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Resolution dependence and asymmetry of electron capture to the continuum spectra
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Velocity distributions of electrons ejected into the forward direction have been measured with proton beams of
energies comprised of between 40 and 240 keV interacting with a helium-gas target. An electron spectrometer was

used, which permitted us to study the shape of the resulting peaks as a function of the instrumental angular

acceptance. These data are analyzed by introducing a general parametric expression for the scattering amplitude of
the ionization process. Strong skewness of the electron cusps towards lower electron velocities are observed, which

appear to be independent of the large variation of peak widths as determined by different angular acceptances. It is

found that this skewness is important up to the closest neighborhood of the peak top and that it leads to the

inclusion of an asymmetric singular behavior of the cross section. Partial peak widths at half maximum, measured

towards each side of the peak top, and also the total peak width depend linearly on the transverse experimental

acceptance, as given by the product of the ion velocity times the half-angle of the electron acceptance cone. The cusp

skewness, defined by the ratio of the partial widths, tends to decrease at the higher ion velocities.

I. INTRODUCTION

Since its discovery' in 1970 the characteristic
cusp-shaped peak in electron spectra produced by
collisional electron transfer to the continuum

(ETC} or, more specifically, "electron capture
to the continuum" (ECC} of a moving ion has been
investigated with increasing interest, both exper-
imentally and theoretically. Research on this
subject has been reviewed by several authors. '

In this work we focus our attention to the shape
of "longitudinal" ECC spectra which result when

the electron emission is studied in the direction
of the ion beam. Our analysis deals with the re-
action

H'+ He H'+ He'+ e

at proton energies (E ) between 40 and 250 keV,
i.e. , proton velocities (v, ) between 1.3 and 3.1
aalu,

According to earlier theories'4 the ECC cusp
is explained through a first-perturbative-order
treatment of the charge-exchange amplitude. This
approximation considers for the final electronic
state only a Coulomb wave centered at the pro-
jectile. The resulting ECC cusps are nearly sym-
metric. However, later experimental evidence
obtained with bare heavy projectiles at high col-
lision energies, revealed a remarkable skewness
of ECC peaks towards lower electron velocities. '
It has been suggested that a more accurate deriva-
tion of the first Born approximation could account
for the asymmetric peak at intermediate ener-
gies, ' but this possibility has been experimentally
ruled out. ' To explain this asymmetry, allowance
must be made for the distortion of the electronic
state by the electron-residual-ion interaction.
This effect has been approximated by including a

second-order term in the Born expansion of the
charge-exchange amplitude, ' an approach which

predicts negligible ECC asymmetries when singly
ionized projectiles are used. However, recent
experimental evidence resulted in strongly skewed

ECC cusps for the H'-He ionization process. '
Subsequently, a multiple-scattering formalism
has been proposed" that describes the final state
of the electron by a dynamical two-center wave

function, which is essentially the product of two

Coulomb waves centered at the target and the
projectile. In this way a strong asymmetry of the

ECC peak results for H' H scattering at inter-
mediate collision velocities. " We conclude that

the full influence of the electron-target Coulomb

interaction must be included to account for the

asymmetry of ECC cusps which results in col-
lisions of light ions at intermediate velocities.

In this work we perform a systematic experi-
mental study of this asymmetry. As usual, we

consider the ECC process in the electron velocity
space (v) of Fig. 1. As the cross section d&rldv,

which can be interpreted as the electron density

per unit volume in v space, diverges when

v v~(v' 0), experimental resolutions, that is,

yl

FIG. 1. The electron (v) minus the ion (v&) velocity
vector diagram. v' = v —v&. The experimental resolu-
tion is approximated by a cylinder of diameter 2epv

and height 2&v . For definition of gp and g, see text.
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the acceptances in electron velocity v (or energy
E,) and in solid angle, are decisive in determining
measured peak shapes and widths. These accep-
tances have in Fig. 1, been represented approx-
imately by a cylindrical "resolution volume'"' of
height 2Rv and diameter 28,v. (&v)svs„/v=R is
the experimental relative velocity resolution,
which, if an electrostatic spectrometer is used,
corresponds to the relative energy resolution
(n,E,)~„/E,=2R; 8, is the half-angle of the in-
strumental angular acceptance cone. Cusps re-
sult when R «Ho; then it is essentially the trans-
verse acceptance H,v = H,v, which determines their
width.

