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Abstract. The strong potential Born theory for charge transfer in fast, asymmetric ion-atom
collisions has been extended to allow for nuclear resonant scattering using distorted nuclear
waves. In the absence of a nuclear resonance, the semiclassical result is recovered. A large
variation in the capture probability is found when the projectile energy passes through the
resonance. As examples, we present results for the capture from the target K shell in the
collisions of protons with 22Ne and 28Si, as well as for capture from the K and L shells of
*¥Ni in collisions with protons, and of '°0, *°Ne and #Si by He*" impact.

1. Introduction

Over the last few years the old problem of finding a good perturbation theory for
electronic charge transfer in atomic collisions, corresponding to the Born approximation
for excitation and ionisation, has finally found an acceptable solution with the emer-
gence of the strong potential Born approximation (spB, Macek and Shakeshaft 1980,
Jakubassa-Amundsen and Amundsen 1980, 1981, Macek and Taulbjerg 1981, Macek
and Alston 1982, Jakubassa-Amundsen 1984). The spB, or various approximations to
it, reproduces experimental results very well for K capture in asymmetric ion-atom
collisions both for total cross sections and for the impact parameter dependence
(Horsdal Pedersen et al 1982a,b, 1983), and we have recently shown that the same is
true for capture at large projectile scattering angles, using a semiclassical sudden
approximation to the spB (Amundsen and Jakubassa-Amundsen 1984a).

During roughly the same period rapid development has also taken place in the
new field of measuring interference effects between atomic ionisation and nuclear
scattering (Blair et al 1978, Chemin et al 1981, 1982, 1983, Meyerhof et al 1982), and
a good theoretical basis for interpreting these experiments has been laid (Blair and
Anholt 1982, Feagin and Kocbach 1981, McVoy and Weidenmiiller 1982). These kinds
of experiments are interesting because they probe the time development of the atomic
scattering amplitude during the collision process, and also because of the information
they can give on nuclear resonances, some of which are not readily accessible by other
methods (Anholt et al 1982). For the same reason, the effect of nuclear resonant
scattering on the capture process is an interesting subject too, and we have recently
pointed out that the spB predicts much larger interference effects for capture than those
which have been measured forionisation (Amundsen and Jakubassa-Amundsen 1984b).
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An important observation, originally due to Blair (cf Blair et al 1978), is that
although the interference effects under consideration have a perfectly natural and valid
classical interpretation as arising from a time delay in the nuclear scattering process
(cf Ciocchetti and Molinari 1965), the actual experimental situation is more adequately
treated by a quantum mechanical description of the scattering process. Since the
observation of time-delay effects will only be possible at large scattering angles, the
quantal plane-wave spB theory (Macek and Shakeshaft 1980, Macek and Alston 1982)
has to be extended to include distorted internuclear wavefunctions. However, as the
region where the nuclear scattering takes place is small on an atomic scale, knowledge
of the asymptotic nuclear functions is sufficient. This leads to a considerable simplifica-
tion of the calculations.

In applying the theory of electron capture to large angle scattering with a nuclear
time delay, there are two extra complications in addition to the use of distorted
internuclear waves. One is the proper inclusion of recoil, the effect of which on an
electron bound to the projectile (projectile recoil) is so large that a perturbative
treatment is invalid (Kocbach and Briggs 1984, Amundsen and Jakubassa-Amundsen
1984a), and which will also cause target excitations (target recoil) which can be handled
perturbatively. The other problem is the inclusion of the so-called sticking term (Blair
and Anholt 1982; Feagin and Kocbach 1981 call this term the ‘nuclear volume term’),
which describes the contribution to the ionisation amplitude from the period when
projectile and target form a compound nucleus. A proper derivation of the spB capture
amplitude including these two effects by direct analogy with the semiclassical treatment,
generalising the Macek-Alston formulation, turns out to be rather involved. Instead,
we start with the Faddeev (1961) equations for the full three-body problem, in which
case all the pertinent terms emerge in an orderly fashion.

In this paper we give a detailed derivation and extended discussion of the results
reported previously (Amundsen and Jakubassa-Amundsen 1984b). In § 2 the quantal
version of the spp theory is formulated, and in § 3 the transfer amplitude is evaluated
in the case of capture from the target K shell. We thereby treat the simplest case of
an isolated nuclear resonance (§ 4). In § 5 we present a discussion of our numerical
results obtained for K- and L-shell capture from O, Ne, Si and Ni by protons and
alpha particles. A short conclusion follows (§ 6). Atomic units (h=m=e=1) are
used unless otherwise indicated.

2. Quantum mechanical description of spB

We shall consider the capture of an electron of a heavy target atom (charge Z;) by a
light projectile (charge Z5). In the independent electron model the Hamiltonian for
the collision system is

H=Ty+ Vy(R)+ T+ Vi(rp) + Vp(rp) (2.1)

where Hy= Ty + Vy describes the internuclear motion, while T,, V; and V; are the
kinetic energy and potential in the target and projectile field, respectively, of the
electron under consideration. The coordinates R, rr and rp are displayed in figure 1.
The exact transition amplitude for an inelastic process can be written in the form (see
Taylor 1972, ch 18)

Wy = (7| Ve+ Vil o) (2.2)
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Figure 1. Coordinate system for a three-body problem consisting of projectile (P), target
(T) and electron (e). The centres of mass of the projectile-electron and the target-electron
systems are denoted by Sp. and S, respectively.

where ¢; is an eigenstate of T+ Hy (Hy= T.+ V¢), Vp+ Vy is the scattering potential
of the initial channel and ¢ is the exact scattering solution to the three-body problem
fulfilling the boundary condition that the electron is asymptotically in a bound projectile
state while the projectile is in a quasi-elastic scattering state.

