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Within the semiclassical strong potential Born approximation (SPB) we have calculated 
the electron capture from the K and L shell of a heavy target atom by protons using 
two different peaking approximations. Both total capture cross sections and impact 
parameter distributions are compared with the impulse approximation (IA) and in the 
case of transfer from the Ar K-shell also with an exact evaluation of the SPB and with 
experimental data. While for the K shell, all theories give a similar impact-parameter 
dependence, there is a substantial difference between IA and SPB results for the 2s 
subshell. 

1. Introduction 

The theory of charge exchange in fast ion-atom col- 
lisions has received much interest lately. For asym- 
metric collision systems, the strong potential Born 
approximation, which is a consistent first-order 
theory with respect to the weaker of the two atomic 
potentials, has become established as an appropriate 
theory for projectile velocities v which are much 
greater than the electron velocity in the bound state 
of the lighter nucleus [1]. 
The difference between the S PB and the earlier 
theory for charge exchange, the impulse approxima- 
tion [2, 3], lies in the fact that the intermediate 
state, into which the electron is excited, being an off- 
shell state in the exact formulation, is replaced in 
the IA by its on-shell value, a continuum Coulomb 
wave. Although the difference between the off-shell 
and on-shell energy is of the order of the weak field 
(in our case the projectile with charge Zp), the error 
introduced into the IA depends strongly on the po- 
tential of the heavier collision partner (the target 
with charge Zr)  , due to the nonuniform convergence 
of an off-shell state to an on-shell one [4, 5]. 
In the case of transfer from the target K shell, it has 
been found that at large collision velocities which 
exceed the electron orbiting velocity v e of the target 
bound state, the two theories may deviate from each 
other by 50 % or even more [-5, 6]. However, no test 
of the SPB theory exists for capture from the L shell. 

The only data which include L-shell capture [7] can 
not be explained by the IA, indeed, for the collision 
system (p, Ar) which should be asymmetric enough 
for the SPB and related theories to work, the 
theoretical results underestimate the data by a factor 
of 4 at high v [8]. It is the aim of this paper to show 
whether an SPB calculation will improve the agree- 
ment between theory and experiment. 
At intermediate velocities, v < t~e, the deviation of the 
SPB from the impulse approximation is considerably 
larger than for higher v [4-6]. Although the in- 
clusion of the off-shell effect in the SPB gives more 
than just a correction term of the order of Zp/Zr,  
the question arises whether other higher-order con- 
tributions in the expansion of the Green's function 
in terms of Zp/Z r might also be important, thus 
indicating the limitation of the SPB theory. 
Up to now, any calculations within the strong po- 
tential Born approximation have been carried out 
with the help of a peaking approximation, either the 
Briggs' peaking [3] where the intermediate momen- 
tum of the electron is replaced by v, which means 
that terms of the order of (Zp/v) 2 are consistently 
neglected E4, 6, 91, or a less restrictive peaking, also 
called "transverse peaking" where in the excitation 
matrix element only the momentum components 
perpendicular to v are neglected, while the third 
component is fixed by energy conservation [5, 10]. 
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Thereby the difference to IA results depends on the 
choice of the peaking approximation applied, and 
although Briggs' peaking should be better for SPB 
than for IA [10], the question of validity of the SPB 
can only be decided by means of an exact evaluation 
of the strong potential Born theory. 
Apart from the comparison with the impulse ap- 
proximation it is necessary to find out to which 
extent the exact SPB can reproduce the experimen- 
tal data, as it does not seem possible to evaluate 
without peaking any theory which goes beyond SPB. 
For the capture from the Ar K-shell by protons, 
early experiments [11] have been carefully redone 
by two independent groups [12], but there remains 
a discrepancy with the peaked SPB at intermediate 
velocities. 
In this paper the exact SPB is evaluated for the case 
of 1 s - 1  s transitions, using the representation of the 
off-shell excitation matrix element given by Macek 