It has been the usual practice to study the pro-
portionality of ECC cusp widths to the ion velocity
v,. predicted by theory, ' but the asymmetry of
these cusps has not been accounted for. The pre-
sent measurements include for the first time, and
through a wide range of H„an investigation of
cusp shapes as a function of the spectrometer
angular acceptance at fixed ion velocities v,

We perform an interpretation of the experimental
results which is independent of any particular
theory. We introduce a general form of the trans-
ition amplitude which leads to a parametrization
of the measured electron spectra. We show that,
independently of the large changes in peak shape
as resulting from our measurements with different
angular resolutions, the observed asymmetry can
be attributed to a proper skewness of the cross
section for ECC, which is not limited to the peak
tails but also appears at velocities v = v, . We also

find that, in spite of this strong asymmetry,
which manifests itself in that partial peak widths
measured towards lower and higher electron
velocities (o&&v, ) differ by a factor of about 3, the
above-mentioned proportionality of total widths
to v, H, is approximately conserved.

II. EXPERIMENTAL METHOD
AND MEASUREMENTS

A schematic drawing of our equipment is seen
in, Fig. 2. A proton beam, obtained from the Bar-
iloche Cockcroft-Walton accelerator, is selected
magnetically and collimated to 0.5-mm diameter
and an angular divergence of less than 0.1 half-
angle. It interacts with a He-gas target repre-
sented by an atomic beam emerging from the 0.25-
mm bore of a hypodermic needle located, at a
distance of less than 1 mm from the beam path,
on the axis of a coaxial cylindrical electron spec-
trometer. The beam direction and the spectro-
meter axis enclose an angle of 42.3 . Forward-
emitted electrons are deflected in the radial elec-
tric field of the spectrometer and focused back
on this axis where they are allowed to traverse
an orifice 0, of 0.5-mm diameter. The focal
points extended over the surface of this orifice
act as the vertices of emission cones; its apex
angles are determined by the diameter of one of a
series of six interchangeable orifices 0, (0.5,
1.25, 2.5, 3.75, 5.0, 6.25 mm) located at a dis-
tance of 7.16 cm from 0, and in such a way that
the angle between the direction determined by the

Ci

~0) ~Gas ~~

~Target

FIG. 2; Schematic diagram of the experimental arrangement ( —V) is the spectrometer deflecting voltage. The cir-
cular orifices Og and 02 determine the instrumental angular electron acceptance. O2 is interchangeable, as shown.
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centers of 0, and 0, and the spectrometer axis
is again 42.3 . These orifices are mounted on a
wheel whose axis can be tux'ned from outside the
vacuum system; hence they can easily be switched
in front of the 10-mm-diameter funnel of a chan-
neltron multiplier in which, in order to localize
the energies of the detected electron close to the
broad maximum of the detector efficiency de~
pendence, " the funnel was maintained at a pre-
acceleration voltage of +100 V.

Furthermore, the orifices 0, were covered with
a fine wire mesh. In this way electrostatic fo-
cusing of the impinging electrons was avoided and
uniform detection of the electrons was achieved
over the surfaces presented by those orifices.
Then the distributions of angular acceptance of
the electrons could be calculated from the geom-
etric conditions of the apparatus as a function of
an emission angle 8, measured with respect to the
axis of the accepted electron distributions (as we
are measuring forward-emitted electrons, this
axis is that of the ion beam). This could be simply
done by considering the superposition of the two
oblique circular orifices Oy and 0,. Figure 3 shows
two of these distributions which, due to the sym-
metry of electron paths through the spectrometer,
also represent the angular acceptances as seen
from the target. Each can be well approximated
by a trapezoidal distribution of the same surface
which determines two characteristic angles 9,
and g„as shown. A further approximation leads
to a rectangular distribution which is equivalent
to the acceptance cone of half-angle e, = (e, + e,}/2,
introduced by Dettman et al. ' Table I shows the
values of 8„g„and 8, which result for the men-
tioned interchangeable orifices. Included in this
table are also the corresponding resolutions 8 in
electron velocity. They have been obtained from
the relative energy resolutions 2R of the spectro-

meter, measured by using a heated filament elec-
tron gun. We observe from the ratios R/8, that
our equipment meets with the above-mentioned re-
quirement of a flat resolution volume.

