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An experimental and theoretical study of the electron emission, differential in emission angle and

energy, is presented for He+ impact on several gaseous targets. Experimentally, data at 400-, 500-,
and 750-keV/amu impact on He, Ne, Ar, Kr, and H20 are presented; theoretically, cross sections
for He and Ar are calculated using the first-order Born approximation. By measuring the total elec-
tron emission, as well as electron-scattered projectile coincidences, contributions to the differential
cross sections resulting from projectile ionization, from target ionization, and from simultaneous

projectile-target ionization events are identified. Theoretical cross sections for each of these pro-
cesses, as well as their total sum, are compared with the experimental data. From these compar-
isons, it is found that the present theoretical treatment does a reasonable job of describing the total
projectile and target ionization cross sections, but is poor for the double-differential cross section.
It also severely underestimates the simultaneous projectile-target ionization cross section.

I. INTRODUCTION

Experimental and theoretical studies of electron emis-
sion occurring as a result of collisions between charged
particles and target atoms and molecules provide infor-
mation about interaction mechanisms and the atomic
structure of the collision partners. The experimental
data, if sufficiently detailed, can be used to test our
theoretical understanding of the ionization process and to
evaluate where theoretical problems do, or do not, exist.
Differential electron emission measurements provide this
type of detailed information and test the theoretical mod-
els in much greater detail than do measurements of total
ionization cross sections.

Past doubly differential studies of electron emissions
resulting from fast, fully stripped ion impact on atomic
targets, e.g. H -He and H+ -Ar collisions, ' have shown
that the Born approximation does a reasonably good job
for fast structureless projectile impact on light targets
and a slightly poorer job for heavier targets. The present
work extends this type of detailed comparison to ioniza-
tion occurring as a result of structured particle impact.
The one-electron projectile, He+, is studied since it is
amenable to accurate theoretical treatment; He and Ar
targets provide information about the accuracy of the
theoretical treatment for light and heavy targets. By also
experimentally studying Ne, Kr, and H20 targets, simi-
larities and differences for various targets can be investi-
gated.

Ionization occurring as a result of structured particle
impact is considerably more complex than ionization re-
sulting from bare ion impact due to the presence of
bound projectile electrons. These electrons affect the ion-
ization process in two major ways, i.e., they partially
screen the incoming nuclear charge and they can be ex-

cited to discrete or continuum states during the interac-
tion. From a theoretical viewpoint, this complicates the
problem since calculations must be performed for each of
several ionization pathways, namely, (a) target ionization
with the restriction that the projectile remains in the
ground state, (b) target ionization resulting from col-
lisions where the projectile is simultaneously excited ei-
ther to discrete or continuum states, (c) projectile ioniza-
tion with the target remaining in the ground state, and (d)

projectile ionization with simultaneous excitation of the
target. The calculations must also include the effects of
dynamic screening for ionization of the target and for
ionization of the projectile.

Experimentally, information about the screening func-
tion can be obtained by comparing electron emission
spectra obtained for structured and fully stripped projec-
tiles. Experimental data obtained for ionization by
structured projectiles have shown that the dynamic
screening alters the electron emission spectrum with

respect to that obtained for fully stripped ion impact in
the following manner. For large secondary electron ener-
gies where small impact parameters dominate, the emit-
ted electron spectrum is similar to that measured for the
fully stripped projectile. But for small secondary electron
energies where large impact parameters dominate, the
screening is complete and the spectrum is similar to that
recorded for a fully stripped projectile of charge Z-N, X
being the number of bound projectile electrons. For in-
termediate secondary electron energies, the spectrum
gradually changes between these two extremes.

