
PHYSICAL REVIE% A VOLUME 33, NUMBER 1 JANUARY 1986

Emission-angle-dependent post-collision interaction
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We studied the autoionization electrons of two doubly excited states of helium —(2s2p) P and
(2p )'D—that were collisionally excited by multiply charged and relatively fast ions. The ion veloc-
ities (2—4.5 a.u. ) were faster than the velocities of the emitted electrons (-1.6 a.u.). The wings of
the measured autoionization profiles were significantly different from standard Beutler-Fano pro-
files. These differences are largest at forward angles, smaller ion velocities, and larger ion charges.
The distortion is explained with use of a classical kinematic model. After emission, the autoioniza-
tion electron is accelerated if emitted in a forward direction (toward the projectile) or slowed down if
emitted in a backward direction (away from the projectile). A modification of a post-collision in-

teraction theory accounts for the interference between the bound-state electrons and the continuum
electrons. Fits of the measured electron-energy spectra with use of this model show very good agree-
ment.

I. INTRODUCTION II. EXPERIMENT

The spectral line shape of electrons emitted from au-
toionizing states of neutral atoms, after excitation by mul-

tiply charged ions, has received much attention over the
past 20 years. Barker and Berry' were the first to com-
ment on broadening and energy shifts of such profiles due
to slowly moving chargei particles. This effect is now
called "post-collision interaction, " or PCI. Various
other related effects, such as line broadening due to the
recoil of the emitting atom, have also been discussed.
There have also been experimental studies at high projec-
tile velocities' ' and some theoretical analyses. ' ' In-
terference between the discrete states and the continuum,
and between the discrete states themselves, is important in
both kinematic regimes. This has been discussed by
Fano, who applied it to inelastic electron scattering, and
was later applied to electron emission by Balashov and his
group 2 1 y 22

At higher projectile velocities (greater than 1.0 a.u. ) the
influence of the ionic projectile on the continuum states
(as represented by "charge exchange to the continu-
um" ' ) and the resulting effect on the interference
behavior has been discussed. ' Some writers have com-
mented on the possible importance of the excitation pro
cess itself on the line profiles. ' ' It has always been as-
sumed, however, that an electron emitted in the decay
process and which is moving more slowly than the
charged projectile will be negligibly affected by the field
of that projectile. Such an assumption does not consider
the long-range nature of the Coulomb force and the
strong effect that it would have on a free electron. This
paper presents both the experimental observation and
theoretical analysis of such an effect on the decays of the
(2p )'D and (2s2p)'P autoionizing states of neutral heli-
um.

High-energy He" + (n = 1,2) and Li" +
( n = 1,2,3) ions

were produced by using foil and gas strippers after they
were accelerated by the Argonne National Laboratory
4.5-MV Dynamitron Accelerator. The ion beam was col-
limated to a diameter of 2 mm. The target was a helium
gas jet. When the target gas flow was off, the residual
pressure was about 40(10 Torr; when it was on, the
background pressure was 2 &(10 Torr. The pressure at
the target was determined to be about 4 times the back-
ground pressure. Several tests demonstrated that few
charge-changing collisions of the ion beam occurred.

Two 45', parallel-plate electrostatic spectrometers were
used to energy-analyze the electrons emitted from the tar-
get. The characteristics of this spectrometer design are
fully discussed in other publications. ' We obtained a
resolution of 0.1 eV full width at half maximum (FWHM)
by using deceleration grids located at the entrance of each
spectrometer. The resolution was confirmed through the
measurement of autoionization lines of known widths.

The electrons were detected by electron multipliers
directly attached to the spectrometers. The signal intensi-
ty was linearly proportional to the measured background
pressure. This would indicate that during the —15-cm to-
tal path length the electrons experienced few inelastic or
large-angle elastic collisions with the background helium
gas. There were no dark counts. It is possible for elec-
trons to enter the spectrometers and multipliers through
many unexpected routes. Such stray electrons —that do
not come directly from the target —could be measured and
accounted for.

A deep Faraday cup collected the ion beam and the to-
tal charge was integrated to normalize the beam exposure
of each data point. The signals were amplified and digi-
tally counted. Nearly all of the experimental parameters
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could be controlled through an on-line PDP-11/45 com-
puter, where the data were recorded into a multichannel
scaling mode. Metal surfaces inside the chamber were
coated by conductive graphite and the entire chamber was
surrounded by p metal.