a n d  coworkers [13, 6] (Sect. 2.1). For the transfer 
from the L subshells, the transverse peaking is ap- 
plied, and in the case of a 2s initial state, a new 
approximation is introduced where apart from the 
replacement of the off-shell state by a renormalised 
Coulomb wave, no further peaking approximation is 
made (Sect. 2.2). In Sect. 3, the numerical methods 
are described, and Sect. 4 gives a comparison be- 
tween SPB and IA both with and without peaking 
approximations, as well as with experimental data 
for the (p, Ar) collision system. Thereby total cross 
sections and also impact parameter distributions are 
investigated. A short conclusion follows (Sect. 5). 
Atomic units ( h = m = e =  1) are used unless otherwise 
indicated. 

2. Theory 

In the semiclassical approximation, the amplitude 
for the transfer of a target electron, described by O r 
to a final projectile state, 0~, can be written as 

al i=  - i  ~ dt(O(f-)(t)l Vp(r--R)[t~r(t)} 
- - o 0  

(2.1) 

where V v is the projectile field and the internuclear 
trajectory R(t) is described by a straight-line path 
with impact parameter b. The state ~,~-) is an exact 
solution of the three-body scattering problem which 
obeys the correct asymptotic boundary conditions�9 
In the strong potential Born approximation, terms 
proportional to the weak field V~ are neglected in 
the expansion of the scattering state, however, Vp 
enters through the boundary condition which has 
the effect of shifting the wavefunction off the energy 

shell. With this approximation, the transition ampli- 
tude is given by [14] 

af i= - i  ~ dt ~ dkei(es(k)-ES)telkbcp~P(k--v) 
- - o o  

V, T "<0k, E/ ~,I0i), E:(k)=E~§ (2.2) 

where ~o~ is the Fourier transformed final projectile 
state and E T and E~ the electron energies in the 
initial and final state, respectively. The off-shell 
wavefunction tpk,~: is defined by means of 

(E y -  ie--  HT) lOk,~:) = (E y -- k 2 / 2 -  ie) lk ) 

H r = T + V T (2.3) 

where T is the kinetic energy, V T the target field and 
Ik) a plane wave. 

2.1. Exact  Evaluation of the SPB Amplitude 

If the off-shell function is decomposed according to 

]~tk, Ey ) = Ik) + IZk, Es) (2.4) 

and the Fourier representation of the projectile field 
is introduced, the matrix element M 2 
=(Zk,~• which is needed for the evalu- 
ation of (2.2) has been given for a 1 s initial state in 
terms of a single integral [13] and shown to reduce 
further to an analytical expression [6] 

M2=23/ziz~]zd{ 1 [ 1 

~Olt / d/~ F ~  (1-/-t/)p+ 

�9 2F1 1 ,1 - i t / , 2 - i t / ,  s i n h x ~ ( - p _ )  -in 

K = ]/2Er + ie 

- 4 k s K Z + E I E 2  
B =  

D1F 

it/ 

rl = Z r/K,  

p+_ =B§  2 -  C, 

C = D 2 / F  

D 1 = - K 2 + k  2, E 1 

D 2 = (kt -- iK) 2 + S 2, 

F = (kt + iK) 2 + s 2. 

= - - K  2 _ k  2 

E 2 =  - K 2 - - / ~  2 - s  2 

Thereby the initial state has been parametrised as 

O r = (Z~/2/t/~) exp( -  #r) and 2F1 is a hypergeometric 
function. In the derivation of (2.5) use has been 
made of the peaking condition Ik-vl<Zv and 
Z v / v ~  1 in order to determine the pole positions p+ 
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and p_ of the integrand. However, the result (2.5) is 
independent of whether p+ or p_ lie inside or out- 
side the unit circle as the hypergeometric functions 
can be continued analytically when the poles cross 
IPl = 1 and give the same result as would be obtained 
from a direct integration. From this it follows that 
(2.5) is exact. 
Carrying out the differentiation with respect to /~ 
and using the Gauss relations for the hypergeomet- 
ric functions [15], M 2 can be written in terms of 
two 2F~-functions: 