For asymmetric collision systems, Zp<« Z1, one may expand ¢, in terms of the
weak field V. Using the Faddeev equations (Faddeev 1961) for the representation of
Y the zero- and first-order approximations in V; are given by

U7 =1+ Grr Vo),
*/’}l)_ = ly[’}o)* +Gnr VP(/’}O)_

where the Green’s function is defined by Gnr=(E — Hy— Hy—ie)”" and E is the total
energy of the collision system. The final-state wavefunction ¢, is a solution which
includes the full internuclear Hamiltonian (eigenstate to Hy+ Hp; Hp= T.+ Vp). As
g describes a state with an electron bound to the projectile at t—> o0, the effect of
projectile recoil is thus already contained in i (see below).

When (2.3) is inserted into the transition amplitude (2.2) and all terms of equal
order in V} are collected, a formula analogous to the usual two-potential formula (see
e.g. Taylor 1972) is obtained

W= W@+ W = (7| Va9 + (07| Vel i) (2.4)

(2.3)

where ; is an exact solution to Hy+ Hy. The first term W}?) is of zero order in Vp
and describes the electron capture through the internuclear potential. It is the quantum
mechanical version of the target recoil amplitude (cf Feagin 1982 for the corresponding
term in the case of ionisation). The first-order term W(ﬁ” is the Coulomb capture
amplitude. In the limit of Vy =0, this term agrees with the plane-wave spB approxima-
tion of Macek and co-workers (1980, 1982), while W}f’) vanishes. We point out that
in formula (2.4) both the target field and the internuclear potential are retained to all
orders. Thus it can be applied to asymmetric collision systems of medium or high
projectile velocities.

For the evaluation of (2.4) it is crucial, as in any quantal treatment of three-body
problems, to use the exact electronic and nuclear coordinates of the problem which
for rearrangement collisions are different in the entrance and exit channel (cf figure 1):

m
R,=R- S —
Brr B m+ M;
" (2.5)
R, =R+ar,=R+a(r;—R) a=

_m+Mp
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where m, Mp and M are the mass of the electron, the projectile and the target nucleus,
respectively. They give rise to important translation factors.

To find solutions for ¢, = (1 + Gyt Va)é; we insert a complete set of eigenstates of
Hy into the defining equation and use (2.5):

i =(1+ GurVn) Z exp(iK; - R)QDI(VT)(QD;HCXP(_iBKi : "T)|§D-ir>

il

Z X‘;,(wni’ R)QDI( ’T)<¢3|5Xp(—iBKi . "T)|§DiT> (2.6)

where we have used the defining equation for the internuclear off-shell wavefunction
Xk, whose energy, w,, = E — E, differs from its on-shell value by an amount E;— E
determined by the strong potential. Here, E] and E} are the electronic energies in
the initial and intermediate target states, respectively. However, if the collision is not
more violent than that the matrix element (¢ |exp(—iBK;- rr)l¢;) can be treated in
the dipole approximation, the contributions to (2.6) from n # i will be proportional
to Mp/ Mt and therefore of the order of Vp.. When ¢, is inserted into the transition
amplitude (2.4), these contributions will be multiplied by another power of Vp. It
would thus be formally consistent to drop these terms in a lowest-order spB approxima-
tion. There is, however, no technical advantage in dropping these contributions,
provided we approximate the off-shell wavefunctions xk (w,, R) by the corresponding
on-shell wavefunction. The error this is likely to introduce will again be multiplied
by VeMp/ My and thus is of magnitude ( Vp)?.

For the function ¢, an expression similar to (2.6) holds, with the target states on
replaced by projectile states. In this case, the nuclear scattering state is off-shell by
an amount the scale of which is set by the weak potential. However, here and in the
following we shall need the explicit assumption that the nuclear scattering amplitudes
f(K, 9) vary slowly on the energy scale of the weak potential, i.e. we shall assume

af(K, 9)

K
oE

%Z%« 1. (2.7)
Thus, nuclear off-shell effects caused by the weak potential will consistently be neglected
in the following. This is possible because, as will be discussed in the next section, we
shall really be interested in the nuclear wavefunctions in their asymptotic region where,
by definition, the normalisation of the off-shell states is the same as for on-shell states
even in the presence of the internuclear Coulomb potential. With these remarks in
mind, one can approximate the internuclear states in (2.6)—and its analogue for ¢;,—by
on-shell wavefunctions (eigenstates of Hy, defined with respect to the heavy-particle
reduced mass u). Using the completeness relation one then finds

gi=(1+ G;ITVN)d)i = ¢?("T)X(IZ)(R) eXp(*iBKi . rr)

(2.8)
Yy =1+ GRpVa) by = ¢f(re)x'c (R) exp(iak; - rp).

Here Gnp=(E — Hy— Hp—ie) ', ¢] and ¢7 are the electronic initial and final bound
states, respectively, and yk, and xx, are internuclear states of momentum K; and K,
A derivation of the result (2.8) with the use of on-shell internuclear states has recently
been given by Végh (1983).