Representative partial spectra are shown in Figs. 1—3.
Each spectrum at a particular angle and ion energy took
from 0.5 to 8 h. The effective spectrometer constant —the
number needed to multiply the voltage difference between
the two plates in order to obtain the true electron
energy —was not constant over a period of several hours.
This was probably due to the slow accumulation of charge
on various surfaces inside the spectrometer. The mea-
sured electron energy could shift by as much as several
tenths of an eV. It was therefore necessary to add several
short runs together after making appropriate shifts in the
energy scale. Absolute values for the locations of the
peaks cannot be reported since no absolute determination
of the energy scale was made.

The energy step size depended on the spectral features
being measured. For background measurements far from
the peaks the spectrometers were stepped every 0.1 eV.
Near the peaks they were stepped every 0.05 eV. The
smaller step size allowed for better visual determination of
peak location, making the addition of various runs easier.
The electron spectra between 37 and 41 eV were not mea-
sured in order to avoid the large number of autoionizing
states that occur in that energy range.
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FIG. 2. Energy spectrum of electrons emitted after 1500-keU
Li + ions collided with neutral He, detected at 40' with respect

to the beam direction. The significance of the points and the
lines are the same as in Fig. 1.

III. MODEL AND ANALYSIS

The standard parametrization of autoionization profiles
is some variant of either the Shore parameters '2 ' s or
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FIG. 1. Electron-energy spectrum detected at 20' from the
beam direction, after 1S00-keV Li +-ion collisions with neutral
He. Only two autoionizing lines of He in this energy range have
significant cross sections, and they are labeled. The dots are the
individual data points. The dashed line is the plotted result of a
least-squares fit using the Shore formula [Eq. (l) in the textl.
The solid line is the plotted result of a least-squares fit using Eq.
(7) in the text. This latter formula includes the Coulomb in-
teraction between the autoionized electron and the fast lithium
ion. The inset shows the possible effect of interference between
the two peaks, as discussed in the text, on a very expanded scale.
The solid line is the fit with no interference, and the dashed-
dotted line includes a possible interference effect.
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FIG. 3. (a) Electrons emitted at 30', after 2000-keU He+
ions collided with neutral He. (b) Electrons emitted at 30, after
2000-keV He + ions collided with neutral He. (c) Electrons
emitted at 30 after 3500-keU Li + ions collided with neutral
He. The significance of the points and lines are the same as in

Fig. 1.
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the equivalent Fano formula. ' Both parametrizations
are identical and general —they accurately describe the in-

terference between an isolated resonance and the continu-
um in which it is embedded —and can be applied to pho-
toabsorption spectra, electron-loss measurements, and
electron-emission measurements. This parametrization
does not make any assumptions as to the mechanism of
excitation —it does not, for instance, require the first Born
approximation. However, any effects due to external in-

fluences, as happens in a post-collision interaction such as
the one described in this paper, are not included.

The dashed lines in Figs. 1—3 are preliminary least-
squares fits of the data using the Shore parametrization,
in which the spectral intensity is written

F(co,e,E~)=A(co, e,Ep)+ g(2S„+1)

where A(ro, e,E&) is the continuous background intensity,

S„ is the spin quantum number of the resonance, 3, and
B„are the asymmetric and symmetric Shore parameters,
both functions of the projectile energy per amu, Ez, and
the observation angle 8. e, is the reduced energy,
s„=2(co—E„)/I"„, where 1, is the natural width of the
resonance at energy E„and co is the continuous energy
variable. The sum is over the different resonances includ-
ed in the fit. The fitting parameters in the dashed-line fit
were, for both the 'D and the 'P peaks, the symmetric and
asymmetric Shore parameters, the peak energies, and a
linear background. Equation (1) was analytically folded
with a triangular spectrometer acceptance function that
had a FWHM of 0.1 eV. The natural linewidths for the
'D and 'P peaks were fixed at 0.073 and 0.039 eV, respec-
tively. ~9 It was difficult, however, to fit most of the spec-
tra using this formula, particularly at small observation
angles, small projectile velocities, and high projectile
charge states. The difficulty could not be attributed to in-
terference between the two states, which, though not in-
cluded in Eq. (1), can be calculated as small for these two,
presumably unperturbed, states (this will be discussed in
more detail later}. Indeed, some of the peak profiles are
impossible to explain even qualitatively when using Eq.
(1). Thus, in Fig. 1, the low-energy wing is peculiarly
sharp and the high-energy wing is quite broad. The spec-
trum in Fig. 2 shows at least two separate oscillations
through the background level, while Eq. (1) allows for
only one. In Fig. 3 the spectrum produced by a He+
beam is convincingly fitted by the Shore formula, but the
spectrum produced by an equal-velocity Li + beam is not
fitted as well. Kinematic broadening due to movement of
the excited atom after the collision~ '0 is small at this
projectile velocity and displays the wrong systematics;
kinematic broadening is a maximum at 90' and is a
minimum at more forward and backward angles —not the
effect observed. We propose instead that a form of post-
collision interaction, as outlined below, explains the
discrepancy between the observed line profiles and the
standard Shore parametrization.