In principle, the dynamic screening function can be ob-
tained from the ratio of the differential cross sections
measured for structured ion impact with respect to those
measured for fully stripped ion impact. However, obtain-
ing this ratio is complicated by the facts that the target
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can also be ionized by the individual projectile electrons
that end up in excited states [ionization pathway (b)
above] and that the bound projectile electrons can also be
ionized during the collision [ionization pathways (c) and
(d) above]. Projectile ionization predominantly results in

low-energy, isotropic emission in the projectile frame
which, due to the kinematic transformation to the labora-
tory frame, appears as an "electron-loss peak" having a
centroid energy determined by the velocity of the projec-
tile. This peak, which is strongly forward peaked, must
be isolated from the underlying target ionization continu-
um in order to obtain doubly differential cross sections
(DDCS) for projectile ionization [pathways (c) and (d)].
Once this separation has been made, DDCS for target
ionization [pathways (a) and (b)] are also obtained and the
theoretical predictions can be tested. This is the goal of
the present work: to obtain projectile ionization informa-
tion by measuring ejected-electron-ionized projectile
coincidences and to use this information to test the indi-
vidual components of the theory separately.

Since the initial discovery of the electron-loss peak by
Toburen and Wilson and Burch et al. for light- and
heavy-ion impact, respectively, there have been many ex-
perimental and theoretical studies of ionization occurring
in structured ion-atom collisions. Generally these studies
have concentrated primarily on the intensity and shape of
the electron-loss peak as a function of observation angle.
However, in many cases doubly differential cross sections
for the total electron emission have been reported. ' '

Several years ago, we initiated our coincidence studies in
order to obtain information about the individual ioniza-
tion pathways [processes (a)—(d) described above]. Pre-
liminary experimental results were reported for He+-Ar
collisions, ' while a more detailed experimental and
theoretical comparison was reported for He+-He col-
lisions, ' but only for a single impact energy and emission

angle. The present paper describes a more extensive
study where additional targets (He, Ne, Ar, Kr, and H20)
and impact energies (0.4, 0.5, and 0.75 Mev/amu) are ex-
perimentally investigated and the theoretical treatment
has been extended to a heavier target —Ar.

II. EXPERIMENTAL PROCEDURE

The experimental apparatus used for the present study
is shown schematically in Fig. 1. The basic technique
consisted of passing a collimated beam of He+ ions
through a target gas cell, then charge-state-analyzing the
beam and detecting the He + component with a surface-
barrier detector. Electrons, created by ionization of the
target or the projectile, exited the target cell through a
slit. The electrons were energy analyzed and detected us-

ing a rotatable parallel-plate electron spectrometer and
channel electron multiplier. The total electron emission
at several laboratory emission angles (typically 20' and
30') and energies (10—1500 eV) were measured, and, in ad-
dition, e -He + coincidences were recorded. From these
data, information about the DDCS for target and projec-
tile ionization was extracted.

Experimental details relevant to the present measure-
ment are as follows.

Projectile beam purity. The primary purpose of the ex-
periment was to separate projectile and target ionization
events by measuring electrons in coincidence with projec-
tiles that have lost an electron. Standard electronics and
a time-to-amplitude converter (TAC) were used to distin-
guish the time-correlated events (the real signals arising
from projectile ionization in the target region) from any
random uncorrelated events. However, of considerable
concern was the elimination of any spurious time-
correlated events arising from projectile ionization that
occurred outside the target region coupled with target
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FIG. 1. Schematic of experimental apparatus showing the beam collimation system, target cell, electron spectrometer, and coin-
cidence electronics.
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ionization in the target cell. For example, the most likely
possibility was that an incoming He projectile might be
ionized by the background gases in the beam line, thus
producing a He + ion. This He ion could then ionize
the target, the net result being a time-correlated e -He +

coincidence event. But this event would not be due to
projectile ionization resulting from collisions with the
target. Likewise, an incoming He+ ion could ionize the
target and then, in a subsequent collision, be ionized it-
self. Again, this would produce a time-correlated coin-
cidence signal, but not one of interest.

The second possibility —post-target stripping of the
beam —was easily minimized by charge analyzing the
beam immediately upon its departure from the target cell
since any stripping of the beam after the charge-state
analysis is unimportant as that stripped ion will not be
deflected onto the surface-barrier detector. Tests were
run with the entrance of the post-collision charge-state
analyzer as close as 2.5 cm to the target cell exit and as
far as 10 cm; no differences in the recorded coincidence
signals were observed.

