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The influence of inelastic nuclear scattering on atomic charge transfer in asymmetric ion-atom col-
lisions is described within a new theory, combining a two-channel model for the nuclear reaction with the
impulse approximation for electron capture by the projectile. Test calculations of the capture probabili-
ty during the reaction "O(p,a)'*N indicate that inelastic nuclear reactions are a more transparent
probe for the atomic transition amplitudes than elastic resonances.

PACS numbers: 34.70.+e, 24.30.He

The interplay between nuclear reactions and atomic
excitation or rearrangement manifests itself in an in-
terference structure of the atomic transition probabili-
ties, because the transiently formed compound nucleus
causes a time delay between the atomic amplitudes for
the incoming and the outgoing parts of the collision. The
investigation of atomic transitions during resonant nu-
clear scattering can therefore serve as an atomic clock
for nuclear reaction times, but also as a stringent test for
atomic models due to the sensitivity to phase differences,
provided the energy AFE transferred to the active electron
is comparable with the nuclear decay width I'.

Investigations concerning the influence of an elastic
nuclear resonance on inner-shell ionization'™ and elec-
tron capture®’ have established the existence of pro-
nounced interference structures. Inelastic nuclear reso-
nances, with their additional wealth of possibilities to
probe half-trajectory transition amplitudes and isotope
or recoil effects, have the advantage, compared to elastic
resonances, that the absence of the Coulomb contribu-
tion to the scattering amplitude reduces the number of
nuclear interference terms, and hence allows for a much
clearer display of the interference effects from the atom-
ic partial amplitudes. An extension of the theoretical
models to allow for nuclear reactions has been attempt-
ed® in the case of ionization by means of a simple gen-
eralization of the Blair-Anholt formula,' followed by a
more rigorous formulation of the first Born theory within
a two-channel approach for the nuclear reaction.’

Electron transfer is a more promising candidate than
ionization to be probed during nuclear reactions in ener-
getic ion-atom collisions, since the transferred energy AE
is larger than that for ionization, such that shorter nu-
clear lifetimes become accessible. Also, for ionization
the interference effects are weakened by the energy dis-
tribution of the ejected electrons, whereas AE is sharp in
the case of capture. On the other hand, there is a need
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for a sensitive test of the current atomic capture theories.
For large-angle scattering in asymmetric collisions, the
most advanced theory is the strong-potential Born (SPB)
approximation,'®'" which is, however, only tractable in
combination with a rather restrictive peaking approxima-
tion.” This so-called full-peaking approximation, where
the momentum transfer is kept fixed during the collision,
is in some cases in severe disagreement with experimen-
tal data at backward angles. '?

The on-shell limit of the SPB theory, the impulse ap-
proximation (IA), is more readily accessible to less res-
trictive peaking approximations.'' While it is commonly
considered inferior to the SPB theory, it has recently
been shown '? that, at least for small scattering angles, a
correct incorporation of the channel distortion by the
second collision partner brings the SPB theory into close
agreement with the IA. In its fully peaked version, the
IA has already been applied to capture at large scatter-
ing angles in the absence of a resonance.'*

In this Letter, we improve upon the description of
electron transfer by evaluating the IA in the less restric-
tive transverse-peaking approximation which allows for a
variation of the momentum transfer along the direction
of the ejectile. The transverse-peaked [A provides a
much better representation' of the angular and energy
dependence of experimental capture cross sections than
the fully peaked SPB. For inclusion of reactive scatter-
ing, the impulse approximation is combined with the
two-channel formalism® for nuclear reactions in a ver-
sion which is adapted to the combination with a higher-
order atomic theory. Basically, the two-channel model
relies on the assumption that the transiently formed
compound nucleus decays into two channels, an elastic
channel a and an inelastic channel 5. Correspondingly,
the nuclear scattering state with incident momentum K,
(indices a refer to channel a, indices b to channel b) is,
at asymptotic internuclear distances R, represented by
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where A, is the elastic-scattering amplitude (including the Coulomb amplitude) and A, is the reaction amplitude. '
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For each channel, the angle between K and R is denoted by 6, and ¢ refers to the internal state of the projectile and tar-
get nuclei. Assuming orthogonality and completeness of the two-channel functions ¢, and ¢,, the transition amplitude
for capture of a target electron by a light projectile is readily obtained from the generalization of the one-channel case,’
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where o=+ for A=q and o= — for A=b, and B=m/
(m+ M7) denotes the ratio of electron mass to target mated in the following way:

mass. The function

(VR R)AR) wiE) R))
A =w,§E,’(R) exp(—BK 7)o (rr)