The presence of the translation factors exp(iaK;- rp) and exp(—iBK;- rr) in (2.8)
is related to the recoil which acts on the electron. The first factor is responsible for
the projectile recoil effect, i.e. the fact that an electron which is bound to the projectile
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prior to the nuclear scattering, may have a large probability of changing its state when
the projectile is scattered. This projectile recoil is proportional to the target mass and
therefore a nonperturbative effect as Mr>» My,

With the help of (2.8) the function ¢{”~ can be evaluated by inserting a complete
set of eigenfunctions to Hy+ T, into (2.3)

WP = J dK dq (1+ G Vo)lxk’ exp(—iBK - rr)gXxk’ exp(—iBK - rr)q|d) (2.9)

where the intermediate free electronic state |g) is chosen to be in the target frame of
reference. As demonstrated in appendix 1, the application of | + Gyt V¢ leads to an
electronic off-shell state ¢, (w), defined by

(w0 — Hr—ie)Yy(w) = (w—q*/2—ie)|q)

( : (2.10)
Mo( M+ m
—E—-K¥2u MMy m) +
w=E—-K*“/2u, Iy Mo+ Mot m e~>0
Insertion into (2.4) then gives the result
Wi = J dK dg(xk e} exp(iaK; rp)|xk’ exp(—iBK - rr)q)
X (xx ' exp(=iBK - rr)i (@) Vnl@T exp(iK; - R) exp(—iBK; - rr)) 21

Wi = .[ dK dg(x’, ¢; exp(iaK;: rp)|x’ exp(~iBK - rr)q)

X(X(K_) exp(—iBK- ’T)l/fq(w)l VPW?X(IE) exp(—iBK; - rr)).

These formulae are the starting point for further evaluations. Both amplitudes W’
and WY’ are expressed as a product of an excitation matrix element (resulting from
the action of Vy and Vp, respectively) and an overlap term, which describes the electron
capture after excitation.

3. Evaluation of the transfer amplitude

An important simplification in the quantum mechanical treatment of atomic processes
arises from the different length scales of the nuclear and the atomic wavefunctions.
In general, the electronic potentials and functions vary slowly over an internuclear
distance R=< Ry where the nuclear wavefunctions deviate strongly from their
asymptotic form. Thus it is convenient to decompose the nuclear states according to

X% (R) = X8 (R)+ x¥(R) 3.1)
exp(+iKR) '

X}S(i)(R) = exp(iK- R) +f<i=)(K, ﬁK,R) R

where the asymptotic states y X have been expressed in terms of the scattering amplitude
S which depends on K and the angle Jx, between K and R. The logarithmic phase
from the Coulomb part of Vy can be shown to be relatively unimportant (Rosenberg
1983) and has been neglected in the scattered wave.
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In the following we shall need matrix elements of operators A(r, R) peaked at
r=R. These matrix elements will get their main contribution from regions where y
may be replaced by x*. However, for a resonance ™ will also be important, but since
the electronic wavefunctions are slowly varying m the region where y'"#0, we can
replace A(r R) by A(r 0) in all terms involving x'". Thus, using the orthogonality of
the nuclear states for different energies and the deﬁnition of the S matrix (Taylor
1972), all matrix elements can be expressed by the asymptotic nuclear functions alone:

(XA R)x )= (xE7|A(r, R) = A(r, 0)| x5y + A(r, 0)S(K, K') 32)

S(K, K') = 8(K = K')+ 53— 8(Ex = Ex)f (K, 80
T

Here, S(K, K') is the nuclear scattering matrix and Ex = K?/2u; the energy of the

state yx. If, instead of (3.2), the matrix element is taken between two ingoing (or two

outgoing) states, S(K, K’) has to be replaced by 6(K — K'). With the help of (3.2), the

target recoil amplitude W%’ and the Coulomb capture amplitude W4’ can be readily
evaluated.

3.1. Target recoil amplitude

Let us first consider the excitation matrix element in the definition (2.11) of W%’. The
electronic part, (J,(w)|exp(iB(K — K)rr)|¢]), may be approximated by expanding the
transition operator up to first order, because B8 =m/M; is a small quantity (dipole
approximation). As the off-shell state ¢,(w) is not orthogonal to the initial state el
the zero-order term in the expansion does not vanish originally. However, with the
usual choice of ¢, (w) as a renormalised Coulomb wave (Macek and Shakeshaft 1980)

Yo(w) =exp(—7n/2)I(1-in)(2¢") ""(w — ¢°/2—ie)"¢q n=2Zi/q (3.3)

only the first-order expansion term survives. It should be noted that the approximation
(3.3) is only reasonable at short distances. Asymptotically, ,(w) and ¢, have the
same normalisation. In the present case the momentum transfer g will typically be of
the order of vr(the average electron velocity when it moves with the projectile), which
will cut off the contributions to the matrix elements at distances larger than g~'=v;".
Thus, this approximation is reasonable for intermediate and fast collisions (v;= Zy),
which is the region where nuclear resonances are likely to be found.