Pre-collision stripping of the beam followed by ioniza-
tion of the target was minimized by making the incoming
beamline as short as possible, by restricting the target gas
from leaking into the beam collimator assembly, and by
increasing the pumping of the beamline and the collima-
tor assembly.

Measurements of the percentage of stripped projectile
ions (typically 2—4% with target gas present and
significantly less than 0.5% otherwise) compared with es-
timates obtained using known' stripping cross sections,
path lengths, and pressures indicated that approximately
80—90% of the projectile ionization occurred within the
target cell. This is consistent with the observed increase
of the He + beam component (roughly an order of mag-
nitude) as the target gas was added, although such an in-
crease alone does not insure that the enhanced stripping
occurred within the target cell. As a final test, coin-
cidence cross sections measured with beamline pressures
of 2X 10 and 10X 10 Torr showed no observable
differences. Thus we are reasonably confident that the
observed coincidence signals are due to projectile ioniza-
tion occurring within the target cell.

Target cell. The target cell was 1.6 cm in diameter
with 2-mm-diam. entrance and exit apertures. Electrons
could exit from 0' to 180' through a 1-mm-wide slit in the
horizontal plane. Typical target pressures, measured us-
ing a capacitance manometer, were 5 mTorr for Ar, Kr,
and HzO; 12 mTorr for Ne; and 17 mTorr for He. Test
measurements using lower target pressures verified that
single-collision conditions were met.

Electron detection. A rotatable (20'—150'), parallel-
plate electron spectrometer (detection solid angle of
-0.002 sr and energy resolution bE/E =0.12), and a
channel electron multiplier were used to detect electrons
emitted from the target cell. After correcting for the loss
of electrons between the source region and the electron
multiplier due to multiple scattering, the detection
efficiency as a function of emitted electron energy was ob-
tained by comparing the differential electron emission
measured using the present apparatus with absolute cross

sections previously reported. ' ' The detection efficiency
as a function of emission angle was determined from mea-
surements of the Auger emission for H -Ne, Ar col-
lisions and assuming isotropic Auger emission.

Projectile detection. The deflected He + beam com-
ponent was detected by a surface-barrier detector located
approximately 1 m downstream from the target region
with the He+ component being collected in a Faraday
cup. An aperture 0.6 cm in diameter was placed in front
of the detector to limit the possibilities for detection of
unwanted scattered particles —particularly He+ ions.
The detector position (x,y) was varied to confirm that it
was centered on the He + beam component and that the
He+ and He + components were well separeted. It was
also demonstrated that data accumulated using the 0.6-
cm aperture and the entire effective surface-barrier area,
1.2 cm in diameter, were indistinguishable. Thus, all
He + ions hit the detector and unit detection efficiency
for He + ions was assumed.

Background corrections. Background contributions to
the measured signals originated from interactions with
background gases, surfaces, or from detector "dark
counts. " No corrections for collisions with background
gases or surfaces were made since these processes con-
tributed primarily to an increase in the He + beam com-
ponent and, as discussed above, no influence on the mea-
sured coincidence signals was observed. Using much
larger beam currents and noncoincidence techniques, it
was also demonstrated that background gas contributions
could be neglected in the differential electron spectra.
However, due to the extremely small electron counting
rates for the coincidence setup (0.5—1 s ' for a He + rate
of —130X 10 counts/s), "dark counting" corrections to
the total electron signal ranging from 10—70% were re-
quired. Typically the smallest electron counting rates,
and hence the largest corrections, occurred for electron
energies below 30 eV and above several hundred eV. For
intermediate energies, dark counts contributed approxi-
mately 10—20% to the electron signal. Note that these
"dark counting" corrections do not influence the coin-
cidence signals measured for various secondary electron
energies since the dark counts are randomly distributed
in time. They do, however, contribute to uncertainties in
the normalization procedures used to place the coin-
cidence cross sections on an absolute scale (see below). In
the coincidence channel, the TAC spectra had real to
random count ratios of at least 50:1.