Measurements were performed with the aid of
a microprocessor which, after collection of a
prefixed proton-beam charge in a Faraday cup
(Fig. 2), controlled the channel advance of a multi-
scaler simultaneously with the corresponding pre-
selected advance of the voltage applied to the
spectrometer. The electron spectra were taken
in a 256-channel memory.

The working pressure in the spectrometer, with
the atomic-beam target on, was about 1.2 x 10~
torr. This pressure resulted from a reading of
2 x 10 ' torr on the ionization manometer used
that, for He gas, had to be multiplied by a factor
of 6.'4

Using a path length of the proton beam between
collimation aperture and target of 13 cm, it was
estimated from known cross sections" for bound-
state electron capture that no more than 0.870 of
H' have become H . No quantitative information
about the relative yields of ELC (electron loss to
the continuum} and ECC is available for the H-He
system at the energies covered in this work; con-
sequently no evaluation of the contribution by ELC
from the small fraction of H in the beam to the
measured spectra could be made. For 500-keV
H' and H' in Ar Duncan and Menendez" quote that
the yield from electron loss from H' is =100 times
that for electron capture by H'. On the other hand,
an estimation of Bodbro and Andersen' for the H-
He system at 60 keV results in a ratio of the dif-
ferential ELC to the ECC yields of only about 3.
A contribution from the repeated H'- H'- (H'+ e)
collisional process to the measured ETC peak
should depend quadratically on the gas pressure.
The measured ETC signal was found to be linearly

I l
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FIG. 3. Distribution G(8,) of angular acceptance for 0& of 0.5-mm diam; 02 of 1.25-mm diam (curve E) and 3.75-
mm diam (curve C), respectively (see Fig. 2). The approximations of G(8,) by trapezoidal (8~., 82) and rectangular
(80) distributions are also shown.
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TABLE I. Enstrumental angular acceptances as d
~ ~ ~ go

(
p see a so Fig. 1.

o t e spec-

Orifice
Diameter

of O2

(mm)
H&

(deg)
H)

(deg)
Hp

(«g)
Hp

(10 2 rad)
8

(10 )

6.25
5.0
3.75
2.5
1.25
0.5

2.36
1.86
1.35
Q.S5
0.36
0.02

2.63
2.14
1.65
1.15
0.63
0.32

2.50
2.00
1.50
1.00
0.50
0.17

4.36
3.49
2.62
1.75
0.87
Q.29

0.23
0.21
0.20
0.16
0.08
0.04

0.05
0.06
0.09
Q.09
0.09
0.14
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result in an increase of the resolution volume

(Fig. 1}with increasing electron velocity v, have

been accounted for when comparing with formal
cross sections. %e also did not subtract any "di-
rect ionization background" from our measured
eusps because, as has been emphasized in Ref.
4, all the ejected electrons are due to a unique

process, and there is no doubt that this criterion
must be applied for single collisions.

III. PARAMETRIC EXPANSION
OF THE CROSS SECTION

ECC cusps have usually been characterized by
two parameters: height and width. This procedure
is sufficient only for symmetrical peaks. How-

ever, we see in Fig. 5 that ECC cusps are strongly
asymmetric and that this asymmetry appears in-
dependently of the large changes in widths, as de-
termined by angular acceptance. It is therefore
necessary to introduce more parameters to ac-
count for the observed skewness toward lower v

which, as close inspection of Fig. 5 shows, is not
limited to the tails of the peaks but is already re-
markable in the vicinity of the peak tops (t)' 0).

%e proceed to a formal discussion of the ob-
served asymmetry by introducing a general form
of the transition amplitude of the ECC process
which will be used for the interpretation of our
experimental results.

As we are looking for v=v~ or "convoy elec-
trons" we write the T matrix of reaction (1}in
terms of v', the eleetxon-ion velocity difference
(see Fig. 1):

T(v', P, t),'}= T(u', cos8', P, t), }. (2)

Here P is the collisional momentum transfer of
the ion, v' is the modulus of v', and 8' is the angle
enclosed by v 'and v;, the initial ion velocity.
These vaxiables uniquely determine the transition.
We expand ~T ~', the transition probability of the

process, in a power series in v',

~

T ~'= , Q v™—a„( cos8P, u,.), (3)
n=O

The singular character, t)' ' of
~

T ~' when t)'-0,
is explicitly shown. This behavior, which is com-
mon to all FCC theories, results from the Cou-
lomb interaction between the emitted electron and

the moving ion.
%e now expand the coefficients g„ in terms of

I egendre polynomials

Dcl

a„(cos8'p, v.) = Q f)(,"(0, n, )P~(cos8') .

