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New measurements of absolute cross sections for multiple ionization of helium, neon, argon, and
krypton by 50—500-keV/amu He’* impact are presented. By measuring projectile-ion—target-ion
coincidences, these cross sections are obtained for the direct ionization as well as the single- and
double-electron-capture channels. The present data are combined with previous measurements by
the author that covered the energy range between 5 and 67 keV/amu in order to provide a broader
description of He?™ impact ionization of atomic targets. The earlier measurements were found to
require reevaluation in order to correct ion detection efficiencies used in that study. An analysis of
the direct-multiple-ionization cross sections demonstrates that a simple impact-parameter,
independent-electron model can be used to describe these cross sections over a broad range of low
to intermediate impact energies. In particular, this analysis, when applied to fully stripped ion
(1 <Z < 8) impact on helium, yields a single universal curve in the velocity range investigated here.

I. INTRODUCTION

In recent years there have been many studies of multi-
ple ionization of atoms resulting from fast charged-
particle impact. Although single ionization induced by
fast bare-projectile impact is fairly well understood,
efforts to understand multiple-ionization phenomena are
more difficult. Even in the simplest case, double ioniza-
tion of helium, McGuire has shown that the double ion-
ization observed for higher impact energies results from
a single projectile-target interaction whereas at lower im-
pact energies a two-step (multiple) projectile-target in-
teraction dominates.! In an intermediate-energy range
where both mechanisms contribute, it was suggested that
interference effects may also occur.

Experimentally, Shah and Gilbody? and Knudsen
et al.’ have studied single and double ionization of heli-
um resulting from bare-ion impact. In heavy targets,
which thus far have received little attention, direct ion-
ization and charge transfer involving outer-shell as well
as inner-shell target electrons contribute to the total ob-
served multiple-ionization cross sections. Recently, for
proton impact on helium, neon, argon, and krypton,*
these individual cross sections were identified and quan-
tized. It was then shown that the direct multiple outer-
shell ionization cross sections are well described by an
independent-electron picture (i.e., a multiple interaction
model) over a fairly broad energy range.

In the case of bare-helium-ion impact, the author has
recently published multiple-ionization cross sections for
several atomic targets’ but only for impact energies up
to 67 keV/amu. These measurements have now been ex-
tended to 500 keV/amu. As before, coincidences be-
tween the postcollision slow target ions and the fast pro-
jectile ions have been measured and cross sections for
multiple target ionization (0,2/) calculated. In this nota-
tion the superscripts represent the projectile initial and
final charge states and the subscript is the final target
charge state. By studying the direct-ionization channel
(j =2) as well as the single- and double-electron-capture
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channels (j =1 and O, respectively), a complete picture of
ionization by He?t impact on He, Ne, Ar, and Kr is ob-
tained. These individual cross sections can then be ap-
propriately combined in order to provide information
about total positive-ion and free-electron production as
well as total single- and double-electron-capture cross
sections.

In addition, these new data can be used to test the
independent-electron calculations of Becker et al.® for
neon. Also, it was previously observed that for double-
electron capture from argon and krypton targets, the
cross sections for capturing two electrons plus ionizing
an additional electron were larger than the cross sections
for simply capturing two electrons. This was observed
to occur for all impact energies investigated indicating
that it was not a result of inner-shell capture followed by
an Auger relaxation. The present data were originally
intended to investigate this phenomenon at higher im-
pact energies, but, as will be shown, fail to confirm these
previous observations.

II. EXPERIMENTAL PROCEDURE

Some details of the experimental apparatus and pro-
cedure used to obtain the present data will be given since
these differ from those previously described in Ref. 5. In
general, the data accumulation procedure consisted of
directing an energy-analyzed, collimated beam of “He?™
ions through a target cell (diameter of approximately 1
cm, pressure of =O0.1 pascal) and then electrostatically
charge-state-analyzing the emerging beam before detect-
ing it with a ceramic channel electron multiplier that
was used as a secondary emission detector (see Fig. 1).
An electric field was used to extract target ions having
charge state g that result from projectile-target interac-
tions in the collision region. These ions traveled
through a field-free drift region, after which they were
accelerated to a higher energy (=3kqV), traveled an ad-
ditional distance in a field-free region, and were then
counted by a channel electron multiplier. Standard coin-
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FIG. 1. Schematic of experimental apparatus used to mea-
sure multiple ionization of gaseous targets. Inset shows secon-
dary emission target-ion detector.

cidence electronics processed the slow and fast ion sig-
nals in order to produce time-of-flight target-ion spectra.

The integrated peak intensities (quf) obtained from
these spectra provided information about target ioniza-
tion resulting from directly ionizing (j =2) or electron-
capturing (j =1 or 0) collisions depending upon the par-
ticular projectile charge state selected as one of the coin-
cidence partners. These peak intensities were converted
into absolute cross sections (Ugj ) for multiple target ion-
ization by normalizing to the total positive-ion-
production cross sections of Itoh and Rudd.” In addi-
tion, the individual o2/ cross sections can be summed in
various combinations to yield total free-electron produc-
tion (o_), single- (o?!), and double- (c?°) electron-
capture cross sections as will be shown below. Several
experimental details specific to the present work will
now be discussed.