Absolute normalization of cross sections Total electron.
emission and e -He coincidence data were collected as
a function of electron energy for known target density
and He intensity. From these data, relative cross sec-
tions for the total electron emission and for electrons as-
sociated with projectile ionization were determined.
Then the beam current was increased many orders of
magnitude and absolute differential cross sections were
measured in the standard fashion. The coincidence data
were normalized to these absolute cross sections using the
noncoincidence electron signals. The normalization was
using data obtained between 30 eV and several hundred
eV since, for these data, the statistical uncertainties and
"dark counting" corrections were smallest. The resultant
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absolute cross sections for electrons associated with pro-
jectile ionization have uncertainties resulting from the
normalization procedure (approximately +25%), limited
statistics (7—12% for the noncoincidence signals used for
normalization and 8—25 % for the coincidence signals),
and from background corrections that were required.
Hence overall uncertainties for the coincidence cross sec-
tions associated with projectile ionization are estimated
to range from +30% for intermediate electron energies to
+40% or larger for the largest and smallest electron en-

ergies investigated. Since the target ionization cross sec-
tions were obtained via a subtraction process, they are
subject to the uncertainties in both the total electron
emission and coincidence signals. Hence their accuracy
is difficult to quantify, particularly for conditions where

projectile ionization dominates, i.e., near the electron-loss
peak, where the difference between the total and coin-
cidence signals is small. Despite these relatively large un-

certainties, the present data can test our theoretical un-

derstanding of ionization occurring from He+ impact
since individual components of the calculation can be

tested separately. Previously available, noncoincidence
data, although having considerably smaller experimental
uncertainties, can only test the sum of these components.

III. THEQRETICAL TECHNIQUE

Within the framework of the first Born approximation,
we consider a fast bare projectile of charge Ze, mass M,
and momentum fiko [kinetic energy T =(Ako) /2M] ion-

izing a stationary target. The momentum of the electron
ejected from the target is Ak and its energy in terms of
the Rydberg energy is s/R =(kao), where ao is the Bohr
radius. If the momentum of the scattered particle is Rkf,
then the momentum transfer during the collision is
Ak =ftko fikf —The . triple differential cross section
(TDCS) for ejection of an nl target electron, differential in
the direction of the scattered particle (dn), the direction
of the ejected electron (dn, ), and the energy lost by the
projectile (E+I, I being the ionization potential of the nl
electron) is given by

3~ +nl, ek

a(./R)an, an

N„I
kokf g i + +'+'Z e ' ' R„(,((K)R„(,((K)(2L+1)

I, I', A. , A, ', L

R„(,((K)=f "((„(r)f,(Kr)((„((r)dy,

with j& being the spherical Bessel function, and u„l and u, the radial parts of the discrete and continuum wave func-
0 I

tions, respectively.
To focus on the dynamical information, we rewrite Eq. (1) as

kokf g A (l, l', A, , l, ', L)Z e ' ' R (,((K)R (,(.(K)PL(cos8,x ),
a E R an, an T/R ~K4

(, (,~„',L

(2)

(3)

where all the angular momentum algebra has been absorbed in the function A.
Integrating the TDCS over dn (the scattered particle solid angle) yields the double differential cross section (DDCS),

i.e., the energy and angular distribution of ejected electrons as follows:
2~ ~lo, ~k 2Z a0 ~

N„(a(c /R )an, T/R m

l' k' 10
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where m is the electron mass, N„l is the number of electrons in the nl subshe11, and
0

r

a b c a b c

f and d f
are the Wigner 3-j and 6-j symbols. '

PL is the Legendre polynomial of order L, and 6,z is the angle between the
ionized-electron direction k and the momentum-transfer vector K. In this formalism, all the dynamical information is

contained in the (( s, which are the continuum-wave phase shifts (with respect to free waves), and the ionization ampli-

tudes,

X g 3 (l, l', l, , l', L)e ' ' f .Z PL(cos8+)R (,((K)R (,( (K) 3 PL (cos0, ),
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0 fK +k —k
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(5)
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Here E=c+I is the energy loss. The upper and lower
limits of integration are obtained by setting 0=0 and vr in
the equation defining the momentum transfer E.

