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We have measured and calculated doubly differential single-ionization cross sections for 50–150-keV
p1He collisions as a function of the projectile energy loss and scattering angle. The measured cross sections
were put on an absolute scale by normalizing the integrated cross sections to known total cross sections. Clear
effects of the postcollision interaction~PCI! were observed in the scattered projectile spectra. Our singly
differential cross sections as a function of projectile energy loss do not agree with corresponding cross sections
obtained from electron spectroscopy. These discrepancies are attributed to the PCI. Our calculations including
the PCI reproduce the shape of our data quite well; however, there are discrepancies in the absolute magnitude.
@S1050-2947~96!06807-2#

PACS number~s!: 34.50.Fa, 34.50.Bw

INTRODUCTION

Ion-atom collisions have been studied for many decades.
Nevertheless, even the most fundamental inelastic processes
~excitation, capture, and ionization! occurring in the most
simple collision systems are not completely understood.
From a theoretical point of view, the basic problem is that
the Schro¨dinger equation is not solvable for more than two
bodies without using approximations. The major difficulties
one encounters are quite different in nature for the three fun-
damental processes mentioned above. State-selective excita-
tion cross sections, both total and differential in the projectile
solid angle, are reproduced reasonably well by various cal-
culations@1,2#. However, not much experimental data is cur-
rently available on the magnetic substate population in exci-
tation processes for heavy projectiles. Although such data for
electron impact have been available for many years@3#, for a
long time these data were not reproduced by calculations
even qualitatively@4#. It is only very recently that theoretical
calculations have been performed which are in accord with
experiment@5#. In the case of capture processes, a major
theoretical problem arises from the fact that the electron
changes its frame of reference during the collision. The cor-
rect description of this change of frame of reference is a
difficult task, involving the introduction of translational fac-
tors @6,7#. Ionization is perhaps the most difficult process to
treat theoretically. One major problem is the description of
the continuum state of the ionized electron. Because of the
long-range nature of the Coulomb force it is critical to prop-
erly represent the asymptotic behavior of these continuum
states by three-body Coulomb wave functions@8,9#. Further-
more, reaction channels other than ionization can be coupled
to the continuum. This can lead to complex interference ef-
fects in the ionized electron spectra@10#.

Because of the problems related to the long-range nature
of the Coulomb force, it is clear that in perturbation theory it

is not sufficient to treat ionization using a first-order calcu-
lation. Madison@11# has shown that treating the target ion-
electron interaction to all orders leads to a much better de-
scription of measured electron spectra for ionizing collisions
than first-order calculations. However, it is also well known
that the projectile-electron interaction must be treated be-
yond first order as well. In the pioneering experiments of
Crooks and Rudd@12# and Harrison and Lucas@13# for pro-
ton impact ionization, pronounced, cusp-shaped peaks were
found in the ionized electron spectra at electron energies cor-
responding to the projectile velocity for emission angles near
0°. It was shown that these cusp electrons owe their exist-
ence to the fact that the electrons experience the projectile
field even after traveling a long distance from the collision
region. Due to this projectile-electron interaction after the
projectile-target collision@postcollision interaction~PCI!# the
ionized electron is focused toward the projectile, which leads
to the cusp peak at an electron energy corresponding to the
projectile velocity. Therefore, the PCI, which is not taken
into account by first-order calculations, has to be properly
treated by theories on electron emission in the forward direc-
tion @14,15#.

Since the initial discovery of cusp electrons, the impor-
tance of the PCI in ionizing collisions was established in a
large number of experiments@16–25# and theoretical studies
@26–29#. One conclusion that was drawn from these studies
was that even though cusp electrons are important for emis-
sion angles near 0°, their contribution to the cross sections
integrated over all electron angles was insignificant. Olson
et al. @28# and Gayet al. @19# reported indications that the
PCI can also lead to an enhancement of electrons traveling
on the saddle of the potential between the projectile and the
target nucleus. Recently, we have reported evidence that the
much heavier projectile can also be significantly affected by
the PCI@25#. Clear effects of the PCI were observed in the
doubly differential ionization cross sections as a function of
the projectile scattering angle and the ionized electron en-
ergy. Furthermore, it was concluded that the contributions
from cusp electrons to these doubly differential cross sec-
tions are not negligible, even though they are integrated over
all electron angles. Similar effects were also seen in our cal-
culations which included the PCI. That work was focused on
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the shape of the doubly differential cross sections as a func-
tion of scattering angle and the electron energy. In this paper
we present absolute magnitudes of both the doubly differen-
tial cross sections and singly differential~integrated over
scattering angle! cross sections. We show that even in these
singly differential cross sections as a function of electron
energy there is an observable effect of the PCI between the
projectile and the ionized electron leading to cusp electrons.
We compare our data to singly differential cross sections
obtained by electron spectroscopy@30,31#. In these latter
studies, electrons were only measured for emission angles of
10° and larger. Since cusp electrons are strongly forward
peaked, they were thus heavily suppressed in these measure-
ments.