The nuclear part of the excitation matrix element (x%’| Valexp(iK;+ R)) can be

expressed by the scattering amplitude. As shown in appendix 2, we thus obtain

<X(K_) eXP(_iBK' "T)ll’q(w)| VN"P:‘T exp(iK; - R) exp(—iBK;- r1))

~ i 2 <wq ()|rde DK S* (K, Ok, —x) — KF (K, dxx,))- (3.4)

The evaluation of the overlap term which enters into both W(ff’) and W},l) in (2.11) is
more involved. The electronic part simply yields the Fourier transform ¢}"(x) of the
final bound state

1 . .
W J. drr ¢} (rr—R) exp(i - rr) = ¢} (k) exp(ix - R) k=q-oK;—BK
(3.5)
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Forthe integration over R, the relation (3.2) has to be used, with the electronic operator
A(R)—the electronic coordinate r is already integrated out——given by exp[i(¢ — BK)R].
When evaluating the sticking term, which arises from the terms involving A(r, 0) in
(3.2), a slight complication arises because exp(ix -+ R) from equation (3.5) does not
satisfy the criterion of being peaked at r= R, necessary to derive (3.2). However, we
observe that from the conservation of the total energy E,
M (Mp+m
E=K}2u+ET=K32u+E} “sz:(TPTMi (3.6)
where E{ and EJ are the energies of the initial and final electronic states, the kinetic
energy (v?/2) of the transferred electron is contained in the final energy K7/2u, of
the internuclear motion. Since the sticking term is a correction to the transfer amplitude,
and exp(ix - R) incorporates a further correction to this term, we can neglect it provided
we replace K; by Kf K, — oK in all terms associated with A(r,0). This procedure
is in the same spirit as the neglect of the off-shell effects in the nuclear wavefunction.
If the asymptotic wavefunctions are inserted from (3.1), the R integral can be
carried out with the help of

exp(iK- R) = ii—’;[exp(iKR)az(ﬁ - K)—exp(~iKR)8*(R+K)] R->
oo (3.7)
J dR exp(iQR) =m6(Q)+iP(1/Q).

In the first relation which is only valid for large R, K denotes the direction of K.
During the evaluation of the matrix elements, all terms involving sums of nuclear
momenta in the exponent (like exp{i(K + K')R]) can be discarded because they
describe the very unlikely process of the projectile backscattering on the electron. In
the same spirit the (small) electronic momenta are only retained to first order

|K+k|=~K+x-K (3.8)

if differences of the (large) nuclear momenta are involved, but neglected otherwise.
This leads to the following expression for the overlap term (x, =q— BK)

W=(xk ¢ expliaK;(rr = R)]x’ eXp(—iBK- rr)q)

:¢}<P(K)[6(K+Kl Kf)+ f*(_ Kfs ﬁKf ~K-— Kl)

X(W&(Kf“K—KI I?)+m>

i o, ~ i
_4772K ( ﬁKf’_K)(ﬁa(Kf—K)+K~f—K>
1 - A 1
—_ K _ — . —
47T2Kff‘( ( ’19)(, Kﬂ,,‘l)(ﬂ"s(Kf K| Kf K)+Kf——-K1-K7~—K)
i ~ i
= - - 2
477-2Kff( (K, 19K’_Kf)<775(Kf K)+Kf_K>+O(f):|. (3.9)

The terms which contain a product of scattering amplitudes, i.e. which are of the order
of f?, correspond to a double nuclear scattering initiated by the electronic capture
process. As the amplitude for large-angle deflection is small, these terms can be
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dropped. Similarly, when W is inserted into the expression for W%’, only the (three-
dimensional) §-function term is needed because the recoil matrix element (3.4) is linear
in f.

From the time-reversal invariance of the scattering amplitude we have
f*(_)(K, 191(,4(’) =ﬁ+)(K, 791(,1(')- (3.10)

In order to compare with the semiclassical result, we express the nuclear momenta in
terms of the initial and final projectile velocities

K,' = b Kf = ,ujvf (31 1)

and discard small terms of the order of m/Mp or m/ My in the resulting expression.
Moreover, as the starting formula (2.4) is the first-order expansion term of the transition
amplitude in terms of the weak projectile field, it is consistent to neglect also the terms
proportional to My/ My because Mp/Mr< Z,/Z+. In particular, k then reduces to
q — vx Thereby we have used that the target recoil term due to the proportionality to
BK (cf equation (3.4)) is already of the order of Mp/ M.

It is important, however, to neglect the above-mentioned terms only after any
differences of nuclear momenta have been evaluated. With this in mind, the following
relations can be found from the energy conservation (3.6):

= pu;+1
! (3.12)

v — vfz—l—(AE +0%/2)
MU
where AE = Ef—E| and v;= v,~ v has been used when no differences are involved.
The & function from the first term in (3.9) determines the intermediate momentum
K=K;—r =K:~¢q, so that the off-shell energy from (2.10) becomes w=
ET+AE —v?/2+ quv. With this, the target recoil amplitude finally reduces to

= J dgef (g -v) ;1;21]\4—T<¢q(w)1’T|¢-‘T>
1
x(vf+)(Kf_q, VK, Kq) _;(Kf_q)ﬂ+>(Ki’ 6K"’K"_q)>' G13)

As in the case of ionisation, this formula may be interpreted in terms of the
causal development of the collision process. In the last term, the nuclear scattering
amplitude occurs with the incoming momentum K, and thus the nuclear scattering
takes place before the projectile has lost momentum to excite the electron. On the
other hand, in the first term the nuclear scattering takes place with an intermediate
momentum K = K, —q of the internuclear motion after excitation of the electron to
the state ,(w). However, since K;—q # K, the capture should not be regarded as
having taken place yet. Thus this term corresponds to the semiclassical amplitude for
excitation before, but capture after, the nuclear scattering (Amundsen and Jakubassa-
Amundsen 1984a). Similar interpretations can also be given to the Coulomb capture
amplitude, evaluated below. Note that the projectile momentum space wavefunction
@7 occurs with the same argument, g — v, for both amplitudes. This is the manifestation
of the projectile recoil effect (Kocbach and Briggs 1984, Amundsen and Jakubassa-
Amundsen 1984a).