Etotal v(t' —to)

This total energy becomes the total kinetic energy as the
ion-electron distance approaches infinity. If we assume
that the electron velocity in the direction perpendicular to
the ion velocity remains unchanged —this limits any par-
tial orbiting about the ion—we can calculate the final
velocity in both the ionic and laboratory reference frames.
Thus the energy change of an electron einitted at a time t'
and at an energy E; becomes, in the laboratory reference
frame,

b, E=co—E =U 1 —R cose—
U (t' —to)

(1—R cose)—2 2
U'(r' to)—

(3)

where R is the ratio of the initial electronic velocity to the
ionic velocity, R =Uo/u. Since 2Q[U (t' —to)] ' is small,
by expanding the radical one can get, to a good approxi-
mation,

Q R cos8
u(t' —to) 1 —R cose

(4)

A plot of ~ versus time and angle is shown in Fig. 4.
~en the projectile is slow relative to the emitted elec-

tron (Uo&&U), then the change in energy of the emitted
electron is bE= —Q/[u(t' —to)]. This is the better
known model of Barker and Berry. ' lt should be noted
that one does not obtain the Barker-Berry model from Eq.
(4) when U gets very small. Equation (4} is not a generali-

The autoionizing state decays by emitting an electron at
some time, t', and at some angle, 8, relative to the beam.
direction. The ion that excites this state moves far before
the state decays —in one lifetime of the 'D state (about
9X 10 ns) a 1500-keV Li ion moves about 500 A. Phe-
nomena that require a small distance between the ion and
the atom, such as the formation of molecular states, ' and
Stark mixing of the excited atomic states, may therefore
be neglected at the time of decay. The impact parameter
for excitation of an autoionizing state is small (about 4
a.u.}. The distance from the ion to the autoionizing atom
at time t is then approximated as U(t —to), where v is the
velocity of the ion and to is the time of formation of the
excited state. At the time of emission, t', the electron will
experience a potential due to the moving ion of
Q[U(t' —to)] ', where Q is the charge of the ion.

The classical description of an electron in the presence
of two moving charges is a three-body problem, but some
simplifying assumptions can be made. First, we assume
that the electron is emitted at the velocity vo, given by the
undisturbed energy difference between the initial and final
states. The residual helium ion is assumed to have no oth-
er influence on the kinematic situation. After conversion
to the projectile frame of reference, both the kinetic and
potential energies of the electron can be easily calculated,
yielding a total energy

(Uocose —u) +Uosin 8 Q
2

(2)
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FIG. 4. Plot of the negative of the change in energy of an

electron emitted from the (2p 2)'D state of He after excitation by

a 1500-keV Li3+ ion. This is Eq. (4) in the text plotted as a
function of both emission angle and time after the formation of
the state. The time is in units of the natural lifetime of the

(2p )'D state.

zation of the Barker-Berry model, but describes a totally
different kinematic regime. In the slow-projectile case the
projectile is considered stationary, while the fast emitted
electron is subject to its field. This assumption is the ori-
gin of the angle independence of the Barker-Berry model.
In the derivation of Eq. (4), the emitted electron is instead
considered stationary while it is subject to the field of the
fast projectile. This is a consequence of the assumption
mentioned above, that vvsine remain constant. Another
way to consider this is to say that the direction vector be-

tween the electron and the projectile is always in the x
direction whenever the projectile's field is significant.
With the quadratic dependence of energy on velocity, bE
is thus very small when the emitted electrons are observed
at 90'.