The doubly differential cross section do/dv results
from an integration of

~

T ~' over the final momen-

v'nI'~ cos8' 8',"'
v, ,dv

with

R4'(v ) '="4 ) v' —f '(4P4, )d , () ( f)
a, '

To compare with the measured distributions'(g, 8)
of ejected electrons (8 is the angle between 0 and

v, ), we must consider the spectrometer trans-
mission function" S(o, 0) and integrate do/dt) dQ
= v'(do/dF) over the experimental acceptances in

velocity and angle:

()(v, v)= ff R(v, VS)
' ddvdQ.

0

By substituting our expansion (6) for der/drwe ob-
tain

where

n, g

U&" = v'v'" 'I'& cos8' 8 v, 0 dv dQ.
0

(10)

%e note that for a given experimental arrange-
ment the integrations in Eq. (10) can be performed.
Then the predictions of a theoretical model of the
process are contained in the coefficients BP(u, )
of Eq. (9).

As in the present experiment we are looking for
forward-emitted electrons 8, =8, the integral
over the azimuthal angle C) in (10) is immediate.
Furthermore, as the resolution of our spectrom-
eter can be approximated by a flat disc in v space,
we can take the mean value in the u integral to
obtain

((!"'(v)=4 Rv fv'" 'P, (vv'sv')R(S)s'svdv.
Oft

The geometrical relations between (u, cos8) and
(v', cos8 ) can be easily obtained from Fig. 1.

The coefficients B,'."' can be obtained by fitting
E(l. (9) to the measured electron distributions.
In order to do this we have to introduce some re-
strictions in our discussion:

(a) When performing the integration in (11},
the angular acceptance functions G(8), as seen in

turn of the ion. Since the energy is conserved
during the collision, the integration runs over the
final projectile directions dQ~= sin8~d8~d~:

'
=(4 )'v —"*f )

V)' d,().
o~

Here v is the reduced mass of the ion-atom sys-
tem and v& is the post-collisional ion velocity,
(t)&/v, ) = 1. We finally obtain
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+g(&)U(&) +g(&)U(&)
0 0 1 I, (12)

Here B'"'=B'"'(v ) and U'."'=U'"'(v).i j
The meaning of the terms contained in Eq. (12)

can be understood if we look at the corresponding
approximation to the cross section [Eq. (6)]:

do 1
dv v'
—=—[B' (v )+B' '(v }cos8'

+v'B'"(v, )+v'B"' c. os8']

'U V

+Bo&"(v,.)+Bi"(v,.)cos8' . (13)

Equation (13) contains the dependence of do/dv on
O'. For forward-emitted electrons cosg' = a1 when

v~+v, . It is obvious that the first term in Eq. (13)
represents the well-known spherically symmetric
electron distribution in v space' which, within

the scope of our expansion, must be considered as
a first approximation to do/dv. The second term
introduces an asymmetric singular behavior which

is significant down to v' = ~v —v, ~«v„hence
v = v, The resulting "negative" skewness may be
attributed to the Coulomb attraction of the emitted
electron by the residual parent ion during the col-
lision. The remaining two terms account for the
nonsingular part of the scattering amplitude and

their theoretical interpretation depends on the

approach used to describe the process. It is ob-
vious that the last term introduces an additional
asymmetry which tends to predominate at the
tails of the electron peak. We remark that the
restriction to four terms in Eq. (13) limits the
validity of this equation to high and intermediate
ion energies.

We can write Eq. (12) as follows:

gy(o) gy() g()
Q(v) B(0) U(0) + I U(0) + 0 U(1) ~ 1 U(1)

0 0 g(0) 1 gy(0) 0 ~(0) 1
0 0 0

(12')

Fig. 3, are approximated by the trapezoidal func-
tions defined by the angles 8, and 9» also shown
in this figure.

