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The doubly differential energy and angular distribution of electrons ejected into the continuum

from H",He, He'+(0. 2 MeV/u) —Ne, Ar, Kr collision systems are studied. The measured electron

distributions are analyzed in a three-dimensional presentation with a series expansion by using a

three-dimensional fitting procedure. The coefficients are discussed. Some other parameters of the

cusp are also determined and compared with the theory.

I. INTRODUCTION

Since the discovery of the so-called cusp in the electron
spectrum taken at 0' with respect to the beam direction
in atomic collision processes, ' a great number of experi-
mental and theoretical works were devoted to clarify the
details of the phenomenon (see, e.g. , Refs. 3 —5). Al-
though the angular dependence of the cusplike formation
in the neighborhood of 0' has also been studied in several
papers, ' the number of shape studies, at nonzero ob-
servation angles, however, are very few. Meckbach
et al. '' carried out a shape study for the H (105
keV) —He by using the method of the three-dimensional
presentation of the experimental data. A similar study
was performed by Elston et al. ' for 0 (2.4, 5.1, 6.5

MeV/u), O"+(5.9 MeV/u) —He, Ar systems. In both of
these works the shape of the cusp was investigated by the
study of the contour lines at different percentages of the
peak height. Quantitative evaluation of the data and a
comparison with the corresponding theory was given,
however, only in the latter paper (Ref. 12) by determining
the asymmetry parameters from the experimental distri-
bution by means of the fitting procedure.

In such a situation it seems to be justified to determine
similar additional data with a broader set of projectiles
and targets, especially because of there are theoretical
calculations available for the asymmetry parameters. ' '

In the present work a study is carried out for three
diff'erent light-ion projectiles (H, He, He +) and for
three targets (Ne, Ar, Kr) at 0.2-MeV/u impact energy.
The three-dimensional distribution of the forward ejected
electrons was investigated by the method of series expan-
sion' (Legendre polynomilas) and in addition to the
shape studies some other parameters (angular dependence
of the half width and peak position) were also deter-
mined.

II. EXPERIMENTAL SETUP
AND MEASURING PROCEDURE

(ESA-13) made by ATOMKI. The experimental setup
was similar to that used in our earlier work. ' The rela-
tive energy resolution and the half angular acceptance
angle at 0' were set to be +0.5%%uo and 1.1', respectively.

The projectiles were accelerated by the 2.4-MV Van de
Graaff accelerator of the Institute for Nuclear Physics of
the University of Frankfurt am Main. The purity of the
beam was controlled by using a magnetic deflection sys-
tem.

Measured spectra were corrected for the detection
efficiency in the same way as was done earlier. ' The an-
gular correction due to the different target lengths seen
by the spectrometer at different angles is based on the
measuring of the L2-Mz 3 isotropic Auger line of Ar. '

The cusps for studying the electron loss to the continuum
(ELC) and the electron capture to the continuum (ECC)
processes were measured at every 0.5 from 0' to 4'.

The accurate determination of the 0' ejection angle of
electrons with respect to the projectile direction is very
important in this kind of measurement. To satisfy this
demand we evaluated the maximum yield of electrons
measured at different angles that originated from the pro-
cess of electron capture into the continuum states of a
0.5-MeV H+ projectile colliding with the Ar target with
very fine angular steps around the supposed 0' direction.
In order to avoid the systematic errors during the mea-
surement, the electron distributions were measured in
several separate runs at the same collision systems and
they were summed if they satisfied the statistical test de-
scribed in Ref. 18. The relative target density was deter-
mined by measuring the Rutherford scattering of the
0.5-MeV-energy protons on the above-mentioned
different targets.

III. EVALUATION PROCEDURE
AND THEORETICAL DESCRIPTION

A. Evaluation procedure

The electron spectra were taken by a distorted-field
double-pass cylindrical-mirror electron spectrometer

In this work, the method developed by Meckbach
et al. ' was used for the evaluation of the measured elec-
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tron distribution. They proposed to expand the double
differential cross section (DDCS) for ECC and ELC pro-
cess into a finite series,

dc'
dVe

(v,')"B„(u )P (cos8'),
Ve n, j=O

where v, is the electron velocity and v the ion velocity
in the laboratory frame and 0' the ejection angle, v,

' is the
velocity of the electron in the projectile frame, and P are
the Legendre polynomials.