23/2 iZ7/2 
M 2 -- M2o (2.6) nqF 

1 

(1 - i t / )p+ F 2(B2- C) p+ p+ 

[ 1 ~ i n  ( _ p _ ) - i , ]  
- l_2Ft (1, it/, 1 + it/, p _) + 

. [ F' 2BB ' -C '  it~p,_] 
F 2(B 2 - C) p_ 

1 , 1 p , ]  
p+(p+-l )  p+ p _ ( 1 - p _ ) -  

where a prime indicates the derivative with respect 
to # which is set equal to Z r afterwards. 
An extension to higher initial states 0 r is straight- 
forward, as the corresponding matrix elements 
can be expressed by means of partial derivatives of 
(2.6) with respect to # and s, in the same way as 
done in the case of the impulse approximation 
[81. 
The additional term in the excitation matrix ele- 
ment, (klexp(isr)10ir), which arises from the plane 
wave in (2.4), is just the Fourier transform Or(k--s) 
of the initial state. 
For the subsequent evaluation of the transition 
amplitude, it is convenient to replace the variable k 
by qo = k - s  and to introduce spherical coordinates. 
Then the capture amplitude follows from 

all : / ~  ~ dqo e iq~ 6(A E - v2/2 + qo v) 

- ~ ~ q~e(qo + s-- v) [(p/(qo) + M2(qo, s)] (2.7) 

with A E = E ~ - E f .  If the angular variables coS0qo,. 
and x=cos0~, ,  are introduced, the integration over 
the direction qo is easily performed, leading to a 
Bessel function Jo, while the three-dimensional in- 
tegral over s has to be done numerically. However, 

the quantity K (and thus t/, D2, E 2 and F) is then 
independent of the azimuthal angle ~0~ such that the 
pole structure of M; is irrelevant for the innermost 
integration. The transition amplitude for an initial 
and final 1 s state is finally obtained by 

16 i(ZeZr) s/2 
af t - -  J qodqoJo(qobsinOqo ,) 1) 

q m i n  

{ 1  1 2'z,zT ds 
�9 (Z2q2qg)2 Z~,+qg+2AE n2 o 

1 
�9 ~1 d x  1 '~ 1 ~ ! dcps ~ M2o(qo, s, x, q's)] (2.8) 

where cos 0qo ,. = ( - A E/v + v/2)/qo and qmin 
=qolCOSOqo,vl, and we have used that D I = Z ~ + ( q  o 
+ s - v) 2 which follows from E~ = - Z~/2. 

2�9149 Peaking Approximations 

The evaluation of the transition amplitude is greatly 
simplified if instead of the exact off-shell function, 
defined by (2.3), its limit for Ef~k; /2  is taken: 

(2E s -  i~- k 2 ),.o 
O k , ~  \ 4(2Ez_ie ) _ F(1-it /o)  

" ~~176 t/o=Zr/k, e--+O (2.9) 

which means that 0k,~; is approximated by a re- 
normalised target Coulomb wave. This approxima- 
tion, which we will call the "renormalised peaking 
approximation" (RP), is accurate up to terms of the 
order of Vp and has been shown [4] to be consistent 
with Briggs' peaking�9 It is justified for large momen- 
tum transfer because in this case the excitation ma- 
trix element will mainly depend on the small-r part 
of 0k, ef for which (2�9 is a reasonable approxima- 
tion [5], however, it may break down at inter- 
mediate collision velocities when the momentum 
transfer is low. 
All peaking approximations are based on the fact 
that the integrand which appears in the formula (2.2) 
for the transition amplitude, is strongly peaked at k 
=v where the Fourier transform ~o~(k-v) has its 
maximum. While Briggs' peaking consists in replac- 
ing k by v everywhere except in the prefactor (2El 
- i e - k 2 )  i"~ in (2.9), such that the result of the k- 
integration is simply proportional to the final state 
wavefunction at r=0 ,  the transverse peaking only 
neglects those components of k in the Coulomb 
wave 0[  of (2.9) which are perpendicular to v, while 
k~, the component of k parallel to v, is determined 
from energy conservation. This extends the range of 
validity to smaller collision velocities [14, 10], and 
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also introduces a dependence on the asymmetry ,  
Z f f Z  T, into the off-shell normal i sa t ion  factor. 
When  the subst i tut ion q = k - v  is made  in (2.2), and 
(2.9) is inserted for the off-shell function, the trans- 
verse peaking app rox ima t ion  leads to 