EXPERIMENT

The experiment was performed on the ion energy-loss
spectrometer~IELS! at the University of Missouri—Rolla.
The schematic of the apparatus is shown in Fig. 1. A proton
beam with a very narrow energy spread~!1 eV! was pro-
duced in a hot cathode ion source and extracted at an energy
of 2 keV. The beam was then accelerated to energies of 50,
75, 100, and 150 keV and steered through a differentially
pumped target gas cell. A set of slits right in front of the gas
cell was used to collimate the beam to a size of 0.1 mm30.1
mm. The projectile charge states after the collision were
separated with a switching magnet. The protons then passed
through a solid-angle defining collimator and were deceler-
ated to an energy of 2 keV. The projectiles were energy
analyzed using a 45° parallel plate analyzer@32# and detected
by a discrete dynode electron multiplier.

The energy analyzer was set to a fixed pass energy of 2
keV. Projectile energy-loss spectra were taken by scanning
an offset voltageDV on the accelerator relative to the decel-
erator. After acceleration, but before the collision region, the
protons therefore had an energy of 2 keV1~Vdec1DV!q,
whereVdec is the decelerator potential and 2 keV comes from
the ion source extraction. After the collision and after decel-
eration the energy was 2 keV1DV2e, wheree is the energy
loss the projectiles suffered in the collision. When the energy
loss was equal to the offset voltage, the protons entered the
energy analyzer with the pass energy and were detected. The
projectile scattering angle was scanned by pivoting the ac-
celerator about the center of the target chamber.

For each projectile energy, the measurements consisted of
three parts. First, an angular scan of the incident beam~zero
energy loss! with no target gas was taken. From the angular
distribution of the incident beam, we found an overall angu-
lar resolution of675mrad. Second, an energy-loss spectrum
was taken for the target gas covering a range from25 eV to
either 80 or 150 eV~depending on projectile energy! for a
fixed scattering angle of 0°. The width of the peak represent-
ing the incident beam~zero energy loss! indicates an overall
energy resolution of 1.5 eV full width at half maximum
~FWHM!. These energy-loss spectra enabled us to determine
relative doubly differential ionization cross sections at 0° as
a function of the energy loss. Finally, the angular distribution
of protons with fixed energy loss was measured. These mea-
surements were then repeated for energy losses ranging from
26 eV to either 80 or 150 eV~depending on projectile en-
ergy!. The angular distribution of the incident beam~zero
energy loss! from the first measurement was used to decon-
volute the incident beam divergence@33# from the measured
angular distributions of the ionizing protons obtained in the
third measurements. From this procedure we obtained rela-
tive doubly differential ionization cross sections at fixed en-
ergy losses as a function of scattering angle. From the com-
bination of the second and third measurements, we thus
obtained relative doubly differential ionization cross sections
as a function of both scattering angle and projectile energy
loss. The cross sections were put on an absolute scale by
normalizing the cross sections integrated over both scattering
angle and energy loss to accurately known total ionization
cross sections@34#. A target pressure dependence was taken
to ensure single collision conditions. The experiment was
performed with a target pressure of 50 mTorr over a length
of about 1 cm.

RESULTS AND DISCUSSION

In Fig. 2 we show a three-dimensional plot of the relative
doubly differential cross sections as a function of the projec-
tile scattering angle and the ionized electron energy for a
projectile energy of 50 keV. The electron energy is given by
the projectile energy loss minus the ionization potential.

FIG. 1. Schematics of the ion energy-loss spectrometer.