To compare this DDCS with the Q(v„8) measured
electron distribution (8 is the ejection angle of electron in
the laboratory frame), we must consider the S(v„Q, )

spectrometer transmission function and integrate the
do. /dv, over the experimental acceptances in velocity
and angle. Thus

Q(v„8)= g B„(v )U„(u„8),

where

U„,(v„8)=f (v,')" 'P, (cos8')S(v„Q)dv, . (3)

S(v„Q)=F(v, )G(8)H(P), (4)

where p is the azimuth angle of the ejected electron.
The F(u, ) is approximated by a Gaussian function,

whose parameters are determined on the basis of the rela-
tive energy resolution (bE/E) of the spectrometer. The
G(8) and H(P) functions could be calculated from the
geometrical conditions of the spectrometer. G(8) was
well approximated by a trapezoidal function and H(P)
was a multiplication factor at the given measuring angle.
We calculated the Q( u„8) function for the above-
mentioned angles for n =0—2 and j=0—4 and fitted the
measured and calculated electron distribution as a three-
dimensional distribution using a least-squares fitting rou-
tine.

It was found that the values of the B„parameters de-
pend on the size of the velocity volume (in v,' space) used
for the fitting. We used a spherical volume with a U,

raidus around v,'=0. In our case the parameters were
nearly constant if ~v, ~

~0.07 a.u. This is why the fitted
B„values presented in this paper are referred to the
fitting region, with U, =0.07 a.u. radius.

In a number of previous works (e.g., Refs. 19—21) the
electron distribution was measured only at a 0' ejection
angle. In the present study we extend the measurement
and treat the process as a three-dimensional phenomenon
(measuring the electron intensity as a function of the elec-
tron energy and the detection angle around 0 ) and thus
we must regard Q(u„8) as a two-dimensional distribu-
tion.

We supposed that the S(u„Q) transmission function is
separable according to the velocity and the angle at the
present experimental condition and the integration in Eq.
(3) was performed numerically. Thus

B. Theoretical description

Recently Hartley and Walters ' have surveyed the
former theoretical results for the ELC process and at the
same time suggested a new model, which is more con-
sistent than the former ones. They used the impulse ap-
proximation for the singly inelastic (SI) process. To carry
out this procedure, first the knowledge of the cross sec-
tions for elastic electron scattering is needed. By using
the published experimental values the best estimate is ob-
tained for these cross sections. A new procedure to cal-
culate the characteristic features of the doubly inelastic
(DI) process involves the modification of the Born ap-
proximation. These results show a better agreement with
the experimental data than the former ones.

It was shown' ' ' that the collisions mechanism at
0.2-MeV/amu H and He+ impacts is not a pure ELC
process; an ECC contribution also should be present.
Thus it is not expected that even the Hartley-Walters
theory should give good agreement here. That is why we
used a first-order Born approximation [which is good
enough for ELC (Ref. 26)] to describe the SI process for
the sake of simplicity (see details in Ref. 27). The DI pro-
cess, however, is treated in the present work according to
the procedure of Hartley and Walters.

For describing the ECC cusps originating from bare-
ion —atom collision (in our case: He +-Ar, Kr), many
theoretical attempts were published (see the details in
Ref. 28). These models are mostly valid only for the
three-body processes and they can be extended for the He
target by applying H-like wave functions. Recently Jaku-
bassa has carried out calculations for the H+-Ne system
by use of the impulse approximation. These theoretical
approaches describe more or less the singly differential
cross section as a function of the impact energy and the
angular dependence of the location of the top of the ECC
cusp in the electron-energy spectrum, but they do not
give a satisfactory explanation for the asymmetry of the
cusp. Thus it is not expected that the theories concerned
with H-like wave functions can give satisfactory approxi-
mations for our collision systems of the type concerned,
namely, for He + -Ar, Kr. That is why for these systems
there were no calculations carried out in the present
work.

IV. RESULTS AND DISCUSSION

Altogether eight three-dimensional cusps were studied
in the present work. In the following the results on the
shape of the cusps and some other parameters of them
are given.