%hen both the electron and the projectile move at com-
parable velocities, serious kinematic complications ensue.
In the classical model considered here, the electron can
follow Coulomb trajectories, around and by the projectile,
that depend on the time and angle of emission, and
models such as the one leading to Eq. (4) or the Barker-
Berry model are clearly not adequate. Dahl et aI. have

I

+(~,8,E, ) =A(~, e,E, )+ f
a(~, e,E, )+f(~,e,E, )

f

considered the deflection of a fast electron which is emit-
ted toward a slowly moving ion, but their approach has
only limited applicability. Numerical solutions are possi-
ble, but we suspect that a quantum-mechanical approach
to the electron's motion will be more successful. In this
difficult regime, the failure of the fast-projectile model
leading to Eq. (4) is evident when bE~ ao as R cose~ l.
The Barker-Berry model also fails as the projectile veloci-
ty increases, but does not have such a clear mathematical
marker.

Devdariani et al. calculated the amplitude for a
discrete, autoionizing state interacting with the long-range
field of an ion moving more slowly than the emitted elec-
tron. They applied the same method as Fano for the in-
teraction of a discrete state with a single continuum chan-
nel, but with a time-varying potential. In their case, this
time-varying potential was the same as in the Barker-
Berry model, and was bE =Cf u(t' —to)j ', where
C= —Q, the charge of the ion times the charge of the
electron. Their calculated amplitude is

f„(tv,e,E~ ) = i(I „/2n )'—~2b„(to, e,E )

X(EN' —
2 l I q)

X I (I+&C/u)exp(mC/2v+i tvto„), (5)

where btv, =tv —E„, I (1+iC/u) is a complex gamma
function, and b„(to,e,E~) is the amplitude for excitation
of the discrete state.

We have made a sign change so that Eq. (5) can repro-
duce Eq. (4.8) in the paper of Devdariani et al. This
equation, despite some confusion in their text, shows
physically sensible behavior as a function of the parame-
ters and is clearly correct. Some care must be taken, how-
ever, to properly define the quadrants of calculated in-
verse tangents.

It is im ortant to understand, as has been discussed
elsewhere, ' ~ that Eq. (5) is of more general applicability
than many previous expressions for this amplitude, ' in
that it is valid both in the classically forbidden wing and
in the liimt when C/v~0.

Equation (5) may be used at higher projectile velocities
with only two small modifications. First, the parameter
C is made equal to QR cose/(1 —R cose) instead of —Q.
Second, because there is always a large continuum that in-
terferes quantum inechanically with the discrete peak, a
coherent background amplitude a and an incoherent back-
ground intensity A are added. The spectrum, when
summed over the relevant discrete states, is then

1 „ fb, f C mC 2C ( ~r=A+ fa f'+g exp — tan
(beau, )2+I, /4 2u sinh(n. C/u) u u 2btv„

mC C+ 2 2 f
I (1+iC/u)

f
exp ——tan

(b.to, ) +I, /4 2U U

X [sin(a„)bto, +cos(a, )I",/2], ,
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where

ln[( hen, } + I', /4]
2U

+arg[I (1+i C/u )]+toto„.

TABLE I. A comparison of the calculated values of C/U
[=(Q/v)R cos8/(1 —R cos8)] [see Eqs. (4) and (7)] to the
values of C/v that resulted from least-squares fits, using Eq. (7),
for the data presented in Figs. 1—3. The errors are statistical
standard errors calculated by the fitting program.

1500-keV Li3+

20

Fitted
C/U

1.09+0.04

Calculated
C/U

1.09

1500-keV Li +
40'

0.706%0.08 0.743

2000-keV He+
30

0.066+0.05

2000-keV He2+
30'

0.112+0.03 0.22

3500-keV Li +
30'

0.310+0.03 0.303

The spectral profile predicted by Eq. (7) may be highly
asymmetric. This is due, in part, to the exponential term
in Eq. (7) that is physically due to the acceleration (or de-
celeration) of the electron. Another interesting feature of
the profile is due to the logarithmic term in the effective
phase, a„. This term, if Clu is large enough, may pass
through multiples of 2nseve. ral times. This will cause os-
cillations of the peak profile. Such oscillations are
characteristic of several PCI theories ' ' that include in-
terference between an autoionizing state and a continuum.