aTp--iZP ~ dtS~2 ei(aE+vE/2-sv)te-isb 
fi --2~Z2 -co 

- F(1 + iT/)e -'o/z [4(2E~ + 2Gv + I.) 2 + ie)] ~ 
T i sr  T "@q=o=+vle 144 >I(R) (2.10) 

I(a) = y dq ei'm(2Ey - q2 + ie)-%py e(q) 

1 ' 2  r~- 2 (2ZP) -I~ ---4n / e ' Z e - ~  R1/2+iOK,/2+io(ZpR) 

for a final l s  state, where 7/=ZT/Jqz+Vl, q .=- -AE/v  
--v/2+ G and K~ is a modif ied Bessel function. 
Thereby it is, as in the case of  Briggs' peaking,  
impor tan t  not  to make  the peaking approx ima t ion  
in the te rm 2El. - q2 + i~ = - (Z 2 + qZ) + ie because it 
has the  same q-dependence as opt(q). The t ime in- 
tegral can also be carried out analytically for a 
straight-line t ra jectory [5], and with x -=cosO, , ,  the 
transi t ion ampl i tude  for an arbi t rary  initial state is 

co 

TP 23/2iz7/2 ~ i dx[4(Er +svx  +iz)] i~ afi = ds 
~ 7 )  0 - 1  

e~O/2b 1+i0 Kl+io(b Z]/~p+q2) Fi(s,x ) 
l + i q  (Z2 +q2) 1/z+i~ (2.11) 

2 ~  
y *" d(Ge (t)q=,=+,le [Oi > 
0 

For  capture  f rom the L shell, it is only the m = l  
state for which the ionisat ion matr ix  element de- 
pends on the az imutha l  angle c G.  Using the closed 
expression for the matr ix  elements [2, 8], F~ is read- 
ily obta ined as 

Fzs(S , x) = FoYo(sb l~-x2-x 2) 

F2A i A 
�9 ( l+i~)[~-+-~ZT]q~+vl(2+i~2~-~] 

+(l_iT/)[2_Z~.(2+iT/)1~_~Zr(2_if/)l  2 1 ] }  

F2p,m=o(S,X)= iZ~F~ Jo(sbl /1-x2)  

i ~, , .  p--,,-Ar 

1 o  4 _ _ 

.m:O 
2s 

103 "~k 

"")'ix 
~2p, m:1 

102 _ "~~(x 10 -I) 

I I I I00.I 0.5 I 5 10 
Ela b (MeV} 

Fig. 1. Cross section for charge transfer from the L subshells of Ar 
into the ground state of H as a function of projectile energy. Full 
curves are transverse peaked SPB calculations, chain curves are 
IA and broken curves are transverse peaked IA calculations 

ZTFo 2 
Fzv,~= a (S, X)=2~UB J, (sb ~ ) s l / ~ -  x2 

�9 2(1+7/2)+(1-i~(2-i7/)~+(1 + i 7 / ) ( 2 + i ~  

(2.12) 

F o = Z 5/z e~O/ec(1 - iq) ~-zV,,  

A = Z~/4 + (qz ez + v - s) 2, 

B = s z --(1 qz + vl + iZr/2) z. 

