions. In general this may introduce inaccuracies
that are far from negligible {14, 15}, but if one can judge from
the corresponding straight-line results, this approximation is
not critical for the cases where large-angle data are currently
available.

In order to evaluate the matrix elements it is more con-
venient not to use a partial wave expansion of the intermediate
state |@g ) and the transition operator, as long as hydrogenic
wavefunctions are used in the calculation. Instead of egs.
(3.4) and (4.5) we introduce the Fourier transform of the
projectile field in the following way

ds

z e
V,c—R) = —2—7712f 3 ee® (5.1)

where Z, is the projectile charge. Then, by making the co-

ordinate transformation qo =k —s the potential part of eq.
(2.10) can be written as

a = 121 Jld ".

J' dr HBE-V' /D)t Giq R

WE ol 65|yl

0 (qo +s—R) (5.2
where AE = Ef —EiT and R is described by the broken-line
path (3.5) with eq. (4.1). If |y is an s state, it follows from
eq. (4.2) with Ly =L;=0 that the transition amplitude is
independent of the scattering angle ¢ (as A = 0)

ai(ns) = af(ns;p=0), n=1,2... (5.3)

and just given by the zero impact parameter straight-line result
which is obtained from eq. (5.2) for 8 =0, ie., R=vze,.

For an initial 2p, m = 0 state, we get from eq. (4.2) with
Li=A=1and d{4(8/2) = cos 8/2

a§ (20, m = 0) = af" (2p, m = 0; b = 0) cos 9/2 (5.4)

where the amplitude is again determined by the straight-line
result. The straight-line amplitudes are evaluated in [S] for the
K-shell and [16] for the L-shell.

For an initial 2p, Im|=1 state, the transition amplitude
can be written in the form (using that d9(8/2) = 27V sin 9/2)

) = (5.5)

As follows from the previous section, the amplitudes for odd M
can no longer be expressed by the straight-line results. Since the
dependence on ¢ is known, it is sufficient to calculate (5.2)
for ¢ =7. Then R=tuvre, =+ vr (for t=0), and the time-
integral is readily carried out, yielding (P denotes the principal
value):

a5 (2p, Im| = af 2p,\m| = 1,9 = ) sin 9)2

& 2p, Iml=1;0=1) = ——deqo 2

WT By T) B (qo + 85— V) —————
X (Yg,+sl €% Y1) pF*(qo +5—V) —v?/2+ qov

(5.6)

1
AE
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This result can also be derived independently from the previous
section by using that the ionisation matrix element [16, 17]

. 2
Wy €™ Wb, mess) = £ 15 Moo(M1qos —Myss)

[ = (k +12,/2)?] i
[Z3/4 + 51271

2 —(k+iZ,/2)

My = ™2 T (1 —in)

My = (1—=in) [2+in)+(2—in) Zi it g
2 0
ZZ 4 + 2

M, = in(1—in)+( +in)(2+in)sz—_2~(/;:i—%°/—255
2

(5.7)

where 5. = 2712 (s, tis,), n = Z,/k, Z, the target charge and
k =iqo + sl, changes sign when (s:, =)~ — (s, qo:) while
the time-dependent part of the integrand in eq. (5.2) switches
from the value for > 0 to the value for <0 (and vice versa)
under this operation, thus selecting the principal value part of
the time integral.

For the further evaluation of eq. (5.6) we note that the
terms in eq. (5.7) which are proportional to s, and g, vanish
because the integrand is odd in these quantities.

We introduce spherical coordinates for qo and s, and choose qq
as quantisation axis for s and e, as quantisation axis for q,. Then,
sx =s(cos ¥, cos Fy +sind,, sindy cosy,) and the
integral over p, can be performed analytically for a ls final
state. The integral over ¢, is trivial and we get

4i -
i, m=21:8=1) = T (2,Z)" | 4} dao

1 1
P
X J‘-1 d (COS l9’(10) AE _ ,v2 /2 + qu cos ﬂqo
= 1 Moo
x o [ (o5 Byq) = B

X [Migoo cos ¥ —M,s(acos 4 cOs B,
—fsin & o sin 9 )]
o =Z2+q+ 0 + 52 —2q,0 cos Bq,+ 2908 cos B g,