The solid lines in Figs. 1—3 are the result of a least-
squares fit of the spectra using Eq. (7}. The unknown pa-
rameters in Eq. (7) are A, ~a(tu, 8,E~) ~, ~b, (tu, 8,&z) ~,
E„, and the initial phase shift, tutu, . A linear equation,
A =A+Bee, seemed adequate to fit the background over
the energy range studied (30—43 eV). When doing the fit,
Eq. (7) was numerically folded with a triangular spec-
trometer function that had a FWHM of 0.1 eV. As a test
of the validity of Eq. (7), the value of Clu was allowed to
vary as an adjustable parameter. The results are shown in
Table I, where they are compared to the calculated values.

Two approximations made in Eq. (7) deserve some ex-
planation. First, it is assumed that the discrete states in-
terfere with one partial wave, and thus one phase, of the
continuuin. This is not generally the case since the emis-
sion peak interferes with all even and all odd partial
waves. ' Since, at any observation angle, there is still
what may be called an "effective" phase difference be-
tween the state amplitudes and the continuum amplitude,
this should not affect the validity of Eq. (7) as a parame-
trization. The unambiguous treatment of the parameters
as the real physical quantities introduced above, however,

is not legitimate.
Second, Eq. (7) ignores any possible interference be-

tween two adjacent autoionizing states. The (2p )'D and

(2s2p )'P states are separated by 0.24 eV and have natural
linewidths (FWHM) of about 0.073 and 0.039 eV, respec-
tively. It is thus possible that they may interfere, especial-
ly when the natural linewidths are significantly broadened
by PCI. The interference of adjacent autoionizing states
has been problematic, ' and perhaps a short aside on the
proper representation of state-state interference is ap-
propriate here.

The necessary and sufficient condition for interference
is straightforward: two different processes begin from the
same initial state and end up with indistinguishable final
states. For the two autoionizing levels in question, it is
possible that their excitation mechanisms are so different
from each other that correlations may indeed be lost.
Two obvious examples of this would be if excitation re-
quires significantly different impact parameters or if one
state requires electronic excitation of the projectile while
the other state does not. The two states could then be dis-
tinguished by examination of the projectile, and when the
projectile is not observed there would be no interference
between the two states. If the excitation mechanisms are
not that different, then the states will be partially correlat-
ed, and a fully general parametrization should take that
into account.

An additional difficulty is due to the complicated na-
ture of the interferences between the partial waves of the
continuum and the discrete states. ' This has the result
that the single coherent continuum may have a different
effective phase for autoionizing states of different angular
momenta. Thus, while a best fit may uniquely determine
the phase difference between the 'P state and the continu-
um, and the phase difference between the 'D state and the
continuum, the phase difference between the 'P state and
the 'D state will still not be known. This requires that an
additional parameter, representing the state-state phase
difference, be introduced into the parametric equation.

All of the above complications are eliminated if the
state-state interference is relatively small. An estimate of
the magnitude of this interference can indeed be calculat-
ed from Eq. (6) if two assumptions are made: (1) the two
states (as is probably the case) are fully correlated, and (2)
the state-state phase difference is determined by the state-
continuum phase difference. Using these assumptions,
the parameters resulting from the fit of the data in Fig. 1

were used to obtain an estimate of the interference effect.
The results are shown in the inset of Fig. 1. The magni-
tude of the interference is very small, as shown here, and
is typical of all spectra studied. It is clear that the quality
of the data is not sufficient to distinguish between in-
terference and no interference, and thus Eq. (7) is ade-
quate to fit all our spectra.

It may be surprising that the magnitude of the state-
state interference is so small when the state-continuum in-
terference is so large. There is a simple mathematical
reason for this. The size of an interference term is pro-
portional to the product of the absolute magnitude of the
two quantities in question. In the case of Fig. 1 the con-
tinuum amplitude is about 80 times larger than the ampli-
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tude of the (2s2p)'P state. The state-state interference
term is then about 80 times smaller than the (2p )'D-to-
continuum interference term. The continuum amplitude
is, in addition, roughly constant over the relevant energy
range, while the state amplitude, due to the (her) + I" /4
term in the denominator, gets quite small away from the

peaks resonance position. In slow-ion excitation of au-
toionizing states there is much less coherent background
amplitude, and the peaks are often much distorted by
PCI. For these reasons state-state interference may be
considerably more significant.