A. Contour lines of the cusp

In the case of a three-dimensional study of the cusp
phenomenon, the most illustrative and direct way to in-
vestigate the shape of the cusp is the utilization of the
contour lines obtained at some fractional levels of the
height of the cusp. Figures 1 and 2 show the contour
lines obtained from our deconvoluted three-dimensional
experimental spectra [see Eq. (1)]. In Fig. 1 the corre-
sponding theoretical contour lines are also given. The
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DDCS determined from Eq. (1) and from the theories are
infinite at v,

' =0, so the contour lines presented in
dift'erent figures refer to a calculated distribution which
where determined at the same v,

' coordinates in every

case (the smallest ~v',
~

was 0.012 a.u. ). The indicated
numbers in these figures at the diA'erent contour lines
mean the logarithm of the intensity ratio of the given and
the top level (namely, —2.2, —1.8, —1.4, —1.0, and
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—0.6j.
All the results in this paper [full width at half max-

imum (FWHM), asymmetry, etc.] presented in Figs. 3 —5

are determined from the deconvoluted experimental and

the theoretical distribution obtained in the above-
mentioned way. Therefore we cannot present data at 0'
angle.

At first sight it can be stated on the basis of the figures
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target (but not for Ar) after an extrapolation of their
values.

A rough approximate agreement with the theory was
found in the angular dependence of the FWHM (Fig. 4).
This agreement, however, is better for He+ than for H
impact. In the case of He+ a definite target dependence
was also observed which is missing in the theory. The
FWHM as a function of the observation angle was stud-
ied by Duncan and Menendez and Yu and Lapicki, ' but
in the former case the projectiles (H+, H2+ ), in the latter
the targets (hydrocarbons), and in both cases the impact
energies were different from the present ones. However,
their data show a similar dependence as a function of the
observation angle than ours.

C. Location of the maximum of the cusp

In the present study the location of the maximum as a
function of the electron-ejection angle (in the laboratory
frame) was also determined for H and He+ projectiles
and the corresponding calculations were carried out also.
The results are given in Fig. 5. It can be seen that the
target dependence is much smaller for H than for He+
impact. The peak location, however, as a function of the
observation angle is in an agreement with the theoretical
prediction within the experimental errors for the H pro-
jectile. For the He+ projectile, however, the theory does
not predict any dependence on the target species, but

here a definite dependence on target species is observed.
The best agreement between the theoretical and experi-
mental data as a function of the observation angle was
found for the Ne target.

do
dVe

2,n

g Pkpk(cosO') for even k ,
j=o

where P„=Bok /Boo and n is the principal quantum num-
ber of the electron in the projectile.

The DDCS for ECC (Ref. 14) (also in the small-
velocity limit of the electron in the projectile frame) can
be expressed in terms of the isotropic cross section Boo
and the anisotropy coefficients /3k as

do
dVe

oo

/3&PI, (cosg'), k =0, 1,2, . . .
Ue / =O

The spectra obtained with the He + projectile are ex-
pected to be a manifestation of the ECC process while the
data obtained for the He+ and H projectiles are sup-
posed to have a contribution from both ELC and ECC
mechanisms. But the ratio of the different components
depends very strongly on the impact velocity of the pro-
jects]e '

In addition, a part of the measured electron yield (be-

D. Shape study by means of series expansion

Day and Burgodorfer et al. ' showed that the DDCS
has the following form for the electron loss in the Born
approximation if the velocity of ejected electron in the
projectile frame is small:
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side the dominant process, i.e., ELC, ECC, or both) origi-
nates from other mechanisms (e.g. , direct Coulomb ion-
ization of the target, second-order effects, interferences
between the different processes, etc.). ' ' ' ' In the fol-
lowing the processes different from ELC and ECC are
called "background" processes. The estimation and cal-
culation of the contribution of these "background" mech-
anisms in the measured electron spectra are rather
difficult. Burgdorfer' showed that the cross section for
the ECC and the accompanying target ionization process
have the following form in the U,

' expansion:

=a„(v,')", n = —1,0, 1,2, . . .
dve

Equation (7) contains terms [(v,') '~, (v,')'~, (v,') ~,
etc.] which are not included in the expansion of Eqs. (1),
(5), and (6). In this way, the background effects men-
tioned above (different from ELC or ECC process) could
appear in the fitted values of Bp . Therefore the uncer-
tainty of these fitted values orginating from the experi-
ments may be higher.