Implicit in the above triple and double di6'erential
cross sections is the use of wave functions that are an-
tisymmetrized products of single-electron wave functions,
i.e., central-field or Hartree-Fock wave functions. If
more sophisticated wave functions are used, Eq. (2) is al-
tered but the rest of the equations remain the same.

The accuracy of the wave functions used is important
for the following reason. If theory and experiment
disagree, there are two possible reasons (assuming experi-
ment to be correct). Either the scattering theory is in-
correct, or the wave functions used are inaccurate. Thus,
accurate wave functions for the initial discrete and final
continuum states of the target are essential. In general,
reasonable central-field wave functions such as Hartree-
Slater (HS) are good enough, but in some cases
Hartree-Fock (HF) are needed ' or even correlated wave
functions. It is worthwhile to note that HS wave func-
tions have been used with fairly good success for calcula-
tion of a variety of atomic properties and transitions
and HF wave functions are even better.

To extend Eqs. (3) and (4) to the case where the in-

cident particle is structured, i.e., where the projectile
brings its own N electrons to the collision, is straightfor-
ward. To begin with, it must be recognized that there
are four ionization pathways, denoted (a) through (d)
above, which must be individually calculated. The pro-
cedure is as follows. For target ionization with the pro-
jectile remaining in the ground state, pathway (a),

y IF,, (x)I-'

=X—IF„(K)l+(t x e' ' '' i, (9)
J J

(10)

sL =e +E —2(c, E)' cos8

&E —Q E~ cos0~

(1 la)

(1 lb)

where only the ground-state wave function appears. Al-
though the sum rule is exact, it cannot be substituted into
Eqs. (3) and (4) exactly because of the transformation be-
tween cos9» and K. Hence Eq. (5) changes for different
inelastic collisions since k varies with the energy loss.
This means that the limits of integration in Eq. (4) vary
with excitation energy. In practice, setting the limits of
integration to be those relevant to the first excited state
appears to be a reasonable approximation. Thus, we have
an approximate method of treating ionization pathway
(b).

Projectile ionization alone, and with simultaneous tar-
get excitation, processes (c) and (d) above, are handled ex-
actly like pathways (a) and (b), but in the projectile refer-
ence frame. Thus ionization of the projectile by the tar-
get is calculated using the methodology detailed above
after which the results are transformed into the laborato-
ry reference frame according to

1/2
B o. eL B 0.

a~, an. .. a.,an, '

Z IZ F;, (I)(I', — NL, =&p . (1 1c)

where F;, (K), the elastic form factor of the ground state

Ii ) of the projectile, is given by

Here the subscripts L and p refer to the laboratory (tar-
get) and the projectile reference frames, respectively. The
energies c and E are the ejected electron and scaled pro-
jectile energies, respectively, where E is given by

iK rF(IC)= i ge 'i
J

(7) E =Tm/M =
—,'m V, (12)

the sum running over the N projectile electrons.
Clearly, from Eq. (7), the dynamic screening depends

on the momentum transfer E and F,, (0)=N, F„(oo ) =0.
Thus for small energy transfer, which implies small
momentum transfer (large impact parameter), Eq. (7)
shows that Z ~Z —N, i.e., full screening. For large ener-

gy transfer, which implies large momentum transfer
(small impact parameter), Z remains unmodified. Note,
however, that this applies for ionization pathway (a) only.

To include projectile excitation from the ground state
to state

I j ),

z IF„(&)I',

the elastic form factor that approaches zero for both
small and large values of K. This is useful for individual
projectile excitations but not for the sum since there are
an infinite number of excitations available. However, due
to the closure relation, the sum over all excited states (in-
cluding integration over continuum states) is given by

T, V„and M being the projectile energy, velocity, and
mass, respectively, and m is the electron mass. Note that
in Eqs. (12), the polar angles OL and 8 are defined such
that the projectile velocity defines the forward direction
in the lab, while in the projectile frame, the target veloci-
ty, as seen by the projectile, defines the forward direction.
Using these techniques and formalisms, theoretical cross
sections were determined for processes (a)—(d).

