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Comment on the asymmetry in the cusp of the differential cross section
for charge capture to the continuum
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For electron capture from noble-gas atoms to the continuum of energetic bare projectiles an asymmetry has

recently been observed in the cusp of the differential cross section at u, = u (where u, arid v are electron and

projectile velocities, respectively). It is shown that the Oppenheimer-Brinkman-Kramers approximation can

provide an asymmetry if terms linear in k = v, —0 are kept in the expansion of the outgoing Coulomb wave.

In contrast to the predictions of the second Born approximation, the resulting shape is independent of the

projectile charge.

Since the pioneering experimental work of Crooks
and Budd' and the associated theoretical work of
Salin' and of Macek' on electron capture to pro-
jectile-centered continuum states of energetic
bare ions, much attention has been devoted to the
singly differential cross section of the ejected elec-
trons. It was found that the electrons are pre-
dominantly emitted into a narrow forward cone
(characterized by a semiangle 8o) with a velocity
v, close to the projectile velocity v in the labora-
tory frame. Dettmann, Harrison, and Lucas'
predicted that this differential cross section should
have a cusp at v, = v. Since the electron velocity
k = v, —v in the projectile frame should be small
compared to the projectile velocity they argued
that all terms except the zero-order term in h/v
may be discarded in an expansion of the electron
Coulomb wave function. Under this assumption,
the shape of the cusp calculated in the Oppenheim-
er-Brinkman-Kramers (OBK) approximation turns
out to be symmetric around v, = v. Several mea-
surements' of electron capture from Ne and Ar
gases have revealed, however, that the actual cusp
is strongly asymmetric. In a recent letter Shake-
shaft and Spruch' have attributed the asymmetry
(which they state as "heretofore unexplained" ) to a
contribution from the second-order Born term.
The purpose of this note is to show that by retain-
ing terms linear in h/v in the outgoing Coulomb
wave function, the OBK approximation can provide
an asymmetric cusp in the singly differential cross
section.

For simplicity, we consider the electron capture
from a hydrogen atom to the continuum of anener-
getic bare projectile with charge Zs and velocity
v. According to Eqs. (2)-(4) of Ref. 6, the OBK
singly differential cross section for capture to the
continuum is given by

where dQ, = sin8, ti8, tf p, is the element of the solid
angle describing the direction of the emitted elec-
tron in the laboratory frame with 0 ( 8, ~ 80 and
0 ( p, ( 2n'. The momentum K ranges from st v to
~ (atomic units are used throughout the paper). In

Eq. (1) the OBK T matrix is defined by
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FIG. 1. Singly differential cross section for continu-
um electron capture from the 1s state of a hydrogen
atom by a bare ion of Z&

—-6 incident with an energy of
2 MeV/nucleon in the laboratory frame. In the cross
section electrons are accepted which emerge into a cone
of semiangle $0=1.85'. The solid curve, marked "Brink-
man-Kramers" represents the OBK result of Eq. (6) and
the dashed curve the OBK results with k = 0. The dash-
dotted curve gives the contribution to the differential
cross section from the sum of the first- and second-or-
der Born terms (Ref. 6), however without inclusion of
the jt ~ K terms in the first Born (OBK) amplitude.
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r""= -4»'Z'y-(K) j (T) (2)

where the angles

8» = cos-'(-v /2K) (4)

8, = tan '[v8, /(v, —v)]

are directly related to the electron velocity e,
and emission angle 8, in the laboratory system.
Consistently keeping the terms linear in b/X and
inserting Eqs. (2)-(5) into Eq. (1) we obtain the
result

(5)

dgo~K =2'Z' did (v -@-'v -v
e

dK
„y2 (1 —2k K/K )

(6)

If the scalar product k K /If is disregarded in
Eq. (6) one recovers the original result of Dett-

where a tilde indicates a Fourier transform and
T=v+K. For P-„(K) we use the momentum wave
functionv for an electron with velocity k in the pro-
jectile-centered Coulomb field. If terms of the
order k /K are not to be discarded one has to keep
the scalar product

k .K =AX(cos8» cos8„+sin8» sin8~ sing, ), (3)

mann et al.4 [quoted as Eq. (1) in Ref. 6]. As is
obvious from Eq. (6), this result predicts a sym-
metric cusp. If, however, the scalar product is
retained Eq. (6) yields cross sections asymmetric
with respect to v, = v because e~ occurring in Eg.
(3) is changed into» —8~ [cf. Eq. (5)] if v, —o is
changed into its negative. Of course, for v
the asymmetry approaches zero.

For comparison with the results of Ref. 6 we
have calculated cfg~g"/dv, for Z~ = 6, a cutoff angle
8,= 1.85', and a projectile energy of 2 MeV/nu-
cleon. The results are shown in Fig. 1. In con-
trast to the predictions of the second Born ap-
proximation' the projectile charge Z~ only changes
the scale but not the shape of the asymmetry in the
differential cross section. Thus for Z~=1 when the
second Born approximation yields an asymmetry
which is "barelynoticeable'~the k K term in Eq.
(6) should be the main source of any observed
asymmetry. On the other hand; for higher pro-
jectile charges (see Fig. 1), both the k K term in
the OBK T matrix [Eq. (2)] and the second Born
term' should contribute to the cusp asymmetry and
for v- ~ the second Born term should dominate.
%e conclude that more experimental data on charge
capture from hydrogen atoms to the continuum of
bare projectiles with various charge numbers Z~
is needed to clarify which mechanism is respon-
sible for the asymmetry in the cusp.
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