Thus the calculat ion of the capture  ampl i tude re- 
quires only a double  integration. Thereby  we found 
it convenient  to express the function K v in terms of 
a hypergeometr ic  function [15] except for large 
a rguments  ( >  5) where Kv(x ) ~(n/2x) 1/2 e x p ( -  x) is 
used, 
In  the case of  the impulse approx imat ion ,  where the 
renormal i sa t ion  factor  in the in termedia te  wavefunc- 
t ion (2.9) is dropped,  there is a ra ther  large differ- 
ence in the capture  cross section, depending on 
whether  the transverse peaking is applied or not, 
especially for the 2s and 2p, m = l  initial state (ef. 
Fig. 1). Therefore  we study the transfer ampl i tude  by 
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using the approximation (2.9) for the off-shell wave- 
function, but without any further simplification, 
which corresponds to the exact IA modified by the 
off-shell normalisation factor. Then an expression 
similar to (2.7) is obtained for the transfer amplitude, 
and one has for initial s states (and a final 1 s state) 

RP _ 25/2 iZ7/2 
ayl ~ qodqoJo(qobsin~qo,.) ~ ds i dx 

7Zl) 
q m l n  0 - -  i 

e,~o/ 2 F(1 �9 i~o r i s r  r �9 +Zt/o)4 (~tqo+sle I~'i) 

2~ (_Z~,+i~+2V(qo+S)_v2)i,o 
�9 ~ 0 d~0~ [Z2+(qo+S_V)2]2+,.o (2.13) 

with ~/o=Zr/lqo+Sl and qmin as defined earlier. Con- 
trary to the IA, the integral over ~0~ is no longer 
trivial (leading to a generalised hypergeometric func- 
tion F~) such that we preferred to do all four in- 
tegrals numerically�9 

3. Numerical Methods 

mation y=ln[+_(xi-x)] for xNx  i in the neigh- 
bourhood of the ith pole. The s-integration has to be 
splitted accordingly, but a variable transformation is 
not necessary. For  a fixed value of qo, the maximum 
of the s-integrand at s - - v - q o  (apart from the loga- 
rithmic divergences) is always (for Zp/v< 1) at an s 
value which is higher than the accumulation point 
s~o=(Z2+2AE)/(2v), such that there is no interfer- 
ence between the peaking point and the singularities. 
However, as the integrand is then strongly peaked 
around ( p ~ n  (s and qo lie in opposite half-planes), 
we found it necessary to use also a logarithmic vari- 
able for the opt-integration in the region of the maxi- 
mum of the s-integrand. 
Although not many points are needed for every x 
and s interval (~20-30),  the computer time is trem- 
endous. After the three innermost integrations are 
done, the q0-integrand is a smooth function such 
that we could use an interpolation routine when 
doing the last integral. Note that the impact param- 
eter enters only through the Bessel function Jo and 
thus appears only in the last integration. 

While the evaluation of the transverse peaked SPB 
amplitude is fast and unproblematic, the calculation 
of charge transfer within the exact SPB theory needs 
special consideration. The essential difference be- 
tween the integrand of (2.8) and the peaking versions 
(2.11)-(2.13) is that the latter has only a branch cut 
at t /~oo while the exact SPB matrix element con- 
tains an infinite number of first-order poles at i N-- n 
(n= l ,2 . . . )  which accumulate at r/~oo. They cor- 
respond to the bound states in the off-shell wave- 
function which are neglected in the renormalised 
Coulomb wave (2.9). We found that the contribution 
of these poies is rather important for low momen- 
tum transfer (qo~qmin), but it is completely domi- 
nated by the contribution to the integrand from 
the peaking value s = v - q o  at high momenta 

qo/qmin >~ 1. 
In terms of the variables introduced in (2.8), the 
singularities appear in the x-integration at xn=(Z ~ 
+2AE-Z2/n2)/(2sv), and it depends on the value of 
s, how many of them lie in the interval [ - 1 ,  + 17. 
These first-order poles lead to logarithmic singulari- 
ties in the subsequent s-integration at sn= IZ2+2AE 
--ZZ/n2[/(2v). We found it sufficient to include about 
five poles, because their importance decreases with n. 
For  those values of s, where the accumulation point 
lies below x = 1, we used the trapezoidal integration 
rule from the midpoint between the 5 th and the 6 th 
pole to x slightly above the accumulation point. For 
the evaluation of the x-integration, we splitted the 
interval [ - 1 ,  1] at the poles, zero and their mid- 
points and used a logarithmic variable transfor- 