IV. RESULTS AND DISCUSSION

Representative experimental cross sections for total,
projectile, and target electron emission are shown in Fig.
2. These data are for the largest projectile velocity (750
keV/amu) and smallest laboratory emission angle (20')
measured since these conditions emphasize the electron-
loss peak. The data are for a light and a heavy atomic
target, He and Kr, and a molecular target of atmospheric
and biological interest, H20. In general, these data all
demonstrate similar features. For example, the total elec-
tron emission (solid curve) is dominated by a large num-
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FIG. 2. Doubly differential cross sections measured for 750-
keV/amu He impact on He, Kr, and H&O targets as a function
of electron energy c. The laboratory electron emission angle
was 20'. , total electron emission; ~, electron-ionized pro-
jectile coincidences; ———,target ionization obtained by sub-
traction as described in the text. Experimental uncertainties for
the total electron emission are +25%%uo and for the e-He'+ coin-
cidences, +30—40%. See text for details.

ber of low-energy electrons and demonstrates a broad
electron-loss peak (projectile ionization) for electron ener-
gies where the electron and projectile ion velocities are
equal, i.e., approximately 400 eV, and has a small hump
near 1500 eV resulting from binary collisions between a
target electron and the projectile. Many of these features
have been discussed in detail previously (see, for example,
Refs. 1—3, 7—9, and 12).

The coincidence cross sections ( ~ ) demonstrate a large
peak near 400 eV due to projectile ionization, as expect-
ed. However, this peak is seen to sit on a background
having features similar to those noted for the total elec-
tron emission curves. We previously' attributed this
background to target ionization accompanied by projec-
tile ionization, i.e., simultaneous ionization of both col-
lision partners. This prediction has recently been sup-
ported by measuring target-ion —projectile-ion coin-
cidences for He+ —rare-gas collisions where total cross
sections for simultaneous projectile-target ionization pro-
cesses were found to be important contributors to the to-
tal electron emission. The present data show that these
processes contribute approximately half of the total elec-
tron emission observed at 20' for low to intermediate
electron energies.

Cross sections for target ionization, without any associ-
ated projectile ionization (

———), demonstrate features
similar to those previously observed for fully stripped ion
impact, namely, a cross section that decreases with in-

creasing electron energy and a binary encounter peak
near 1500 eV. In addition, a peak near 400 eV is seen for
all three targets. This peak is probably an artifact of the
subtraction process used to obtain the target ionization
cross sections since the only target ionization process
that could produce a peak at that energy is electron cap-
ture to the continuum (ECC) and ECC should be negligi-
ble for the angles and impact velocities currently studied.

Thus the projectile and target ionization curves for all
three targets demonstrate similar, and understandable,

features. The most interesting new information suggested
by the experimental data is the importance of sirnultane-
ous projectile-target ionization and how it contributes to
the differential cross section.

Theoretical calculations of the DDCS for He+-He and
He -Ar collisions have been performed using the metho-
dology described above. Before proceeding to a compar-
ison of theory and experiment, some remarks regarding
the physics included (and omitted) are useful in order to
provide a priori a feeling for where the calculation is ex-
pected to be valid. Since the calculation uses the first
Born approximation and uncorrelated wave functions,
neither capture to the continuum nor multiple ionization
processes are included. In addition, autoionizing and
Auger processes are omitted. Thus, where any of these
processes are of great importance, the calculation is ex-
pected to yield poor agreement with experiment.

However, autoionizing and Auger processes should be
of minor importance for the impact energies considered
here, as is also expected for capture to the continuum
processes. In addition, data presented in Ref. 28 indicate
that the predominant electron production channels are
single ionization of the target, single ionization of the
projectile, and simultaneous ionization of both the target
and the projectile, all of which are treated by the present
theory.

However, our theoretical treatment uses an approxi-
mate sum rule to obtain the cross sections for ionization
of one collision partner with simultaneous excitation
(which includes ionization) of the other collision partner,
e.g. , ionization pathways (b) and (d). By choosing the in-

tegration limits relevant to the lowest state of excitation,
the calculation should provide an overestimate. Further-
more, there is some double counting in summing over the
ionization'pathways to obtain the total DDCS. This
means that for the pathways (b) and (d) some of the
simultaneous projectile-target ionization-excitation terms
are identical, thus leading to an overestimation of the to-
tal DDCS. This, however, is not expected to lead to seri-
ous deviations from experiment.