In our case the convoluted DDCS with p& coefficients
(k =1—4) was not enough to fit the measured electron
yield at the three different projectile systems. We had to
include the n = 1 terms in order to take into considera-
tion the effect of background processes. The best fit (the
normalized gz) was between 1 and 2 if we took into con-
sideration the B„,n =0, 1, j=0,1,2 terms. In Table I the
numerical values of the fitted parameters relative to Bpp
is presented for the various projectile-target combina-
tions. In analyzing the B„-parameters, roughly speaking,
we could not find any definite target dependence (as was
already seen in the case of the contour lines), except for
the Bpp term, so in the following the averaged values of
the individual coefficients over the targets are discussed.

The n =0 terms in Eq. (2) are characteristic of the
measured distribution at the neighborhood of the top of
the peak, while the n =1 terms probe it at the wings. So
the above-mentioned "background" contributions appear
mainly in the n =1 terms. That is why the values of the
PI, parameters are less sensitive to the effect of the "back-
ground" mechanism and they are determined mainly by
the ELC and ECC mechanisms. The observed discrepan-
cies for the values of the n = 1 parameters in the case of

different collision systems (see Ref. 19—21) might be
caused by the different "background" contributions to
the main processes. In the following we discuss the
values of the fitted parameters obtained for characteriz-
ing the ELC and ECC process.

Coefficient Boo. The Boo coefficients are proportional
to the single differential cross section (cf., e.g. , Ref. 32).
The increase of Bpp relative to Bpp for the Ne target as a
function of the target nuclear-charge-number ratio rela-
tive to Ne is linear both for H and He+. However, the
experimental slope values (1.1 and 0.13, respectively) are
much lower than the corresponding theoretical ones (3.9
and 2.9, respectively) obtained on the basis of calculations
according to Sec. III B.

Major asymmetric terms /3, . For all three projectiles
values for /3~ are negative, indicating an asymmetric ve-

locity distribution toward the lower electron velocities (in

v,', space) along the direction of the projectile velocity. It
is, however, the largest in the case of He + projectile. A
large amount of data can be found in the literature on
He + projectiles mainly on a He target. ' The theoreti-
cal values from continuum distorted wave (CDW)
theory' —0.28 and —0.23 from a second Born calcula-
tion for the He +-He system (we obtained these values
from figures presented in the referred articles) are close to
our experimental values (mainly for Kr target) for the
He + bombarding projectile.

The appearance of the nonzero values of this parame-
ter for H and He+ projectiles can be due partly to the
ECC contribution to the cusp, as it was mentioned before
(cf. Ref. 16 and 24), and partly to a new observation ac-
cording to which the shape of the cusp is decisively deter-
mined by the outgoing part of the projectile path
(charge). Recently Yu and Lapicki' have obtained
similar negative values for P, in the case of a 0.6-MeV/u
He+ impact ion and hydrocarbon targets. Elston et al. '

with an 0 + bombarding projectile at higher impact en-
ergies found smaller negative values for the /3, parameter
than ours; this might be explained partly on the basis of
the theoretical model prediction according to which ECC
decreases rapidly with the increasing impact energy (see
Ref. 4).

Values of the P2 parameter The /3& para. meter values
are negative for all the three projectiles. (The reason of
the small positive value in the He+-Ar case is not clear. )

TABLE I. Fitted relative B„,coefficients, for different projectiles and targets.

Proj.