= (PR R)IAR) — 40|y R))
represents the initial state with the internuclear potential

Vy included, while +p P R)|A40)] w,ﬁi)(R)). 3)
- _ D k. . ‘ The electronic transition operators entering into 4 (R)
9 =9aexp(iKia- Ra = iPKia- rr)e; (r7) are channel specific when they are related togthe asymp-

is the initial state without ¥. Correspondingly, the final totic nuclear states, e.g.,
state l(S g)lvcn (by) Vp(rp) = Vpa(rp)ﬁ,,+ Vpb (l’p)ﬁb N (4)
vs VoK, (R)expliakK - rp)ey(rp) where Vp, is the electron-projectile interaction in chan-
with a=m/(m+Mp) and Mp the the projectile mass. nel A and P, the projection operator onto that channel
According to (2), the electron transfer proceeds via ion- (A =a,b). In the last term of (3) we make the additional
ization from the initial electronic target state ¢;(rr) to assumption that 4(0) is independent of the nuclear
an intermediate target continuum state ¢q(ry) with functions such that it can be taken outside the matrix
momentum q, induced either by the electron-projectile element as in the one-channel case. The remaining over-
interaction Vp or by nuclear recoil (i.e., V). The subse- lap <w{i’()ly/a(|‘zi)) is easily evaluated with the help of stan-
quent capture into the bound projectile state ¢ (rp) is dard scattering theory.”!” The recoil matrix element in-
described in terms of an overlap between the free elec- volving the coupling by ¥ can be calculated without the
tronic state q(r7) and the final state. approximation (3) in its on-shell limit which is accurate
The large differences in the length scales of the nu- to the order of (AK;/K;)? (where AK, is the channel-
clear and atomic wave functions allow for the replace- specific momentum transferred to the electron), and is
ment of the nuclear functions by their asymptotic form expressible in terms of Ap,. As a result, the transition
(1) in the region outside the nuclear interaction radius, amplitude W% is uniquely determined by the nuclear re-
R> Ry where the R-dependent coupling operators action amplitudes in combination with the electronic ma-
A(R) (e., the electronic transition matrix elements) trix elements, without knowledge of the nuclear wave
collect their dominant contributions. In the interior of functions inside the nuclear interaction region. For
the nuclei (R SRy), on the other hand, R can be set large-angle scattering, only terms linear in the reaction
equal to zero in the electronic matrix elements. As a amplitudes need be retained, and the transition ampli-

consequence, the nuclear matrix elements are approxi- | tude for electron capture during reactive nuclear scatter-
ing takes the form (in atomic units, A =m =e=1)
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where 6 is the scattering angle (between K; and K;) and |
up the reduced mass in channel 5. Up to minor quan- tum Kg, (corresponding to an energy E,~,,—Asf,-+vb2/2
tum-mechanical corrections and a common negative —q- vy, where Agg; is the difference in the electronic
sign, a/(,-") and af,-b) are equal to the semiclassical electron binding energies and v, the ejectile velocity), and even-
transfer amplitudes in channels a and b, respectively, tually capture in channel b; (iii) electron transfer in
while aq(,-“) and a}é’) are the electronic amplitudes for ion- channel a and afterwards nuclear scattering at the final
ization in channel a and subsequent capture in channel b, momentum Ky, (i.e., at the energy E;, — AE, where AE
respectively. Hence, the contributions to W% arise from =Ags +v$/2); and (iv) electron transfer during nuclear
the following processes: (i) nuclear scattering at the ini- contact, denoted by Wﬁ-; This so-called sticking term
tial energy E;,, followed by electron transfer in channel collects the terms with 4(0) and is proportional to the
b; (ii) ionization in channel a to an intermediate continu- difference of the reaction amplitudes. Details of the
um state, subsequent nuclear scattering with the momen- evaluation will be presented elsewhere.!> If in Eq. (5)
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the indices b are formally replaced by a, the one-channel
transition amplitude’ is recovered.

From W?, the capture probability as a function of
scattering angle is obtained by means of
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where v, is the projectile velocity, N is the degeneracy
of the initial electronic state, and spin summations have
been suppressed. The numerator of (6) is equal to the
differential capture cross section during the reaction,
while | Ap,|? is the nuclear reaction cross section.