As mentioned above, an accurate theoretical treatment
requires good wave functions to describe the initial and
final states of the system. The present calculations used
central-field HS wave functions except for the 3p~d
channel in Ar where HF discrete and continuum wave
functions were employed (see Ref. 21 for details). These
choices of wave functions have provided reasonably accu-
rate descriptions for proton-impact ionization of He (Ref.
1) and Ar (Ref. 21) and are expected to yield reasonable
results for He+ impact as well. Thus, overall, the present
theoretical treatment is expected to provide a reasonable
description of the ionization process.

A comparison of the experimental and theoretical
cross sections for 500-keV/amu He -He collisions is
shown in Fig. 3. The laboratory observation angle is 20'.
The experimental data are designated in the same fashion
as was used in Fig. 2. The theoretical cross sections for
target and projectile ionization are given upper and lower
limits determined by the inclusion or exclusion of simul-
taneous excitation of the collision partner, e.g., projectile
ionization is predicted to have a lower bound given by
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FIG. 3. Experimental and theoretical doubly differential
cross sections for 500-keV/amu He+-He collisions. The labora-
tory electron emission angle was 20'. The experimental data are
designated as for Fig. 2. The theoretical cross sections are for
target ionization (curves a, a +b), projectile ionization (curves
c, c +d ), and for total electron emission (curve a +b +c +d )

where the letters indicate various ionization processes as de-

scribed in the text. The shaded areas between the theoretical
target and projectile ionization curves indicate that the calcula-
tions are expected to provide lower and upper bounds for these
processes.
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FIG. 4. Experimental and theoretical doubly differential
cross sections for 400 keV/amu He+-Ar collisions. Nomencla-
ture is as given for Fig. 3.

curve c and an upper bound given by curve c+d where
the letters refer to the ionization pathways described ear-
lier in this paper.

Overall, the comparison indicates that theory underes-
timates the total electron emission (experiment,
theory, ———

) by approximately a factor of 2 but
reproduces the electron energy dependence quite well.
Projectile ionization (experiment, ~; theory, curves c and
c+d) is likewise underestimated by approximately the
same amount for electron energies above 100 eV; for
lower energies, the relative importance of simultaneous
projectile-target ionization is severely underestimated.
Target ionization (experiment, ———;theory, curves a
and a + b) seems to be adequately handled by theory, at
least in a relative sense. The large deviation near 250 eV
is attributed in part to the omission of charge transfer to
the continuum in the present theoretical treatment and in
part to inadequacies of the subtraction procedure used to
obtain the experimental target-ionization information.

From this single comparison we would conclude that
the theoretical treatment does a good job in describing
target ionization and projectile ionization qualitatively
but seriously underestimates the contribution of simul-

taneous ionization of both collision partners. This would
imply that the dynamic screening is handled reasonably
well but that the long-range interactions resulting in pro-
jectile ionization by the neutral target need to be treated

more accurately.
Figures 4(a)-4(e) show experimental and theoretical

data for a heavier target, Ar, and also provide additional
angular information since for this particular system ex-
perimental data were accumulated for several angles be-
tween 20' and 150'. The experimental data exhibit
features similar to those already discussed; plus they
demonstrate the forward and backward peaking of the
electron-loss cross section. Note that for low-electron en-
ergies the relative importance of simultaneous ionization
seems to vary as a function of observation angle. This
most likely is an experimental artifact resulting from the
extremely low signal rates for these data and hence the
large uncertainties for the low-electron energy data.