(b) We limit our discussion to four terms in

Eq. (9) by including in Eq. (3) only terms up to
those linear in v' (n = 0, 1) and using in Eq. (4)
only the first two Legendre polynomials (j =0, 1).
We then obtain

q(v )
—B(o)U(0& + B(0)U(0&

IV. DISCUSSION

TABLE II. Coefficients B(n), obtained from fitting
by Eq. (12') sets of experimental ECC cusps, as seen
in Fig. 6.

Coefficients
Orifice Proton energy (keV)

241 191 104

B(0)
0

A
B
C
D

F

0.35
0.43
0.56
0.85
1.8
6.5

0.40
0.54
0.73
1.1
2.4
8.8

0.79
0.86
1.4
2.2
5.0'

16.0

For given proton velocities v& we have searched
for the sets of four coefficients B&" (v&) contained
in Eq. (13) by fitting Eq. (12) with the aid of a
least-squares subroutine to the data contained in
ensembles of electron spectra; an example was
shown in Fig. 5. As for each fit six different
cusps measured through the wide range in angular
acceptances contained in Table I were used, strong
requirements were imposed which led, at the
larger g, included in the present measurements,
to a rather unique determination of these coeffic-
ients. Table II contains the coefficients that re-
sult at the proton velocities v, =2.04, 2. 76, and
3.11 a.u. , corresponding to proton energies of E,
=104, 191, and 241 keV, respectively. As the
fitting process was performed by using the data
that correspond to cusps normalized at the top
(Fig. 5), the weight factor B,"' varies with the
angular acceptance.

In Fig. 6 we display as an example an experi-
mental cusp obtained E, = 191 keV using a "me-
dium" angular acceptance (8, =1'), with the cor-
responding fitted cusp, as resulting from Eq.
(12). Close to the peak we observe excellent
agreement. Discrepancies of up to 25%%uo are seen
in the peak tails. The quality of fitting became
better for the larger and worse for the smaller
angular acceptances of a given set of cusps. We
conclude that at sufficiently high proton energies
our representation of the cross section do/dv by
the four terms contained in Eq. (13}can be used to
describe measured asymmetric ECC cusps.

It is interesting to observe the relative contri-
butions of the terms contained in Eq. (12). In

Fig. 7 they are shown for the case represented in

Fig. 6. Near to the peak the main contribution to
Q(v) arises from the terms B,"'U,"' and B,"'U,"',
the latter being responsible for the observed

It is then obvious that B("acts as a weight factor
and that, within the approximation used, the shape
of the ECC peak is determined by the remaining
three coefficients.

B(0)/B(»
f 0

B(1)/B )0)
0

B{1)/B(0)
0 0

0.09

-2.6
0.38

-1.3

-0.18 -0.40 -0.26

0.09

-0.43
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strong asymmetry. These two terms could be suf-
ficient to describe Q(v) in a close neighborhood of

v&, which widens as v& increases. The relative
contribution from the remaining two terms be-
comes progressively more important as we pro-
ceed to the far wings of the peak.

In order to test the consistency of our fitting
process we introduced a fifth coefficient B, '

d0' 1
dP v

(14)

of Dettmann et al. ' is used. As a matter of fact,
if the angular acceptance in Fig. 3 had been
approximated by a rectangular distribution of
half-width Hp this term would have led to the sim-
ple expression

g(v) = 2Rv —„ I

= 2R —[(v"+ vv e', )'~' —. v]."V ~0 (16)

As the height 2Rv and the radius H, v of the resolu-
tion volume in Fig. 1 increase with increasing v,
it is obvious that the symmetric cross section
do/dv ~1/v' leads to a skewness of Q(v) towards
higher electron velocities (v &v.}, which is clearly
observable in Fig. 7, and emphasizes the strong
discrepancy with the experimental and fitted cusps
whose asymmetry is towards v& v&. Assuming
v=v in Eq. (16), Dettmann et al.' obtain

~ [(v"+ v'. e', )'i' —v'],
0

(16)

which neglects the linear increase of H, v with in-
creasing v resulting in a symmetric cusp of full
width at half maximum (FWHM):

which, in Eq. (3}would correspond to the inclu-
sion of the quadratic term in v'. By doing this at
the higher proton energies (241 and 191 keV) a sig-
nificant change was produced only in the values of
B, and B,"', while a variation of less than 2lPp

resulted in the coefficients Bp and By, which
correspond to the singular terms in Eq. (13). We
conclude that a better fitting in the far peak tails
would have required the inclusion of additional
parameters. This became more evident at the
lower proton energy (104 keV} where the preci-
sion of the fitting, as given by the least-squares
function, was less accurate. For the lowest pro-
ton energies used in the present experiment it was
not possible to fit each set of six cusps, as mea-
sured with the angular acceptances specified in
Table I, with a single set of parameters.