Due to the presence of ¢;(q—v;), the values of ¢ will have a narrow distribution
around v, with a width of the order of Zp. The application of Briggs’ peaking which
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implies the replacement of ¢ by v, is thus consistent with our perturbation approach
in the small parameter Zp, and also with the use of the on-shell limit (3.3) for ¢, (w)
and the condition (2.7). It has been applied to most of the sps calculations reported
so far (cf Macek and Alston 1982, Amundsen and Jakubassa-Amundsen 1984a). With
this approximation, (3.13) reduces in the special case of capture from the target K
shell into the projectile 1s state (with energy Ef=—Z%/2) to the simple form

2ive P L [—(v+iZp)? ™

M, Co Zp( —1ino) (Z2+p5)F ™

1+in, 2- 1”'70) +) +
_ E. ) .
((v+iZT)2 7z (f(E, 9) = cos 9F 7 (E; 9)) (3.14)
16(207) " ny(ZpZr)*"2 ( 2 ) T(G+in)
Co = -y e
@m){l-exp(-2mo)\Z3) T(2+ing)
where the scattering angle ¥ is the angle between v; and v, The scattering energy E;
is given by E; = (K;—q)°/2u; = E, — (AE + v°/2) (with E; = K}/2u,). Thus the energies
of the intermediate and the final internuclear states differ only by O(Z3).

0
W(x)=—

No=Zr/v

3.2. Coulomb capture amplitude

The second contribution to the transfer amplitude, W', can be evaluated with the
same techniques. If the Fourier representation is used for the projectile field Vp=
—Zp/lrr— R|, the excitation matrix element turns out to be

—<XK exp(—-igK- rT)'ffq(‘U)|VP|<PT (+) exp(— IBK ro))

=—éJ'd—sM( )[S(K ~K—s)+~

272 ) 52

f(+) Ku 19K K+s)

4 i
X| m8(K;—K -5+ K)+
(77 (K;—K—5+K) K,-—K—s-K)

A i
+ ) -K+s K)y+————
4772K (Ka 19I\(,K,vs)<’77-5(1< Kx § Kl) K “‘K,-+S' K,):l
IZP +) i
+M2(‘1) ﬂ (K, Ok, K) w8 (K, — K)+ K -K

+ ﬂ+>K19KK)<w6(K K)—ﬁ)

—4m8(Ki- K)f (K, ﬁx,,x)jl (3.15)
with the abbreviations
Mi(q, s) = (Yy(w) exp(~iBK - rr)| exp(is- rr)le(rr) exp (—iBK;" rr))
= (¢y(w)| expl(is - rr)\<P,~T>

M,(q)= <¢q(w) exp(—ipK- rT)

or)

| ¢ i (rr) exp(-iKi - rr)>

=<wq<w> ri
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This has to be inserted, together with the expression (3.9) for the overlap term W, into
the equation (2.11) for W},”. The result can be arranged in terms which are of different
order in the scattering amplitude f: The zero-order term which arises from the product
of the three-dimensional & functions in W and M describes forward scattering and
yields the main contribution to the total cross section, but can be neglected for
large-angle scattering. Also, similarly as in the evaluation of the recoil amplitude, all
terms quadratic in f can be discarded. The two contributions to the linear terms in f
arise from either the § function of M (or W) together with the first-order terms in f
of W (or M). This corresponds to the possibility of capture (or excitation) before
and after the nuclear scattering. The resulting expression may be decomposed as

W(xl):W_?Y+ W%+Rﬁ (3.16)

where W7 collects all terms which survive when no resonance is present
Zpi ds o
Wi= “Soin J' dgef (q—1v) J;Ml(q, S){(E?—év2+q~ v =29 +ie) "

X [f(+)(Ki’ 19’K,,Kf—q+s)

i
x| 78(AE —30*+q- vy s+ vp) + )
<7'r( 20 g v st vy) AE-lv'—q-v—s- 1

— Ki—q 9%, x5
f ( '~ 4, VK, gk, )AE %Uz+q'vf_s'v;}

+(EiT+s *Y; "%qz’HE)_in Iifﬁ)(Kf’ 19Kf,Ki—s+q)

x| w8(AE —4v*—s-v,+q-v,) - ' )
(Tr( s 4 v) AE-3v’—s-v+q- v,

+ﬂ+)(Kf_Uﬁ 191(_,,K,~s);i|} (3.17)

AE+ivP—s-1;
M,(q, s) = exp(—mn/2)[(1+in)(2¢*)"(¢ ]| exp(is - rp)|e ).

Here, the approximation (3.3) has been inserted for the off-shell state. As compared
with the impulse approximation, where ¢, () in (3.15) is replaced by ¢,, the structure
of this expression is much more complex due to the off-shell phase factor which induces
a coupling of the electronic and nuclear motion. Physically, this is related to the causal
development of the transfer process.