FIG. 2. Measured doubly differential ionization cross sections
for 50-keV p1He collisions as a function of the projectile scatter-
ing angle and the ionized electron energy.
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These cross sections drop rapidly with increasing scattering
angle and ionized electron energy. Furthermore, there is a
pronounced shoulder at an electron energy around 25 eV for
small scattering angles. This energy approximately corre-
sponds toEe5m/MEp , whereEe is the electron energy,Ep
is the projectile energy, andm/M is the electron-to-
projectile-mass ratio. Electrons with this energy move at the
same speed as the projectile~matching velocity!. For all pro-
jectile energies which we measured, a structure was observed
around an electron energy corresponding to the matching
velocity. In an earlier article@25#, we demonstrated that these
structures are due to the postcollision interaction between the
ionized electron and the outgoing projectile, which is the
same mechanism leading to the well-known cusp peak in the
electron spectra.

As mentioned above, absolute doubly differential ioniza-
tion cross sections were obtained by normalizing the relative
cross sections integrated over both ionized electron energy
and projectile scattering angle to well-known total cross sec-
tions @34#. These absolute doubly differential cross sections
are listed for all projectile energies in Tables I–IV and they
are displayed for a subset of electron energies as the solid
circles in Figs. 3–6. In these plots, the cross sections are
presented for fixed incident projectile energies and fixed
ejected electron energies as a function of the projectile scat-
tering angle. For proton scattering angles larger than about 1
mrad, the count rate of projectiles coming from collisions
with the He target gas was not much larger than the back-
ground count rate coming from collisions with the residual
gas and from dark counts of the detector. Therefore, at these

TABLE I. Measured doubly differential ionization cross sections as a function of the projectile scattering angle and the ionized electron
energy for 50-keVp1He collisions.

d2s/dV dE ~10213 cm2/sr eV!

u ~mrad! 1 eV 5 eV 10 eV 17 eV 22 eV 23 eV 26 eV 27 eV 29 eV 31 eV 40 eV 45 eV

0 115 88 75 54 52 50 40 33 24 19 9.8 7.2
0.04 114 85 71 52 51 51 37 31 24 18 10 7.6
0.06 108 81 69 51 52 47 37 31 24 18 9.6 7.3
0.08 97 80 66 48 45 46 32 28 23 18 9.1 7.1
0.10 91 75 59 45 44 42 30 28 22 18 8.7 6.7
0.15 70 58 48 36 36 34 24 24 19 16 8.5 6.5
0.20 48 43 36 29 29 27 18 20 17 13 7.6 5.9
0.25 32 30 27 21 20 19 15 16 13 11 6.6 5.3
0.30 21 18 19 14 15 14 11 11 10 8.5 5.5 4.4
0.35 12 12 12 10 11 9.6 9.3 8.0 7.9 6.7 4.8 3.7
0.40 8.3 8.0 8.8 7.2 7.8 7.2 6.1 5.7 5.4 5.5 3.7 3.1
0.45 7.4 5.6 7.5 5.6 6.2 5.9 5.4 4.8 4.4 4.2 2.9 2.8
0.50 4.5 4.1 4.5 3.9 4.4 4.2 3.9 3.4 3.6 3.2 2.3 2.4
0.55 3.7 3.3 3.6 3.2 3.7 3.1 2.8 3.0 3.0 2.9 2.1 2.2
0.60 3.4 3.0 3.1 2.9 3.0 3.0 2.5 2.7 2.5 2.7 1.7 1.6
0.65 2.7 2.4 2.3 2.4 2.4 2.1 2.4 2.3 1.9 2.0 1.7 1.2
0.70 2.2 2.7 2.4 2.3 2.3 2.4 2.0 2.3 1.7 1.4 1.7 0.8

TABLE II. Same as Table I for 75 keV.

d2s/dV dE ~10213 cm2/sr eV!

u ~mrad! 1 eV 5 eV 10 eV 20 eV 25 eV 30 eV 35 eV 38 eV 40 eV 42 eV 45 eV 50 eV 55 eV