As a test case, we have studied electron transfer dur-
ing the reaction '*0O(p,a)'’N near the isolated s/, reso-
nance at a proton energy of E, =2.363 MeV. '8 For un-
polarized particles, the scattering amplitude for this re-
action can be approximated by the Breit-Wigner
form 617
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if background phases are neglected. In this expression, /
is the channel angular momentum, o the corresponding
Coulomb phase shift, [ =I,+T, the total width, and
E{ the c.m. resonance energy. As the channel veloci-
ties v4,vp exceed the target K-shell orbiting velocity,
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FIG. 1. Cross sections for K-shell capture by He** from
the '"*O(p,a) '°N reaction and by H* in the elastic '"*O(p,p)
collision as a function of the proton energy E, at the scattering
angle 6=150°.

electron capture proceeds mainly from the K shell of the
target to the K shell of the projectile.

Since the partial widths in channel a and channel b
are nearly equal (I'; =2.7 keV, I, =1.6 keV), we have
compared in Fig. 1 the capture cross section at § =150°
with the result from the elastic channel '*0(p,p)'*0.
For both channels, the energy dependence of the capture
cross section follows closely to that for the respective nu-
clear cross section which in the case of the a-particle
production has a Breit-Wigner shape.

Interference structures emerge only when the ratio of
these cross sections, i.e., the capture probability, is calcu-
lated. For our test case, the requirement of T ~AE is
well satisfied (AE =1.8 keV for the elastic and 1.6 keV
for the inelastic channels), and clear structures are seen
in P(@). The angular variation of these structures is
shown in Fig. 2, and there is a basic difference between
the channels a and b: For capture in the inelastic chan-
nel, P(8) has a maximum near the resonance energy
which is more pronounced the smaller the scattering an-
gle. In contrast, for channel-a capture the shape of P(6)
varies strongly with 6 and the excursion of P(8) is larg-
est for backward angles. This shape variation in the
elastic channel is caused by the interference of the Breit-
Wigner scattering amplitude with the Coulomb scatter-
ing amplitude which dominates at small 6 and suppresses
the effect of the energy dependence of the Breit-Wigner
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FIG. 2. K-shell capture probabilities by He**t from the
80(p,a) '*N reaction (solid curves) and by H* in the elastic
"0 (p,p) collision (dashed curves, multiplied by a factor of 10)
across the resonance at 2.363 MeV at three scattering angles,
0=30°, 90°, and 150°. The solid curves are normalized to the
inelastic nuclear scattering cross section.
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term. The smooth angular dependence of P(6) in the in-
elastic channel is due to the absence of the Coulomb
scattering amplitude. The average capture probability
by He ™™ lies a factor of 50 above the average P(8) for
capture by H*, which confirms the approximate scaling
of P(9) with the fifth power of the nuclear charge.''

A pilot investigation of measuring electron capture
during a nucleon transfer reaction has been performed
by Horsdal Pedersen.! The experiment aimed at
measuring the angular dependence of the capture proba-
bility by the a particles produced in the ""F(p,ay)'¢O
reaction. As the resonance energy is as low as 0.873
MeV, the captured electrons originate from all target
shells, and to judge from the investigations of elastic res-
onances,’ the summation of all shell contributions will
reduce the interference structures considerably. In fact,
only a rather weak variation of P(8) with scattering an-
gle and energy was found, which tentatively was inter-
preted as being due to the fact that only a single partial
amplitude of Wb (the one describing electron transfer
after the nuclear scattering) gives a large contribution,
such that interference effects are suppressed. From the
investigation of the reaction '80(p,a)'>N we conjecture
that this simple interpretation of P(8) in terms of a
half-trajectory transition probability cannot be support-
ed; in fact, at all scattering angles, the partial amplitudes
for electron transfer after the nuclear scattering and for
electron transfer before the nuclear scattering are of
comparable magnitude. This leads to a considerable
dependence of the capture probability on the scattering
angle for angles below 90°.

In conclusion, the investigation of electron capture in
the '"*O(p,a) >N reaction (where the criterion AE ~T
for interference to occur is satisfied) has demonstrated
that excursions of the capture probability up to a factor
of 2 are found when the projectile energy is varied across
the resonance. A more detailed study concerning the
influence of the nuclear reaction parameters will be given
in a forthcoming paper.'?
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