All terms in (3.17) which are proportional to f**'(K,~¢q, ) or f™(K;,—v; 9)
correspond to excitation before, but capture after, the nuclear scattering, while the
terms containing f*"(K, ©) arise from both excitation and capture after the scattering.
Such contributions were also present in the target recoil amplitude. However, the third
kind of terms which are multiplied by (K, 9) are specific to W}, and describe both
excitation and capture before the nuclear interaction. It is these terms which have
been influenced by the projectile recoil.
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The term W3 is the sticking term which arises from the excitation matrix element
in the inner region R< Ry

Zpi .
W%=F§M J dq (g —v7) exp(=mn/2)I(1+in)
X(2¢°) " (Ef -3+ q- v,—3q° +ie) ™"
x(ﬁ":‘ r;11¢?>(ﬂ+)(Kf_q, 131(.,1(,-—q) _f(+)(Ki: 19K,-,K,—q))
Wo
wo=AE—v"/2+q" v, (3.18)

It is proportional to the difference of the scattering amplitudes and is therefore only
nonvanishing as long as f varies appreciably with energy. This is also true for the
remainder R; which collects all terms not yet considered:

Zpi ds -
R;= ‘8‘”:“_ J dq 997?(‘1—”/) J’?Ml(q, s)

X{(E,’f—%vz+q- vy —3g°+ie) (K — g, Ok g i)
X78(AE ~3v°+q- v,—s-v,)+(E]+s- v,—1q°+ie)™"

X |:_Jd+)(Kf — Uy 19Kf,K,»—s)’ﬂ'5(AE +%UZ— 5. v;) _f*(+)(Ki =5, 13Ki—s,xf~q)

X\ m8(AE —3v*+q - v,—5- v;) — i )
<7T( 2 q v —s v;) AE—%Uz'Fq'Uf‘S'vi

(+) 192 —5- SN S
+P(K —s, 0Ki"s’Kf)(Tr8(AE+2U s* 0) AE+%vz—s-v,~>]}'

(3.19)

The difference between the energy denominators of the terms in (3.19) is given by
q— v, i.e. is small of the order of Zp. Due to the mutual cancellations, the remainder
is of higher order in Z, than W} or W}, and therefore very small. When Briggs’
peaking, g = vy is applied, R; vanishes identically.

With the peaking approximation, the sticking term can be evaluated in a way similar
to that for the target recoil amplitude. As w,>0, the only contribution comes from
the principal value term in (3.18). For capture of a target K electron into the Is state
of a hydrogen-like projectile, one finds

S N W e CRa 2
A w 2Zy AE+502 (Z2+0)'71

S(fUE, &)~ f O, 9)) (3.20)
with the same definitions as given below (3.14).

3.3. Comparison with the semiclassical formula

In the absence of a resonance, or more precisely, if the nuclear scattering amplitude
varies slowly on the energy scale of E7, so that f(E, &) =f""(E, ¢), it can be taken
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outside all expressions as a common factor. In this case the sticking contribution W§
vanishes and the target recoil becomes proportional to the corresponding semiclassical
expression, with the proportionality constant —f"(E,, )/(47*w;). The reduction of
W} to the semiclassical result involves an error of the order of |q— v/~ Zp which
occurs in the last term of (3.17). Additional terms of this order have already been
neglected, since the spB theory is a first-order expansion in Zp. Incidentally, Briggs’
peaking approximation gives a strict proportionality of W} with the semiclassical result
(with the same constant as for W}O)). Thus the present quantal distorted-wave sprB
reduces to the semiclassical theory in the zero impact parameter approximation, and
the further evaluation of the transfer amplitude can be taken over from this case, as
given by Amundsen and Jakubassa-Amundsen (1984a). In particular, the final form
of W} is easily deduced from equations (3.7) and (3.11) of that work.

Although explicit formulae have only been given for the capture from the target K
shell, the evaluation of the capture amplitudes from higher shells is straigh forward.
When calculating the excitation matrix elements entering into (3.13) and (3.15) with
the help of parametric differentiation of the Is ionisation matrix element (Jakubassa-
Amundsen 1981), the same integrals emerge as given in the appendix of Amundsen
and Jakubassa-Amundsen (1984a), although the resulting formulae for the capture
amplitudes are somewhat more lengthy than for K capture.

4. Charge transfer at isolated resonances

In order to demonstrate the influence of a nuclear resonance on the capture probability
we restrict ourselves to isolated resonances. Neglectinlg the background phase from
the nonresonant scattering by the short-range part of Vy, as well as multichannel
contributions to the resonance amplitude, the nuclear scattering amplitude for elastic
scattering can be written in the form (Taylor 1972)

, I . , r
SOUK, ) =chu1_2K,(2l+ 1) exp(2ioy) Pi(cos &) E’—ERP+iF/2 o
n . . . ,
Jeou= YK Sint9 2 sirfzﬁ’/2 exp(2io,) exp[—2in In(sin 9//2)]

where n, = ZpZru;/ K’, o, are the Coulomb phaseshifts of angular momentum / and
P, is a Legendre polynomial. Equation (4.1) is valid for s,,, proton resonances as well
as for impinging particles with spin zero. The resonance is described by a Breit-Wigner
term characterised by the resonance energy Eg, the partial width I'p for the decay of
the compound system via its entrance channel and the total width I'. For all resonances
discussed below, I', is equal to I'. Further, E'= K"/2u.

When inserting (4.1) into the capture amplitude from the previous section, we make
use of the fact that the Coulomb amplitude fco is a slowly varying function of K’
and 9’ in the resonance region, and replace K’ by the initial momentum K; and insert
the scattering angle for 9. For the simplest case of an s,,, resonance, the resonant
part of (4.1) is ¥’ independent, such that f(K’, 4') appears even in the potential term
W3, only as an (s independent) factor. This is no longer true if /#0, and there is no
principal problem in performing the integrations when an s-dependent intermediate
scattering angle emerges. However, the dependence on scattering angle is not likely
to cause a rapid variation of the scattering amplitude, and because the electronic
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momenta produce only a small shift of the nuclear momenta K; and K it is a reasonable
approximation to neglect the s dependence of ¥’ and replace it by the scattering angle
¥. In this case the treatment of resonances with higher angular momenta becomes
very simple and consists only in multiplying the Breit-Wigner factor for s waves by
(21+1) exp[2i(o; — g0)]Pi(cos ¥). It may occur that in a very small energy region, the
Coulomb amplitude is nearly cancelled by the resonance term in (4.1) which would
lead to spurious narrow structures in the transition probability. In this case, the
background phase has to be included in (4.1).