In the limit when C/U ~0, Eq. (7) reduces to

(I „/2 ) )b, ( +(I,/2 )'
F(~,8,E~)=~+ [& [ + (a„)'+ r', /4

[ b, [ I,cos(auto„), q2
2

~

a
~ ( b„~ sin(ceto, )ba)" +(I,/2~)'"
(b,co„)'+I,'/4

which is clearly equivalent to the Shore parametrization
[Eq. (1}].In this case the asymmetric Shore parameter is

A, =2(2/I „n )'~
~

a ( ( b„[sin(coro„), (10)

and the symmetric Shore parameter is

8„= +2(2/I, m) )a [ (b, (cos(a)to„) .r I

I„m

IV. CONCLUSION

R cos8
1

U 1 —Rcos8

which, for Q =1 and 8=0, happens at an atomic velocity
of 2.3, or an energy of 132 keV/amu. Even when the con-
dition in Eq. (12) fails, however, the post-colHsion drag-
ging can be very significant. Note, for example, that in
Fig. 2, where C/U=0. 81, the oscillations in the spectral
line shape can be explained by Eq. (7), but not by the
Shore parametrization. In Fig. 3 the effect on the ap-
parent width is easily visible to the eye as C/U varies from
0.11 to 0.34. Further evidence indicates that quite small
values of C/U, as small as 0.09, can change the direction
of the profile asymmetry. In previous variants of the
post-collision interaction theory, when the electron was
considered much faster than the ion, a velocity of 1.0 a.u.
was generally considered the upper velocity limit for sig-
nificant post-collision effects. ' It is apparent from the
data and theory presented here that they must be included
for velocities much faster than 1.0 a.u.

Previous observers" ' ' have commented on peculiar
effects in this velocity regime when observing electrons
emitted in the forward direction. No one, however, has

A modification of a simple argument given previously2
will serve to demonstrate the magnitude of the ion's field
on the line profile. As we have seen, the energy shift at
any time r, due to this "ionic dragging, " is given in Eq.
(2}. The energy uncertainty at any time t, due to the un-
certainty principle, is bE„=I/(t —to). If, at any time t
the magnitude of the dragging shift is the same as the
magnitude of hE„, the width of the peak will be dominat-
ed by the post-collision interaction, regardless of the life-
time of the state. This happens when the quantity

commented on departures from a Beutler-Fano line pro-
file, even though they may be observed in some of the
measured spectral shapes. ' ' Most attention has focused
on the rapid variations of the profile parameters as func-
tions of projectile energy and observation angle. The vari-
ations have been attributed to the effect of an ionic projec-
tile on the formation of equal-velocity continuum
states, ' ' ' which is clearly separate and distinct. At
forward angles the comparisons of theory' to various ex-
periments'i' ' have been qualitative but not quantita-
tive. We suggest that comparison will be more exact
when the interaction of the ion with the emitted electron
is included. A more complete experimental study in this
kinematic regime, as well as comparison with theory, will
be published shortly. i

It is interesting to speculate whether this type of post-
collision interaction can be observed in other systems, in
particular when atoms are excited by electrons that have
after-collision velocities similar to the ion velocities stud-
ied in this paper. The theoretical treatment, however,
would be more complicated. The kinematic situation is
more difficult; the scattered electrons may have large
scattering angles and their velocities will be significantly
affected after autoionization of the helium atom by both
the autoionized electron and the remnant ion. This effect
has been assumed small in slow-electron PCI calcula-
tions, where the position of the electron at the time of au-
toionization is the only significant factor. In this case,
however, the relative velocity of the two electrons is also
relevant, and a complete three-body calculation may be
necessary. Interference between the scattered electrons
and the autoionized electron must also be included. It
should be straightforward to apply Eq. (7) to triply dif-
ferential cross six,tions if the above effects are negligible:
The angle 8 becomes the angle between the two electrons,
the sign of C is changed to account for the different pro-
jectile charge, and C should be divided by 2 to account for
the equivalent masses of the two electrons. No such tests
have been made on electron-scattering data.
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