0 184 132 92 56 48 42 36 31 23 18 15 11 8.5
0.05 154 138 102 48 42 42 34 37 27 21 15 10 7.7
0.10 117 112 79 44 38 37 29 29 20 17 13 9.6 7.4
0.15 86 85 62 36 31 30 23 24 16 14 12 8.4 7.0
0.20 49 56 46 27 25 23 19 19 13 13 10 7.7 5.5
0.30 22 24 22 13 13 13 12 12 8.6 7.9 6.9 5.1 4.1
0.40 9.6 8.4 10 6.7 6.3 5.5 6.0 6.7 4.5 4.1 4.0 3.2 2.8
0.50 3.5 3.3 4.0 2.6 2.0 2.3 3.4 3.4 3.2 2.5 1.9 2.0 1.7
0.60 2.3 2.1 2.2 1.8 1.0 1.3 1.8 2.1 1.6 1.6 1.2 1.1 0.90
0.70 2.4 1.3 1.5 0.84 0.84 0.91 1.1 1.3 0.69 0.79 0.88 0.55 0.60
0.80 1.2 1.0 0.92 0.57 0.44 0.87 0.58 0.76 0.52 0.48 0.55 0.39 0.51
0.90 0.61 0.60 0.32 0.55 0.67 0.57 0.64 0.47 0.44 0.35 0.63 0.54 0.36
1.00 0.32 0.61 0.40 0.54 0.28 0.45 0.46 0.60 0.41 0.46 0.37 0.26 0.22
1.20 0.21 0.23 0.24 0.37 0.24 0.14 0.25 0.34 0.13 0.12 0.09 0.24 0.23
1.50 0.04 0.21 0.19 0.19 0.09 0.15 0.07 0.03 0.14 0.18 0.09 0.13 0.07
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large scattering angles, the experimental uncertainties are
quite large. At scattering angles smaller than 1 mrad, in con-
trast, the statistical errors are negligible. Here, the experi-
mental uncertainties are mainly due to the deconvolution of
the incident beam profile and due to the normalization pro-
cedure. The deconvolution affects scattering angles near 0°
particularly sensitively so that here the uncertainties are
larger than at intermediate angles, in spite of the larger count
rate at small scattering angles.

In Figs. 3–6 we also compare the experimental data to our
calculations. The dashed curve shows a distorted-wave Born
calculation@11# which treats the target ion-electron interac-
tion to all orders. The projectile-electron interaction, in con-
trast, is only included in first order so that the PCI is taken
into account only very weakly. Furthermore, the target
nucleus-projectile interaction is not included either, so that

the projectiles are only deflected by their interaction with the
electron. Nevertheless, this calculation has been demon-
strated to reproduce ionized electron spectra forp1He col-
lisions at projectile energies as low as 50 keV reasonably
well @11,35#. The full curve represents the same type of Born
calculation as the dashed curve; however, here the PCI is
incorporated following the method of Salin@15#. In this
method the PCI is included by multiplying the transition am-
plitudes by a Coulomb factor which is proportional to
(ve2vp)

21, whereve andvp are the electron and projectile
velocities. For convenience, we call the Born calculation
without PCIB1 and the one with PCIB2. The open circles
in Figs. 3, 5, and 6 show our classical trajectory Monte Carlo
calculations~CTMC!. This calculation includes the PCI as
well as the interaction between the projectile and the target
nucleus.

TABLE III. Same as Table I for 100 keV.

d2s/dV dE ~10213 cm2/sr eV!