—2us cos ¥g cos B g (5.8)

B = —2ussind, sin 193.,10

This expression contains thus four integrals (i.e., one more
than for the m = 0 case) which have to be performed numerically.
As there are several singularities in the integrand which makes
the evaluation extremely time-consuming, we use an approxi-
mation that allows us to calculate the principal value integral
analytically, exploiting that the main contribution to the
transition amplitude comes from qq-values for which the energy
denominator in eq. (5.8) vanishes. For a given g, we therefore
replace cos 9, everywhere except in the energy denominator
by the value

A 2
max (_1:__E__v_/2) AE—9*220

qov
= )]
cos ¥y = '
min {1,

\

v?)2 —AE

) AE—2%/2<0
qo?

(5.9)
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where the energy denominator has its smallest value. Numerical
tests indicate that this approximation does not influence the
numerical values of the transfer probabilities significantly. The
principal value integral can then be carried out:

1
—$ % +qo vcos O,

1
P j‘_ld (cos 19q°)AE

= lim

¢=>02g4v

1 (AE —1?[2 + qo0)? + €
n (5.10)

(AE —7*[2 —qov)? + €

It remains to calculate the recoil contribution to the capture
amplitude. Actually, the acceleration obtained from the broken-
line path (3.5) with eq. (4.1), R=20sin 8/28()e,, is not
proportional to R, and thus not of the form (2.2) which holds
for any central internuclear potential. In order to satisfy eq.
(2.2), we take instead {7, 8]

R(5) = lim M(0)[8(t—€)—8(c + €)]} (5.11)
such that an eq. (3.4)-type expansion holds for Vg (¢) (with
A=1) and the results of the general theory can be applied.
In analogy to the case of the potential transition operator
discussed above, we find that the recoil transition amplitude
is proportional to the straight-line result for s and m = O states.
Thus
af = 0, i=

1s, 25, 2p,m =0 . .. (5.12)

as there is no recoil for a straight-line path. The only recoil
contribution comes therefore from the 2p, |m|=1 initial
state and has the form (4.2):

a&(2p, Iml=1) = a&(2p, Iml = 1,9 = 1) sin 9/2 (5.13)
Using the on=shell version of eq. (2.10) together with egs.
(2.2) and (5.11), the amplitude can be written as

M, [ T T
M1+M2jdk<wk|x|wi>

x fef k—v) +of (k +v)]

af(2p, Iml=1,0=1) = iv
(5.14)

where v = ve,. as before and the time integral has been performed
by means of the §-functions. The dipole matrix element can be
evaluated in terms of derivatives of the integral [17, p. 364]

I = [dre T \F (in, 1,i(kr + k1)) el9F e7227/2 (5.15)

with respect to q and going to the limit q = O afterwards. This
leads for a 2p, m = 1 initial state to

/2

+_Zz__ e™/2 (1—in)

<\[/E[X l‘l/’zrp,m=t1> = ‘23/27T

x (kM (k) + M, (k) £ ik ke, M (k)]

N

(5.16)

with
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k+i—
. . 2
X (2+1n)—(3—m)—ZW

e

[Z2/4 + k]I

Z2 4+ k2
x| (1+in)2+in) L4t 5 —2(1+7%
. Z,
(k+1—-—)

prilef
Y

224+ k%

M. (k) =

+ (1 -2 —in)

where n = Z,/k. Due to the symmetry property of the integrand,
the term proportional to k,k, vanishes. Introducing spherical
coordinates for k and choosing e, as quantisation axis, the
angular integrals can be performed analytically for a 1s final
state. Thus one obtains

M
M+ M,
M, (k)
(Z} +K* + o) — 4k
(ZE+ K%+ 02?2 — 2k 02
(ZF + K +v?)? —4k?o?
Z} + (k —v)?
Z} + (k + vy

8i
aﬁ(2p,m=i1;§=n) = i;vzlslzzg/z

[, #* dke™” 1 (1 —in)

+ M, (k)
8kv3

[4kv

+(@Z{+k+0v)n

} (5.17)

The transition probability as function of the scattering angle
then follows as the coherent sum of potential and recoil con-
tribution

45in? 92 ek (O =m + k@ =73, i=2p, |Iml=1
P ={ 21 ®=0)* i=1s2s
2cos? 82 lefL b =0)?, i=2p,m=0 (5.18)

where the sum over all initial electronic substates has been
carried out.