4. Comparison between the Theories 
and with Experiment 

We have calculated the capture probabilities from 
the target K and L shell for protons colliding with 
Ar. Only capture to the ground state is considered. 
Hydrogenic wavefunctions (with Slater screening for 
the L-shell) and experimental binding energies were 
used. We estimate the accuracy of our calculations 
to be about 1% for the transverse peaked and for 
the exact SPB, and somewhat lower (5-10 %) for the 
RP approximation at the smallest velocities. 
Figure 1 shows the capture probabilities from the 2s, 
2p, m = 0  and 2p, m = l  subshells (multiplied by the 
number of states with Im[=0 or 1). Results are given 
for the (exact) IA, as well as for the transverse peaked 
IA and SPB theories�9 For  the dominating con- 
tribution to the total L-shell capture, i.e. for capture 
from the 2p, m = 0  initial state, the difference between 
the IA and the transverse peaked SPB is similar as 
for a ls  initial state. Also, the transverse peaked IA 
is rather close to the IA in the whole velocity range 
considered, such that we do not expect large changes 
when the peaking is dropped in the SPB calcu- 
lations. 
In the case of the 2s and 2p, m =  1 state, the peaking 
approximation gives much poorer results, and also 
the deviation of the peaked SPB from the impulse 
approximation is much larger, especially at the low- 
er collision velocities�9 In order to study the accuracy 
of the transverse peaked SPB, we compare in Fig. 2 
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Fig. 2. Cross section for capture from the 2s state (left-hand scale) 
and from the ls state (right-hand scale) of Ar by protons as a 
function of projectile energy. Full curves and broken curves de- 
note SPB calculations with the renormalised and transverse peak- 
ing, respectively, and the chain curves are IA calculations. The 
crosses refer to an exact SPB calculation, and the experimental 
data are from Refs. [11] (~) and [12] (Ii) 
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Fig. 3. Capture probability from the Ar K shell by 1.5 and 8 MeV 
protons as a function of impact parameter b. Full curves and 
broken curves denote RP and TP-SPB calculations, respectively, 
the chain curves are IA calculations, and the crossed curve 
( >< >< ) is the exact SPB. Experimental data are from [12] 
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probability from the Ar 2s subshell by 0.4 and 