u ~mrad!
5
eV

10
eV

15
eV

20
eV

25
eV

30
eV

35
eV

40
eV

42
eV

44
eV

45
eV

48
eV

50
eV

53
eV

55
eV

60
eV

65
eV

75
eV

0 138 91 65 56 44 26 31 25 25 44 24 23 23 19 17 12 9.1 7.2
0.05 112 78 50 49 36 35 30 25 29 23 23 21 20 17 14 12 8.8 7.1
0.10 88 62 43 42 30 29 28 22 21 20 19 17 17 14 14 11 8.2 6.0
0.15 61 43 32 32 23 25 24 18 17 16 16 14 15 12 12 9.5 6.9 5.8
0.20 36 27 21 23 16 18 17 15 14 12 13 11 12 10 9.0 8.3 6.0 5.0
0.30 14 13 8.8 11 8.2 9.3 9.0 8.5 8.1 7.4 7.8 6.2 6.8 6.0 5.3 5.1 4.2 3.8
0.40 4.9 5.6 3.6 4.8 4.9 4.4 4.6 3.7 3.8 4.2 3.3 3.3 3.1 3.3 3.3 3.2 2.4 2.5
0.50 2.0 2.1 1.1 2.2 1.7 1.6 1.9 1.9 2.2 1.9 1.6 1.6 1.3 1.7 1.8 1.3 1.4 1.4
0.60 1.7 1.6 0.79 1.3 1.1 1.0 0.96 0.63 1.2 1.0 0.97 1.1 0.78 1.1 1.0 0.74 0.84 0.85
0.70 0.69 0.96 0.53 0.69 0.98 0.38 0.49 0.40 0.56 0.51 0.44 0.50 0.52 0.60 0.62 0.47 0.45 0.50
0.80 0.56 0.57 0.27 0.46 0.36 0.63 0.44 0.38 0.44 0.57 0.38 0.51 0.43 0.40 0.40 0.26 0.27 0.30
0.90 0.37 0.51 0.33 0.28 0.25 0.37 0.43 0.38 0.18 0.14 0.25 0.19 0.24 0.31 0.30 0.21 0.22 0.27
1.00 0.15 0.19 0.04 0.25 0.18 0.22 0.20 0.35 0.19 0.21 0.20 0.23 0.14 0.15 0.37 0.16 0.17 0.17
1.20 0.07 0.05 0.04 0.03 0.07 0.11 0.07 0.15 0.13 0.11 0.46 0.06 0.09 0.66 0.18 0.12 0.13 0.09
1.50 0.01 0.02 0.04 0.06 0.03 0.11 0.03 0.08 0.02 0.07 0.09 0.07 0.06 0.08 0.08 0.06 0.05 0.04

TABLE IV. Same as Table I for 150 keV.

d2s/dV dE ~10213 cm2/sr eV!

u ~mrad! 5 eV 15 eV 25 eV 35 eV 45 eV 55 eV 65 eV 75 eV 77 eV 79 eV 81 eV 83 eV 85 eV 95 eV

0 153 71 46 32 22 16 12 9.9 9.5 8.6 7.6 6.6 5.6 4.2
0.05 132 61 41 29 21 13 12 9.7 8.8 8.1 8.2 6.8 6.3 4.2
0.10 98 43 32 23 18 12 11 9.1 7.6 7.7 7.1 5.7 5.4 3.7
0.15 65 31 25 17 16 9.7 9.2 7.2 7.2 6.8 6.1 5.3 4.7 3.3
0.20 30 16 15 12 12 7.5 7.1 6.5 5.8 5.3 4.9 4.5 4.0 3.0
0.30 9.8 6.9 6.5 7.6 6.6 4.1 4.4 3.8 3.7 3.6 3.3 2.5 2.7 1.9
0.40 2.5 3.0 2.8 3.3 2.8 2.2 2.0 2.2 1.9 2.1 1.6 1.4 1.5 1.2
0.50 0.66 0.99 0.70 1.1 1.2 0.90 0.92 1.1 1.0 0.96 0.81 1.1 0.93 0.73
0.60 0.46 0.42 0.44 0.84 0.85 0.61 0.40 0.67 0.64 0.61 0.77 0.43 0.66 0.61
0.70 0.65 0.17 0.24 0.52 0.35 0.39 0.13 0.45 0.50 0.40 0.94 0.23 0.39 0.31
0.80 0.42 0.13 0.19 0.43 0.44 0.30 0.19 0.30 0.24 0.41 0.40 0.16 0.29 0.24
0.90 0.30 0.17 0.19 0.33 0.28 0.28 0.26 0.32 0.24 0.18 0.26 0.18 0.24 0.21
1.00 0.33 0.27 0.14 0.20 0.33 0.32 0.17 0.35 0.10 0.15 0.24 0.22 0.22 0.25
1.20 0.24 0.06 0.03 0.18 0.18 0.12 0.14 0.20 0.16 0.47 0.20 0.16 0.17 0.23
1.50 0.12 0.14 0.11 0.10 0.14 0.13 0.29 0.23 0.18 0.18 0.20 0.29 0.14 0.20
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At a projectile energy of 50 keV and for small electron
energies, the CTMC calculation is in nearly perfect agree-
ment with the data. Both Born calculations describe the
shape of the measured cross sections well, but they some-
what overestimate the magnitude for small electron energies.
At an electron energy of 25 eV, which is the energy where
the cusp peak occurs in the electron spectra at this projectile
energy, the shape of theB1 calculation is significantly dif-
ferent from the shape of the experimental data. Both calcu-
lations including the PCI~CTMC and B2!, on the other
hand, describe the shape quite well, even though the agree-
ment is not very good in the absolute magnitude. The CTMC
calculation shows increasing discrepancies in the absolute
magnitude to the data with increasing electron energy. A
similar comparison between the theories and the data is ob-
served for electron energies above the cusp energy. How-

ever, with increasing electron energy, the difference between
the two Born calculations decreases systematically.