He

He +

Error

Target

Ne
Ar
Kr

Ne
Ar
Kr

Ar
Kr

~01/&Oo =/31

—0.26
—0.17
—0.19

—0.11
—0.22
—0.12

—0.45
—0.28

20%

B02 /Boo =02
—0.30

0.02
—0.16

—0.72
—0.56
—0.82

—0.53
—0.80

20%

Blo/Boo

—1.29
—0.81
—1.10

—2.40
—1.79
—2.19

0.92
2.54

40%%uo

B
l l /Boo

0.25
—0.92
—1.10

—0.27
—0.08
—0.35

0.27
—2.26

60%

B
1 2 /Boo

0.98
0.70

—0.35

3.32
2 ~ 14
3.66

0.74
1.24

20%
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They are very similar for He + and H and lower for
He . The theoretical values of P2 for ELC process are
negative in the high-energy limit and slowly approach the
zero and the positive values with decreasing impact ve-
locity. At lower impact velocities the change is stronger
and the value of P2 become positive around u~ =Z~ (Z~
the nuclear charge of the projectiles) and increases very
rapidly toward zero projectile velocity. The experimental
P2 values from Refs. 11, 12, and 19 (studied with different
projectile-target combinations) and those from the
present work are in an approximate agreement in tenden-
cy with the above-mentioned dependence with respect to
the projectile velocity.

The differences in the values of this P2 parameter at H
and He+ projectiles can be explained in the following
way. In the case of the H projectile the curve of 132

crosses the Pz=0 axis at lower impact velocity than that
for the He+ projectile, because it has a lower nuclear
charge, resulting in larger negative values of the P2 pa-
rameters in the present energy region (see Ref. 26). These
differences are also seen in the theoretical curves present-
ed in Figs. 1(a) and 1(b). However, as was seen for the
case of the )t3, parameter, the ECC occurs for structured
projectiles. The nearly equal p, values in both He+ and
H impacts and the theoretical result from Ref. 14 for the
He -He case indicate that the contribution of the ECC
process to the /32 values is rather small at these energies
and projectiles. Consequently, the 132 parameter must
have higher negative values at H projectiles than for
He+, due to the contribution of the ELC and ECC pro-
cess. The high negative value of 132 (close to —1) means a
strong symmetric transverse-velocity distribution along
the direction of the projectile velocity in the v,

' space
(prolate-contour-line pattern). However, in our cases, for
H and He + projectiles this symmetric distribution is
"distorted" by the effect of the P& parameter, resulting in
the "infolding" in the contour lines, as it can be seen in
Figs. 1 and 2. The effect of the P& parameter is also seen
on the contour lines corresponding to the He projectile
(i.e., asymmetry towards smaller energies).

Regarding the parameter p2 in the case of the He2

projectile, we could not find theoretical values for ECC in
the literature. For the H+-He case the CDW calculation
has similar behavior' to that described for ELC. The ex-
isting few experimental data for bare projectiles on

different targets (see Refs. 19 and 20) together with our
results are not enough to find any tendency in them with
respect to the projectile velocity.

V. CONCLUSIONS

We have studied the three-dimensional electron cusp
(i.e. , DDCS energy and angular distribution of the ejected
electrons) yield for H, He+, He + (0.2 MeV/amu)—
Ne, Ar, Kr collision systems and evaluated them with the
series-expansion method. '

We found that the spectra induced by H, He+, and
He + projectiles do not fit well to the distribution ob-
tained from the ELC and ECC theories [see Eqs. (5) and
(6)]. The necessity of the inclusion of the n =1 terms in
order to get the best fit means the presence of other
"background" effects appearing together with the dom-
inant ELC or ECC mechanism.

The appearance of Pk terms (k odd) in the fitting of the
electron spectra obtained from H, He+ —Ne, Ar, Kr col-
lision processes, which are in contradiction with ELC
theoretical prediction [see Eq. (5)] might be the conse-
quence of the ECC mechanism at structured projectiles.

The observed difference in the special shape of the
measured double differential electron distribution (see
Fig. 1) at H and He+ projectiles can be understood qual-
itatively by the difference between the ELC process and
the presence of the ECC mechanism at structured projec-
tiles.

In this work the above-mentioned processes were con-
sidered in its completeness in the forward direction. Fur-
ther investigations would be very important in under-
standing the mechanism which produces the cusp in
more detail. It is also important to decrease the errors in
the values of the 8, parameters caused by different
"background" effects. Coincidence measurements would
be helpful. It should also be mentioned here that the ap-
proximation in the spectrometer transmission function
could cause errors in the values of the parameters also.
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