6. Numerical calculations and comparison with experiment

We have evaluated the capture cross-section from the target
K shell and L subshells into the projectile K shell by means
of the relations (5.18) with (5.8)—(5.10) and (5.17). Hydrogenic
wavefunctions with Slater screening and experimental binding
energies were used.

For the electron capture from He by protons, the theory
predicts a scattering angle independent transition probability
according to (5.18) because the electrons are initially in a
ls state and because the capture into higher projectile states
(which would lead to a different angular distribution) can
presumably be neglected for fast collisions. This is in good
agreement with experiments on 0.2 and 04 MeV (p, He)
collisions performed by Horsdal Pedersen and Loftager [6].
The absolute values of the transition probabilities were a factor
four too low, which is not very surprising if the inadequacy of
both the hydrogenic wavefunctions and a perturbative approach
for He is taken into account. As will be argued below, the
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Fig. 2. Capture probability from the K and L shell of Ne in collisions

with 0.4 MeV protons as a function of scattering angle. The broken

curves denote the capture probability from the s and p subshells, and
the full curve is their sum. The experimental data are from [6].

prediction of a flat angular distribution for K-apture should,
however, also be a feature of a non-perturbative approach.

Figure 2 shows the subshell capture probabilities from Ne
in collisions with 0.4 MeV protons. Apart from the constant
contribution of the s-states, the transition probability at small
scattering angles is mainly determined by the capture from the
2p, m =0 state while at large ¢ the 2p, m|=1 initial state
dominates. Thereby one should keep in mind that the quantisa-
tion axis was taken perpendicular to R at the distance of closest
approach and not in the beam direction (which is the usual
choice). The sum of all subshell contributions, however, is
nearly independent of ¢, and we found this behaviour for all
projectile energies considered (0.2-0.75MeV). A comparison
with the experimental data shows that although the absolute
value of the transition probability can be reasonably well
reproduced, the angular dependence is much stronger than
predicted by theory, and follows rather the cos? 9/2-dependence
of the 2p, m = 0 capture probability.

In Fig. 3 similar calculations for 1 MeV proton impact on
Ar are presented. The experimental results are total capture
probabilities, but experimental investigations both of total
Ar capture cross-sections [18], as well as of capture probabilities
for 0~10° scattering [3,6] indicate that capture from the
L-shell dominates the transfer probability. Our calculations
show that transitions from the 2p, m = O states are much more
important than capture from the |m|=1 states, leading to a
much steeper dependence of the total transfer probability with
scattering angle than for Ne. The recoil term increases the
2p, Im| =1 probability with 15% and 30% for Ne and Ar,
respectively.

As is evident from Figs. 2 and 3, although the present theory
reproduces the magnitude of the K+L capture probabilities
reasonably well, the experimental angular dependence is much
stronger than the theoretical, in particular at the smaller scatter-
ing angles. Several reasons for these discrepancies can be
suggested.

(i) Wavefunction effects. The L-shells of Ar and, in particular,
Ne are not well represented by hydrogenic wavefunctions, and
the use of more realistic wavefunctions can influence the tran-
sition matrix element considerably, as in the case of ionisation
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Fig. 3. Capture probability from the K and L shell of Ar in collisions

with 1 MeV protons as a function of scattering angle. The broken curves

denote the capture probability from the s and p subshells, and the full
curve is their sum. The experimental data are from [6].

[19]. Since the transition operators for even and odd m weigh
different parts of the wavefunctions differently, this can also
influence the angular distributions. However, as long as only
capture to the ground state is considered, the transfer prob-
ability will still have the structure

D) )
P(®) = a, +a, cos® 5 + a4 sin? 5

(6.1)
with @y, 45, as all =0. Thus P($) cannot vary on an angular
scale smaller than 90° in this case, in contrast to the apparent
experimental behaviour.