With increasing projectile energy, the agreement of the
B2 and the CTMC calculations with the experimental data
becomes increasingly better. At 150 keV the agreement of
both calculations with the data is quite good both in magni-
tude and shape. TheB1 calculation, in contrast, still shows
significant discrepancies except for small electron energies.
The CTMC calculation tends to exhibit better agreement
with the data for large scattering angles than theB2 calcu-
lation. This can be understood by the fact that theB2 calcu-
lation does not include the projectile-target nucleus interac-
tion. Therefore, in the Born calculation the projectile can
only be deflected from the target electron. For a proton scat-
tering from a free electron at rest, there is a classical maxi-
mum scattering angle of 0.55 mrad. The contributions in the

FIG. 3. Doubly differential
ionization cross sections as a func-
tion of the projectile scattering
angle for a subset of fixed electron
energies for 50-keVp1He colli-
sions. The solid points are the ex-
perimental data, the dashed curve
shows our Born calculation with-
out PCI, the solid curve our Born
calculation with PCI, and the open
circles represent the CTMC calcu-
lation.
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B2 calculation above this angle are primarily due to the mo-
mentum distribution of the electron in the initial target state.
Nevertheless, due to the missing projectile-target nucleus in-
teraction, the contributions at large scattering angles are
strongly underestimated.

The better overall agreement of theB2 and CTMC calcu-
lations with the data compared to theB1 calculation suggests
that the doubly differential cross sections are significantly
affected by the PCI. In particular, the shape of the measured
cross sections is much better reproduced by the calculations
including the PCI. This is illustrated in Fig. 7, where the half
widths at half maximum of the angular distributions of the
doubly differential cross sections for fixed electron energies
are plotted as a function of electron velocity relative to the
projectile velocity. The symbols and curves have the same
meaning as in Figs. 3–6. In the case of the experimental

data, the widths were obtained from a fit of a combination of
a Gaussian and a Lorentzian function to the data. The mea-
sured widths show the expected general trend, i.e., they in-
crease with increasing electron velocity. However, contrary
to our expectation, at the matching velocity~ve/vp51!,
which corresponds to the cusp energy, a distinct change of
the slope is observed. Below the matching velocity, the
width increases relatively slowly while it increases much
more steeply above the matching velocity. This effect ap-
pears to become weaker with increasing projectile energy
and it is not observed at 150 keV. Qualitatively, the CTMC
andB2 calculations show similar features. Both calculations
also show a change of slope and in some cases even a mini-
mum is observed near the matching velocity. At the low
projectile energies, there appears to be some indication for
such minima in the experimental data as well; however, at

FIG. 4. Same as Fig. 3 but for
75 keV.
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the higher projectile energies there are certainly no minima
as pronounced as in theB2 calculation. Otherwise, these
calculations are in fair agreement with the data. TheB1 cal-
culation, in contrast, drastically overestimates the widths
with the largest discrepancies occurring at the matching ve-
locity. In a recent paper, we have interpreted these observa-
tions as due to the postcollision interaction@25#.

In the electron spectra obtained directly from electron
spectroscopy, the cusp electrons are only observed at elec-
tron emission angles around 0°. It was therefore assumed
that the PCI has a significant effect only on cross sections
doubly differential in the electron energy and the electron
ejection angle, and it was thought to be negligible in the
cross sections integrated over all electron angles. In our ex-
periment, the cross sections are automatically integrated over
all electron angles. Our results thus appear to call the above

assumptions into question. On the other hand, it should be
noted that our cross sections are differential in the projectile
angle. Furthermore, it cannot be ruled out that the projectile
angle is correlated with the electron angle such that if one
selects small projectile scattering angles, small electron
emission angles are favored as well. In that case the impor-
tance of the PCI in our doubly differential cross sections
would be less surprising at least for the small scattering
angles, where indeed the effect of the PCI appears to be most
pronounced~see Fig. 2!. It is therefore important to also
analyze the singly differential cross sections integrated over
all projectile angles.