Because the experimental data are available for a large
range of emission angles, comparison with theory pro-
vides some useful insights that are otherwise unavailable.
From the previous comparison for He+-He collisions, we
would expect reasonable results for projectile ionization
and perhaps slightly poorer results for target ionization
due to the more complicated target wave functions re-
quired. However, this is not the case. Comparing the ex-
perimental and theoretical cross sections for total, target,
and projectile ionization at 30', 90', and 150 yields poor
agreement. Although the general features are repro-
duced, the calculated target-ionization cross sections are
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too large for low-electron energies and fall off too rapidly
for larger electron energies. Projectile ionization is much
too large in the forward direction and decreases much too
rapidly with increasing angle. In general, the theoretical
cross sections do a poor job qualitatively and a very poor
job quantitatively in describing the measured cross sec-
tions.

Owing to the number and kinds of approximations
made in the calculations described above, there are a
number of reasons for the quantitative discrepancies be-
tween experiment and theory. The overestimation of the
low-energy DDCS for Ar results from a defect in the tar-
get wave functions used. This defect also appears in
proton-impact DDCS (Ref. 21) and can only be cured by
the use of correlated wave functions. A larger
discrepancy, however, is seen to be in the theoretical
treatment of simultaneous ionization which is almost an
order of magnitude below experiment for low-energy pro-
duction, despite the fact that the calculation should be an
overestimate. Clearly, correlation between projectile and
target electrons, omitted in our single-particle treatment,
is of great importance.

The DDCS in the region of the electron-loss peak is
also not predicted well by the present theoretical treat-
ment. It is sometimes too high and sometimes too low, as
seen in Fig. 4. Since this region is dominated by projec-
tile ionization, it follows that the present theory predicts
projectile ionization poorly. Since the projectile is ion-
ized by a neutral target atom, it may be that the absence
of any long-range Coulomb field makes the results ex-
tremely sensitive to the target wave functions used.

Although the comparison between experimental and
theory was not as good as we would like, it is useful to in-
tegrate the doubly differential cross sections in order to
obtain total cross sections for target, projectile, and
simultaneous target-projectile ionization and compare
these cross sections with similar cross sections derived
from projectile ion-target ion coincidence studies. Ex-
perimentally, this integration could only be performed for
400-keV/amu He+-Ar collisions because of insufficient
angular information for the other systems investigated.
by integrating the measured target ionization and the
coincidence cross sections from 0 to 100 eV (the region
containing most of the cross section) and then over an-

gles, total cross sections were obtained. In the integra-
tion over electron energy, a constant cross section for
electron energies between 0 and 10 eV was assumed. The
results of the double integration were 2. 1 X 10 ' cm for
the pure target ionization cross section and 1.1X10

cm for the simultaneous projectile-target ionization
cross section. These compare reasonably well with the
values of approximately 3.3 and 1.4X 10 ' cm obtained
from Ref. 28.

Similar integrations performed using the theoretical
data yield values of 4. 1 and 0.7X10 ' cm for the target
and simultaneous ionization cross sections, respectively.
Clearly the agreement between experiment and theory is
significantly better for these total cross sections than was
found for the DDCS. This shows the value of measuring
cross sections as differential as possible in order to prop-
erly assess the validity of any theoretical treatment.

V. CONCLUSIONS

Cross sections, differential in emission angle and ener-

gy, were measured for He+ impact on several atomic tar-
gets and one molecular target. By using coincidence
techniques, contributions to the total electron emission
resulting from projectile ionization, from target ioniza-
tion, and from simultaneous projectile-target ionization
events were identified. Although the experimental uncer-
tainties are rather large, the data demonstrate that simul-
taneous projectile-target ionization contributes
significantly to the differential electron emission for lower
emission energies. This contribution was found to be im-
portant for all targets and impact energies investigated.

Detailed calculations using the first Born approxima-
tion were made for the He and Ar targets. By comparing
the calculated cross sections with the experimental re-
sults, it was shown that whereas the present theoretical
treatment does a reasonably good job in predicting the to-
tal target and projectile ionization cross sections, it does
a much poorer job in describing the DDCS. In particu-
lar, it severely underestimates the amount of simultane-
ous projectile-target ionization that was observed. Al-
though these comparisons indicate specific needs, such as
the inclusion of correlation, in future theoretical treat-
ments, a more important message that this comparison
provides is the need to compare experiment and theory in
a mode as differential as possible.
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