5. Numerical results and discussion

The probability for electron capture at a given scattering angle J is found from

1

P(8)= No(2m)*ull W'+ Wi+ Wfsﬂzm

(5.1)

where N, is the number of electrons in the initial target state. Since this formula
reduces to the semiclassical expression discussed elsewhere (Amundsen and Jakubassa-
Amundsen 1984a,b) if f(K, ¥) is a slowly varying function of K, we shall present
numerical results for nuclear resonant scattering only. Using experimental binding
energies and Slater-screened hydrogen-like wavefunctions we have evaluated the cap-
ture from the K shell of **Ne, **Si and **Ni and from the L shell of **Ni by protons
near an s-wave resonance, and also the capture from the K and L shell of **Ne, 'O
and **Si by alpha particles at a 3~ resonance. Only transitions into the projectile
ground state have been considered as they are strongly dominating for Zp« Z;, and
Briggs’ peaking approximation has been applied for the calculation of P(%).

For the isotope **Ne there exist three s-wave resonances in the compound nucleus
(**Na) in a narrow energy region around 1.3-1.5 MeV (Endt and van der Leun 1973,
p 67). In figure 2 the capture probabilities near the resonance at Ep=1.513 MeV with
width " = 2.45 keV are shown as a function of projectile energy. For this case, the energy
transfer to the electron, 8E = E;— E]+0v%/2, is 1.7 keV which is nearly equal to T.
Correspondingly, the resonance structure of P({) is clearly visible, being about a
factor of five enhanced over the background at scattering angles around 90°. The signal
is reduced at small scattering angles because the sin /2 behaviour of the Coulomb
amplitude suppresses the Breit-Wigner term. For the other resonances at Ep=1.35
and 1.378 MeV the enhancement at 90° is about one order of magnitude (I'/8E =1)
and a factor of three (I'/ 8E =3), respectively. It is seen that for backward scattering
angles the variation of P(4) across the resonance is so strong that an effect should be
measurable in a target of natural isotopic composition (=10% **Ne).

Figure 3 shows the calculated transfer probability of K electrons from **Si in
collisions with protons near the s;,, resonance at 2.083 MeV (width I'=15.6 keV; Endt
and van der Leun 1967, p 164). In this case, ['/8E =5.3 and the change of P(¥9) at
the resonance position amounts up to 40%. This makes it clear that the condition
I'=8E need not be strictly fulfilled in order to see an interference structure, however,
the signal is the sharper, the closer I'/8E lies to unity. The variation of P(&) with
the scattering angle ¥ at fixed Ep expresses the dependence of P(J) on the relative
phase between the resonant part of the scattering amplitude and the Coulomb back-
ground.
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In figure 4 we have chosen a resonance in *°Ne which is excited by alpha-particle
impact (E, =3.545MeV, I'=1keV; Endt and van der Leun 1973, p 100). Asitisa
37 resonance, the Breit-Wigner part of f is weighted with the Legendre polynomial
Py(cos &), which has a zero at 4 =90°. Thus the best choice for 4 would be 63.4° or
116.6° where P; reaches its extrema. From figure 4 it is seen that for the smaller angle,
the structure rises a factor of 3.5 above the background which is somewhat smaller
than for the proton resonances in the case of a similar ratio of I'’/8E = 0.8. However,
a great advantage of the use of heavier projectiles lies in the fact that the capture cross
section increases strongly with projectile charge (~Z3; Jakubassa-Amundsen and
Amundsen 1980). Thus, for the system (a, Né) the off-resonance capture probability
from the target K shell lies in the per cent region compared with approximately 107
for proton impact of the same velocity.

The separation of K capture from other processes requires, apart from the observa-
tion of the charge state of the scattered projectile, either a high impact velocity (which
exceeds the orbiting velocity of the target K electron) or a coincidence experiment
with K x-rays or Auger electrons. In order to avoid such complications, we have
investigated the question whether the resonance structure remains visible if electrons
from higher shells are also included. In most cases, the impact energy is large enough
so that only K- and L-shell electrons will contribute considerably to the capture
probability. The obvious drawback of adding K- and L-shell capture is twofold: first,
as the L binding energy is smaller, the ratio '/ 8E gets less favourable (in nearly all
cases I is already larger than the energy transfer for the K shell), and second, the total
capture probability is a sum over four partial probabilities (K shell+L subshells),
which will tend to wash out the resonance structure.

A study of L-shell capture from Ne by « impact shows that at % = 63.4° the dominant
contribution arises from the target 2p, m =0 state (figure 5). The total K+ L-shell
capture probability P(9)=0.15 and shows a 60% variation across the resonance.

Figure 6 shows P(9) for a colliding with '°O near the resonance at 5.486 MeV
(I'=4keV; Ajzenberg-Selove 1978, p 165). At this rather high impact velocity, the
capture from the oxygen K shell is dominating; however, as I'/ 8E = 3.2, the variation
of P(#) is not so large as for the Ne K shell. The use of hydrogen-like wavefunctions
may be questionable for the L shell of these light systems, but improved wavefunctions
will mainly affect the background value of P(®¥) and not the resonance structure.