2 MeV protons as a function of impact parameter b. The curves 
have the same meaning as in Fig. 3 

with the less restr ict ive r enormal i sed  peaking.  Whi le  
for a l s ini t ial  state, the two peaking  approx i -  
ma t ions  give s imilar  results,  the R P  reduces the 
cross sect ion by  as much  as a factor  of 2 at  low v in 
the case of  the 2s state. 
A t  low velocities,  the inc lus ion of the off-shell effect 
shifts the m a x i m u m  of the cap ture  cross sect ion to 
much  lower  velocit ies for all  L subshells. F o r  high 
velocit ies on the o ther  hand,  the SPB calcula t ions  
give only a small  increase as c o m p a r e d  to the I A  
and can thus not  expla in  the high exper imenta l  cross 
sect ions [7, 8]. We  do not  expect  tha t  this fact is 
changed  in the case of  unpeaked  SPB calculat ions,  
because  the R P  and  T P  a p p r o x i m a t i o n s  converge at  
high v. 
A more  sensit ive test of the theories  is the impac t  
p a r a m e t e r  d is t r ibut ion ,  ra ther  than  to ta l  cross sec- 
tions. Figs. 3 and 4 show the t rans i t ion  p robab i l i t y  
P(b) as a funct ion of b for cap ture  f rom the l s  and  
2s state, respectively.  F o r  t ransfer  f rom the K shell, 
the b -dependence  is ra ther  insensi t ive to the theories 
appl ied,  and  it is ma in ly  the abso lu te  value of P(b) 
which is changed.  No te  tha t  at  the higher  projec t i le  
energy, the I A  and  the R P  give near ly  the same 
result,  except  for very smal l  b. 
F o r  the 2s state, the noda l  s t ructure  of  the ini t ial  
s tate wavefunct ion al lows for a more  subt le  investi-  
ga t ion  of the off-shell effect, and  there appears  a 
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substantial difference between the IA and the SPB 
results. Not  only are the positions of the maxima 
and minima of P(b) shifted, but there is also a deep 
minimum at the projectile energy of 0.4 MeV which 
is not present in the IA: On the other hand, the two 
SPB approximations, although showing large de- 
viations from each other, agree roughly in the 
shape. 
Finally we compare the SPB theory with experimen- 
tal data [11, 12] in the case of capture from the K 
shell of Ar. As at high collision energies several 
investigations have shown that the SPB is the ap- 
propriate ~:heory to explain the experiments 
[-5, 6, 10], and because the peaked versions of the 
SPB give nearly identical results, we confine our- 
selves to the low-energy region. There, the TP and 
RP calculations deviate by up to 20 % and are con- 
siderably lower than the measured cross sections. 
An evaluation of the SPB without any peaking ap- 
proximation increases the cross section due to the 
additional contribution of bound intermediate elec- 
tron states which are neglected in the peaked ver- 
sions of SPB, but which are important  at low mo- 
mentum transfer, i.e. around the maximum of a. The 
calculated points are in good agreement with the 
low-velocity data (Fig. 2) thus providing evidence for 
the applicability of the SPB also at rather low veloc- 
ities. Note  that one should add about 10% to all 
theoretical values [14] as transfer to excited states is 
included in experiment, but not in theory. 
In Fig. 3 the impact parameter  distribution at E 
=1.5 MeV is compared with experiment. Here, the 
exact SPB overestimates slightly the data. As the 
experimental b-dependence is well reproduced, it is 
not clear why the nearly identical values of the total 
capture cross sections do not imply a better agree- 
ment of the absolute P(b). 

5. Conclusion 

We have calculated the capture probabili ty from the 
initial K and L subshells of Ar to the ground state 
of hydrogen, using the transverse peaked strong po- 
tential Born theory, a less restrictive peaking (RP) in 
the case of initial s states, and the exact SPB for the 
capture from the K shell. We found that the effect of 
off-shell wavefunctions is smallest for the l s and 
2p, m = 0  initial states, while the difference as com- 
pared to the impulse approximation is rather large 
for the 2s and 2p, m =  1 initial states, especially at 
the lowest velocities investigated. For  transfer from 
the L shell, SPB produces a shift of the maximum of 
the cross section to smaller velocities. An investi- 
gation of the impact parameter  dependence shows 
that IA and SPB give the same slope of P(b) for l s  
and 2p, m = 0  states, while SPB decreases much 

stronger at small b and also at large b (for the lower 
velocities) in the case of the 2p, m =  1 subshell. For  
capture from the 2s state, not even the positions of 
the extrema of P(b) are the same. 
W h e n  comparing the two peaking versions of SPB, 
their results show also considerable deviations at 
small v especially for the 2s state, thus indicating 
that the peaking approximations begin to break 
down in this velocity region. The calculation of the 
capture cross section from the K shell with the exact 
SPB at low velocities shows good agreement with 
recent experimental data, which supports the con- 
clusion that the SPB is able to explain the physics 
even at collision velocities which are considerably 
smaller than the electronic orbiting velocity v e in its 
initial state. One should note, however, that the dif- 
ference between SPB and IA diminishes when the 
peaking approximations are relaxed. It  is below 30 % 
for 1 s transfer at v ~ v j 2  which is definitively smaller 
than the first predictions [4]. More than experi- 
ments on total capture cross sections, detailed data 
on the impact parameter  dependence of L-subshell 
capture would help to elucidate the importance of 
electronic off-shell states. 
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