In Fig. 6 we have also drawn for comparison the
cusp obtained by letting B,"=By By ——0, from
the first term in Eq. (12}only. It results if, in-
stead of Eq. (13), the simplified symmetric cross
section

-02—
I

2.5
I

2.6

fUg

I ( I I

27 v; 28 29
ELECTRON VELXITY Ca.u3

FIG. 7. Contributions of the terms in Eq. (12) to the
fitted cusps Q(v). Note that the peak of Q is shifted to
a velocity slightly lower than p &.

AVD= ~V Hp ~

Equations (11) and (18) have been much used for
comparison with experimental results in gas" "
and solid targets. "'" When comparing mea-
sured cusp widths with ~v~, one should be con-
scious that Eq. (16) does not strictly apply for
a comparison with g(v). It can be shown that the
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FWHM resulting from Eq. (15) is

1 14v=-'v 8
1 —(58 ) ~ 1 —(580)

(18)

For the angular acceptances shown in Table I the
resulting corrections to 4v vary between 5 and
0.2',' they have been neglected in the discussion
that follows.

In the preceding discussion we have used the
parameters S&"~ to describe the shape of our mea-
sured asymmetric peaks. We were able to obtain
the parameters only at the higher end of the pro-
ton energy range covered in our experiment. A
more phenomenological description can be made
by using partial widths at half maximum taken
from the abscissa of the peak top towards lower
(&v ) and higher (4u.) electron velocities, as well
as the total peak width (FWHM): rv= 4v + rv, .
Our equipment permitted us to perform this study
not only as a function of v„but also as a function
of the angular acceptance, which, from now on,
we characterize by 8,. The relative range covered
by 8, (Table I) is 15-fold. In terms of the width
dependence on v,.8, this would be equivalent to an
equal variation in v. and therefore to a relative
range in ion energy which would be 225-fold. We
show in Fig. 8 four experimental dependences of
~v, av„and av on 8„as they result from the
measured cusps at Uk= 3 11, 2.76, 2 04, and 1 31
a.u. For the two highest proton velocities we in-
clude in this figure the partial and total widths as

obtained from the corresponding fitted cusps.
The resulting straight lines through the origin
agree quite well with the experimental widths. We
also include in Fig. 8 the dependence of the total
widths given by Eq. (17). Good agreement with
the widths of the experimental and fitted peaks is
observed. This demonstrates that in spite of the
strong asymmetry of ECC cusps the discussion of
their total width dependence in terms of the simple
&v = &v, 8, of Dettmann et al. ,

' that actually cor-
responds to symmetric cusps, is not invalidated.
However, as we proceed to lower proton velocities,
discrepancies become progressively more evident.
In particular we observe that for 8,-0 the exper-
imental peak widths stay finite. Estimations show
that the angular spread of the incoming proton
beam (&0.1') and the finite-energy resolution of
the spectrometer are insufficient to explain this
effect, which is most obvious at v, =1.31 a.u.
where the experimental bv„bv, and 4v are al-
most independent of the angular acceptance (8,).
We have found neither an experimental nor a pos-
sible theoretical explanation for this effect.

As our measurements permitted the study of the
FWHM (Au) of ECC cusps on both u, and 8„we
combined this information in Fig. 9, where we
represent as a function of v, the slope S obtained
from a linear regression of all our measured
hu(8, ). At larger v, we observe a fair agreement
of the experimental S values with the straight line
of slope —,', predicted by Eq. (17). We also in-

0.1 6

0.08

cn 0
~I- 0.16— I I

y; -1.31 a.u.