In Figs. 8–11 we show the ionization cross sections singly
differential in the ionized electron energy as a function of the
ratio of the electron velocity to the projectile velocity~rela-
tive electron velocity!. The data show similar features as the

FIG. 5. Same as Fig. 3 but for
100 keV.
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electron energy dependence of the doubly differential cross
sections at small scattering angles~see Fig. 2!. At projectile
energies of 50 and 75 keV a clear shoulder structure is ob-
served at the matching velocity. Again, this effect becomes
weaker with increasing projectile velocity and no significant
structure is seen at 150 keV. At 75 keV there appears to be
an enhancement of the cross sections at electron velocities
just below the matching velocity. This can be attributed to
autoionization resonances for the (2p2)1D and (2s2p)1P
states. For a projectile energy of 75 keV, the resonance en-
ergies for these states correspond to a relative electron ve-
locity close to one. The fact that we even find a structure at
the matching velocity in the singly differential cross sections
integrated over both the electron and the projectile angle
shows that the effects of the PCI on the doubly differential
cross sections are not merely due to a correlation between the

projectile angle and the electron angle.
Our conclusion that the PCI significantly affects even the

singly differential cross sections is also supported by our
calculations. TheB1 calculation, which does not include the
PCI, does not show any structure at the matching velocity
and it does not describe the shape of the experimental data
well. The same calculation with the PCI included (B2), on
the other hand, exhibits a very similar shoulder structure as
the data at the matching velocity and describes the shape of
the data fairly well. In the CTMC calculation, the effect does
not appear to be as obvious probably due to the fewer calcu-
lated points. However, comparing the calculated points be-
low the matching velocity to those above the matching ve-
locity shows that there must be a change of slope somewhere
around the matching velocity, at least for 50 keV.

While our B2 calculation is in good agreement with the

FIG. 6. Same as Fig. 3 but for
150 keV.
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shape of the data, there are significant discrepancies in the
magnitude especially for the low projectile energies. This is
a result of thead hocmethod used to treat the PCI in this
calculation. The PCI is accounted for by multiplying the
scattering amplitudes by a Coulomb function, which has the
form 1/(uve2vpu). This will always increase the cross sec-
tion near the velocity match and thus the total electron flux is
not conserved in this calculation. On the other hand, the true
effect of the PCI is just to redistribute the electron flux after
the ionization process and thus it should not affect the total
flux.

This total electron flux problem introduced by the PCI in
our B2 calculation does not occur in the continuum
distorted-wave~CDW! calculation by Gulyaset al. @36#.
This calculation is very similar to theB2 calculation in that
it also treats the target potential to all orders. However, the
PCI is accounted for in a different way. In the CDW calcu-
lation, the PCI is incorporatedab initio in terms of a phase
factor that the presence of the projectile potential after the
collision introduces to the transition amplitude. Depending
on the phase factor, the transition amplitude can now be
either increased or decreased by the PCI and the total elec-
tron flux is not necessarily increased.

The CDW calculation is shown in Figs. 8–11 as the dash-
dotted curves. Here, too, a shoulder structure at the matching
velocity is apparent especially at the lower projectile ener-

gies. In the CDW calculation, the structure is not quite as
pronounced as in theB2 calculation, but it is consistent with
our data. A comparison in the magnitude of the CDW calcu-
lation, the experimental data and the two Born calculations
also indicates that there does not appear to be the total elec-
tron flux problem encountered in theB2 calculation. The
CDW calculation is in reasonable agreement with the mag-
nitude in the data while theB2 calculation significantly over-
estimates the cross sections for small projectile energies. At
the same time, the CDW andB1 calculations appear to yield
similar cross sections integrated over the electron energy.
Overall, the CDW calculation shows very good agreement
with the data at small projectile energies. At higher projectile
energies, increasing discrepancies in the shape are observed,
while the agreement of theB2 calculation is improving.