(ii) Capture to excited states. From eq. (4.4) it follows that
capture into states with L; > 0 will introduce additional multi-
pole contributions in the angular distributions. For target K-
capture most theories seem to agree with the Brinkman-Kramers
result that capture into the projectile ground state dominates
[20] (cf. also [17]). For capture from higherlying states, in
particular with L; > 0, much less is certain. Unfortunately the
present approach is not easily extended to these cases, but a
calculation of the 2p, m=0-2p, m =0 probability for Ne
gave a negligible contribution. This seems to indicate that
transfer to excited states is not very important, but it should
be borne in mind that contributions from very many final
states might still add up to a non-negligible contribution.

(iii) Restrictions on the theory. The present approach is
based on perturbation theory and is thus not expected to be
valid for systems with initial and final states belonging to
similar effective charges, like He K-shell or Ne L-shell capture
into the hydrogen ground state, except possibly at very high
energies. In this case one may think of using a symmetric
version of the impulse approximation, as suggested by Briggs
[21] which treats the projectile and the target field on equal
footing. Actually our general result for the structure of the
angular distributions, as expressed in eq. (4.4), is somewhat
more general than the impulse approximation. It follows from
introducing the broken-line approximation in eq. (2.10), irres-
pectively of what kind of state |k, we)T is taken to be. In
particular, if this state is replaced by a plane wave (and wo =
1 k?), the same structure for the angular distribution is obtained
in the broken-line version of the Brinkman—Kramers theory.
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The general form of eq. (2.10) is valid if the transfer process can
be adequately described by a target excitation immediately
followed by an overlap with a Galilei-transformed projectile
state. However, if one starts from the expression (2.7) instead,
the angular distributions will be modified, because the scattering
angle dependence entering through R(r') in ¢} will no longer
add coherently to the one coming from V() when ¢ #¢'. In
the present case this modification can hardly account for the
discrepancies between theory and experiment, but a similar
situation will also arise if one iterates eq. (2.6) to higher orders
in the weak potential. Then the angular distributions from the
potential terms of different times will not in general add coher-
ently, and the situation can be complicated further by the time-
dependence of the overlap term. Thus, the projectile scattering
angle dependence for collision systems where higher-order
contributions are non-negligible may deviate significantly
from the one predicted from eq. (4.4). Such corrections should
be most important for transitions between states of angular
momentum different from zero. On the other hand, if L; =
L¢ =0, the intermediate states will also to a large extent be
I =0 states, and any averaging process will also tend to wash
out structures arising if /# 0. Thus for such situations the
transfer probability will tend to remain independent of scatter-
ing angle even if higher-order processes are important.

7. Conclusion

We have extended the semiclassical theory for charge transfer in
asymmetric ion-atom collisions to allow for a curved trajectory
for the internuclear motion. Using a first-order expansion of
the scattering amplitude in terms of the weak potential and
approximating the classical path by a zero impact parameter
broken-line path, the dependence of the transfer probability
on the projectile scattering angle has been expressed as partial
wave sum, eq. (4.4). In spite of the fact that the initial and
final states are centered on different nuclei, only partial waves
consistent with the initial and final states being centered on the
same nucleus contributes to this sum. This simple form allows
for definite predictions of the overall structure of the projectile
scattering angle dependence for a given transfer process.

The formalism has been applied to the calculation of capture
into the hydrogen ground state from He and Ne and from the
Ar K and L shells using the impulse approximation. For He the
angular distribution is in good agreement with recent experi-
ments, although the absolute magnitude is not. For Ne and Ar
the calculated probabilities are in reasonable agreement with
experiments, but the angular distributions are too flat, in
particular at the smaller scattering angles. The origin of these
discrepancies is unclear.

The present theory can probably be improved by using
more accurate wavefunctions. Furthermore, the impulse
approximation is not really applicable in some of the cases
we have considered, like for He and the Ne L-shell, and
improved calculations are necessary. New experimental results
would be very welcome, in particular if more information on
the initial and final states of the transferred electron could be
obtained.
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