I

y, 2.04 a.u. 0

I

0

0.08— X
W sc

~28 y.0 i

~ r~ ~

I I I I

0.5 1.0 1.5 2.0 2.5 0 0.5 1.0 1.5 2.0
ACCfPTANCf ANGLE e. Cdeg)

I

23

FIG. 8. Partial (&v; gv, ) and full (~) widths at half-height, for four proton velocities v&, as indicated. (&&) low-
velocity width, gv . ( ) high-velocity width, &v,. (o) full width, &v. (—), widths of fitted electron spectra. (—-),
widths from Eq. (17).
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CI
lO
c 4

lO

LLJ

c) 3

I I I

1 2 3
PROTON VELOCITY v; (a.u]

FIG. 9. Slopes $ of the total peak width dependences
&v(8p), as a function of the proton velocity v ~. (o), as
obtained from linear regression of experimental &v(8p)
seen in Fig. 8. (x), as obtained from fitted spectra.
(——), as resulting from Eq. (17):

elude in this figure the slopes S which, for g, = 3.11
and 2.76 a.u. , result from the widths of the fitted
cusps. As e, decreases the experimental slopes
stay below the predicted ones. As expected from
the preceding evidence this disagreement becomes
very large at the lowest v .

Finally, we again focus our attention on the
asymmetry of the measured ECC cusps, which we

characterize by a "skewness"-defined by the ratio
of the partial widths

r=nv /&v, .
In Fig. 10 we present r(e, ) for four proton veloci-
ties. It is seen that, within experimental error
limits, the experimental width ratios do not de-
pend on 9,. This shows again, and also for ion

velocities at which we did not fit the measured
spectra, that the skewness of ECC cusps is inde-

pendent of the large changes in widths as deter-
mined by the experimental angular acceptance,
and therefore must be considered as typical for
the ECC cross section.

In Fig. 11 we show the mean values of the mea-
sured width ratios as a function of e,. This mean
skewness appears to go through a maximum at
v, = 2.5 a.u. (E, = 150 keV} and to decrease towards
lower and higher proton velocities. This behavior
is also seen in the evolution of the asymmetry
coefficients (B,' /B, ' ) as a function of the proton
energy (Table II}. We include in Fig. 11 the skew-
ness extracted from Fig. 4 of Ref. 9 which, within

error limits, fits well with our results.

V. CONCLUSIONS

Our detailed study of asymmetries of ECC
cusps, performed with the H'-He collision sys-
tem and at proton velocities between 1.3 and 3.1
a.u. leads to the following conclusions. The peak
asymmetries are intrinsic to the process, they
do not depend on the angular resolution of the
spectrometer used. A divergent asymmetric term
in the scattering amplitude and not simply the
smooth ionization contribution to the cross section
provides the main explanation for the observed
skewness. Such a term is contained in recent
theoretical discussions of ECC for the H'-H
system. ' ". An important result is the confirma-
tion of the evidence that even for bare ions of
charge 1 (protons) the skewness towards lower
electron velocities is remarkable. This result,
which is in accordance with a recent multiple-
scattering theory, " appears to be rather natural
because, when the colliding partners separate,
for projectiles of low Z the interaction of the res-
idual ion with the electron becomes relatively
more important.

Furthermore, we observe that, towards the
higher u. covered in our study, the skewness, de-
fined by the ratio of the partial peak widths

CA 3
LLJ 3

UJ

T

ii
II

I I I

0.5 1.0 1.5 2.0 2.5
ACCEPTANCE ANGLE 8 (deg.)

FIG. 10. Dependence of peak skewness, defined by the
ratio w= Ev /4v, on the angular acceptance 8p, shown
for the proton velocities v&. (x), 3.11; ( ), 2.76; (o),
2.40, and (&), 1.31 a.u. (E&=241, 191, 144, and 43
keV).

I I I

2 3
PROTON VELOCITY (&.U)

FIG. 11.Proton velocity dependence of the mean values
& of peak skewness, as they result from measurements
with different 8p (see Fig. 10). (S), from Fig. 4 or Ref.
9, for 8p= 0.36' only.
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(ae /av, ), tends to decrease. In order to be able
to perform comparisons with theoretical evidence,
it would be necessary to pursue this trend by
measurements performed at higher ion velocities.

In spite of the strong asymmetry of the measured
ECC cusps, at not too low e, , their total widths
4v approximately obey the proportionality to v 80
contained in Eq. (17), which was originally de-
rived for symmetric peaks.

Actually the peak skewness measured and dis-
cussed in this work for the H'-He system, can
already be seen but subsequently, has not been
accounted for in the first evidence for ECC, that

is, in Fig. 2 of the pioneering paper of Crooks
and Rudd. '
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