It is also interesting to compare our measured singly dif-
ferential cross sections to those obtained by electron spec-
troscopy. The stars in Figs. 8–11 show the electron data by
Chenget al. @31#. These data were not normalized to known
total cross sections as were our data. The integrated cross
sections of Chenget al. are somewhat different but, within
experimental uncertainties, not inconsistent with our inte-
grated cross sections. Significant differences between our
data and those of Chenget al. are observed at the low pro-
jectile energies in the shape of the cross sections differential

FIG. 7. Widths of the angular distributions of the doubly differ-
ential ionization cross sections as a function of the electron velocity
relative to the projectile velocity. The curves and the open symbols
represent the same calculations as in Fig. 3.

FIG. 8. Singly differential ionization cross sections as a function
of the ionized electron velocity relative to the projectile velocity for
50-keV p1He collisions. The stars show experimental data of
Chenget al. @31# taken by electron spectroscopy. The dash-dotted
curve is a CDW calculation by Gulyaset al. @36#. All the other
symbols have the same meaning as in Fig. 3.
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in the electron energy, however. Specifically, the electron
data of Chenget al. do not show any structure near the
matching velocity; rather, the cross sections just fall off
monotonically with increasing electron velocity. At 50 keV,
however, there appears to be a structure at an electron veloc-
ity considerably below the matching velocity. These differ-
ences in the shape of the cross sections between our energy-
loss data and the electron data can also be understood in
terms of the PCI. In this context it is important to point out
that the electron data were only taken for electron emission
angles of 10° and larger. This means that most of the contri-
butions from cusp electrons, which are mainly emitted in the
forward direction, will not be seen. Our experiment, in con-
trast, automatically integrates over all electron angles. It is
therefore not surprising that the effects of the PCI are more
prominent in our data. At high projectile energies, where the
influence of the PCI appears to be reduced, our data are in
agreement with the electron data within experimental uncer-
tainties.

The comparison of our measured singly differential cross
sections to various calculations with and without the PCI as
well as to the electron data, in which the PCI is suppressed,
leads us to conclude that the PCI is very important even in
the singly differential cross sections integrated over both the
projectile scattering angle and the electron ejection angle,
especially at small projectile energies. Gibson and Reid@37#
have obtained an estimate for the total cusp electron produc-
tion cross section for the same collision system and projectile
energy regime as studied in this work. At 50 keV, for ex-
ample, they obtained a value of about 2310218 cm2. Along

FIG. 9. Same as Fig. 8 but for 75 keV.
FIG. 10. Same as Fig. 8 but for 100 keV.

FIG. 11. Same as Fig. 8 but for 150 keV.
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with the experimental width of the cusp peak~4 eV FWHM!
in their work we crudely estimate the cross section differen-
tial in electron energy to be about 5310219 cm2/eV at the
cusp energy, which is about 20% of our measured differen-
tial ionization cross section. This value is consistent with the
difference between our data and those of Chenget al.There-
fore, if one wants to determine singly differential ionization
cross sections using electron spectroscopy, it is very impor-
tant to take data at emission angles near 0°.

CONCLUSIONS

We have measured and calculated single ionization cross
sections doubly differential in the projectile scattering angle
and the ionized electron energy. We have for the first time
observed the effects of the postcollision interaction on the
heavy projectile spectra, both in the energy and in the angu-
lar dependence. By integrating over the projectile angle we
also obtained singly differential cross sections as a function
of the ionized electron energy. Our data show that the PCI
significantly affects even the singly differential cross sec-
tions integrated over both the electron and the projectile
angle, contrary to previous belief. A comparison with data
obtained from electron spectroscopy shows that in electron

measurements of singly differential cross sections it is criti-
cal to take data for electron angles around 0°.

It has been shown previously that, in theoretical calcula-
tions of single-ionization cross sections it is important to
treat the target potential to all orders. Here, we demonstrated
that the interaction between the projectile and ionized elec-
tron has to be treated beyond first order as well. Specifically,
the long-range nature of the Coulomb force between the two
free particles, leading to the PCI, can only be described in a
higher-order treatment. In this context, our data provide a
sensitive test case for the proper representation of the asymp-
totic three-body Coulomb wave function which is important
for the description of the PCI. However, we also found that a
classical treatment, which inherently includes the PCI, pro-
vides a good qualitative description of the ionization process.
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