In figure 7 results are shown for K- and L-subshell capture in the case of the
‘historical’ resonance of p- **Ni at E,=3.151 MeV with width I'= 5.6 keV which was
the first one across which ionisation probabilities have been measured (Blair et al
1978). The structure of the L-subshell capture probabilities is seen to be nearly as
large as for K-shell capture, because in this special case I'/8E; =2.2 is roughly the
inverse of I'/ 8Ex = 0.56, and also the peak position is at about the same energy. Thus,
even the summed K+ L capture probability shows a large structure and is one order
of magnitude above the K capture probability. The suppression of the 2p, m=0
subshell capture is due to the specific choice of & =90° where excitation perpendicular
to the beam direction (m =1) is enhanced. In order to investigate resonances with a
larger width, heavier target systems should be chosen where the binding energy and
thus 8Ey is larger. For alpha projectiles one can probably not go much beyond **Si
without risking that the compound system decays preferentially via other channels
than (elastic) alpha emission. For this system we have calculated the L-shell capture
probability across the 37 resonance at E, = 5.58 MeV with width 10 keV (Stautberg et
al 1968). In this case, I'/SE, (=12.4) is much larger than for the K shell (I'/8Ex = 3.9).
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Although the resonance effect is rather strong for the K shell, the variation in the total
(K+L) capture probability is only about 20% at % = 65°, and P(&)=0.06. Atbackward
angles (115°-130°) the signal is somewhat more pronounced.

From our chosen examples it follows that the condition I' = 8E is more stringent
for the L shell than for the K shell in order to observe a resonant behaviour of P(9).
Note that for the L shell the presence of the term v?/2 in 8E makes the ‘time-delay’
effects in capture much larger for broad (on an atomic scale) resonances than is the
case in ionisation.

6. Conclusion

We have developed a distorted-wave spB theory in a fully quantum mechanical treat-
ment, which allows the effect of resonant nuclear scattering on the capture of target
electrons to be included. In calculating some test cases of proton and alpha impact
on heavier targets we have shown that charge transfer is a promising tool to study
nuclear resonance effects, because the interference structure is strongly visible on the
smooth background even in cases where the energy transferred to the electron is not
equal to the energy scale I provided by the width of the resonance.

Once this method is established experimentally for known isolated resonances
which provide a crucial test for the atomic theory for charge transfer—due to the
sensitivity on the relative phases of the capture amplitudes in the ingoing and outgoing
channel—more complicated resonances may be investigated in order to get also
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information on the nuclear scattering amplitudes. A generalisation of our theory to
other resonances, such as overlapping isobaric analogue states, is, in principle, straight-
forward.

Appendix 1

We prove that the application of (1+ Gnr V1) on an eigenfunction ¢k to Hy+ T, leads
to an electronic off-shell function as defined by equation (2.10). We thereby use the

on-shell approximation for ¢, namely |¢x)=xk’ exp(—iBK- r1)|q). Introducing an
electronic state ,(w) by means of

(1+G;1TVT)¢’K=X(K_) exp(—iﬁK— "T)(//q(w) (A.1)

and inserting a complete set of electronic plane waves | p) before ¢, (w) we obtain after
multiplication with (Grr) ™' from the left

(E—Hy—T.~ie)yx
=X (E—-Hy-T.~ie)xk’ exp(~=iBK - rr)| pXpltsg())

— Vex%? exp(—iBK - rr)g,(w). (A2)

Using that ¢ and xk’ exp(—iBK-ry)|p) are eigenstates of Hy+ T. with energy
K?*/2u;+q°/2 and K?/2u,+ p*/2, respectively, all operators with respect to the nuclear
coordinate R have disappeared. Thus the nuclear function y%’ may be dropped:

(E-K*/2ui—q*/2—i¢) exp(—iBK - r1)|q)
=Y (E—K?*/2u,—p*/2—ie) exp(—iBK - rr)| pX P, (®))

— Vrexp(—iBK - ri)y,(w). (A.3)

Upon multiplication by exp(+iBK- rr) from the left and subsequently using that
p’/2|p)= T.| p), we obtain finally after using closure:

(E=K*/2u—q*/2—ie)|@) = (B~ K*/2p;— T.— Vr—ie)Yy(w)  (A4)

which makes clear that ,(w) is the desired off-shell function.

Appendix 2

We show that the excitation matrix element which originates from the target recoil
can be written in the form (3.4).
In the dipole approximation, we have to evaluate

I=(K-K)xi’| Vnlexp(iK; - R)). (A.5)

As xk is eigenstate to the nuclear Hamiltonian Hy= Ty+ Vy, I can be written in a
symmetrised form, using |yx)=(1+ Gy Vy) exp(iK- R)

I=K(exp(iK+ R)|Vilx&)) — K{xk’| Vnlexp(iK; - R)) (A.6)

where x%’ is the ingoing scattering state of Hy. For elastic scattering (K = K;) the
nuclear matrix elements can be expressed in terms of the scattering amplitude
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F7UK, 9k ). For almost elastic processes we thus have

= _; +) _ (=) (M)
= (277)2/J«i(Kf (K, 9k x,) — Kif* (K, 9x,_x))+ 0 K?

from which one immediately gets (3.4).

(A7)
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