A. *He?* production

An uncontaminated *He?* beam was produced by a
combination of horizontal magnetic field and vertical
electric field separation (see Fig. 1). Initially, “He™ ions
of energy E were selected by the magnetic field after
which they were passed through a stripper cell. The
“He?* component formed in the cell was then selected
using the electric field. However, it was found that an
O%* contaminant was also present. This was attributed
to O% ions originating in the ion source that were also
accelerated to energy E. Before entering the analyzing
magnet a small percentage of these ions stripped to O>+
due to interactions with the residual gas, thus allowing
them to be selected along with the *“He* ions since both
meet the same ME /q? conditions for magnetic selection.
The electric field then selected both the Ot and He?*
ions since both met the same E /g requirements. Thus,
in order to obtain a clean *He?’* beam this pre-
magnetic-field stripping was exploited. In this case
“He™* ions were accelerated to energy E and the small
percentage of them that prestripped to “He?* were
selected by the analyzing magnet. Now, however, the
magnetic field also selected any H™ ions that were
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present. The H* ions were then rejected by the electric
field thus producing an uncontaminated *He’* beam.

B. Projectile-ion detection

The projectile ions were detected using a single detec-
tor that could be centered on the particular beam com-
ponent of interest. The efficiency of this detector (7,),
when used to count the secondary electron emission
from a brass plate, was measured at high impact energies
by alternately directing a weak beam onto it and onto a
surface barrier detector for which unit efficiency was as-
sumed. Such measurements yielded values of 0.78+0.05
for He™ ions and 0.84+0.04 for neutral-helium impact.
(No measurements for He?* ions were made.) These
values are in reasonable agreement with those values ob-
tained by taking the ratio of the total target-ion coin-
cidence rate to the total noncoincidence target-ion rate
yielding 0.68+0.07 for He?’* impact and 0.70£0.07 for
He* impact. These tend to imply near-unit detection
efficiency for the fast ion detector since a 85% transpar-
ent grid covers the entrance to this detector. Any
discrepancy between these measured efficiencies and 0.85
is not attributed to solid angle limitations since measure-
ments made using the secondary emission detector (A€
either 2 or 4 mrad) and the surface barrier detector
(AQ =16 mrad) gave similar results.

C. Recoil-ion detection

The efficiencies for detecting the slow recoil ions were
investigated in considerable detail since some incon-
sistencies were found between cross sections measured
using the present apparatus with those measured earlier
in our laboratory® and also with various total cross sec-
tions (see Ref. 5). During this investigation and data
collection, three different recoil-ion detection systems
were used. Initially, a 10-V/cm extraction field and a
3.5-cm-long flight path filled with target gas were used.
In the first system, the recoil-ion channel electron multi-
plier was positioned to count the secondary electron
emission from a brass surface (see inset in Fig. 1). The
second system moved the channel electron multiplier to
directly detect the recoil ions although the flight tube
remained the same (see Fig. 1). The final system used a
400-V/cm extraction field, a 5.5-cm flight path with
several pumping holes in order to reduce the gas density
throughout the flight path, and the detector positioned
to directly detect the recoil ions. For each configuration
Bqu (g=1-4 or 5) was measured for a fixed integrated
beam charge multiplied by target gas pressure and was
found to be independent of extraction field and target
pressure for values ranging between approximately half
to double the values quoted.

The efficiency for detecting recoil ions of various
charge states [77(¢g)] was obtained by measuring B?' for
various voltages V of the final drift tube (500—3500 V)
and hence for various recoil-ion energies gV. In the pre-
vious study’ this type of data for recoil argon ions was
interpreted as an indication of a charge-independent
detection efficiency for ion energies above approximately
2 keV. However, the present data obtained for higher
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charge states and with better statistics show that the
detection efficiency depends on the velocity with which
these slow ions impact the detector. The relative intensi-
ties of Bq21 for various recoil-ion energies and target-ion
species, plotted versus their velocities, were found to lie
on a universal curve for the secondary emission detector
originally used [see Fig. 2(a)]. In the later configuration
where the ions directly impinge upon the detector cone,
a different situation exists. In this case [Fig. 2(b)], only
for velocities exceeding approximately 0.6 (keV/amu)!/?
does a universal curve exist. Note that in this case,
geometrical as well as absolute beam charge and target
density information were used to place these recoil-ion
detection efficiencies on an absolute scale.

In both cases it was found that the detection
efficiencies depended upon the recoil-ion mass and ener-
gy. This is in contrast to the study done by Fricke
et al.® The reason for this is not clear. It does not ap-
pear that any lensing action was affecting the present in-
vestigation since equivalent results were obtained for ex-
traction fields of 20 and 400 V/cm which would result in
entirely different focusing effects.

Using this new information, the recoil-ion detection
efficiency data from Ref. 5 was reanalyzed. It was found
that these data are in agreement with the results shown
in Fig. 2(a) and it is concluded that the cross sections
presented in Refs. 5 and 9-11 need to be adjusted to ac-
count for this error. Recommended adjustments for
these data are given in the Appendix while the cross sec-
tions presented in Ref. 5 have been recalculated and are
included with the present data.

After investigating these experimental parameters, the
cross-section data were collected in the following
manner. Time-of-flight recoil-ion spectra were measured
for known target-gas pressures (generally 0.1 pascal) and
integrated beam currents. First no postcollision projec-
tile charge state separation was used (¢=0 in Fig. 1).
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Thus total multiple ionization intensities (B]=3B2)
were measured. Then the electric field was turned on
and the fast ion detector was sequentially centered on
the He?™ (for direct ionization), the He*t (for single-
electron capture), and finally on the He® (for double-
electron capture) components. In each case the target
ionization charge state intensities (B;j) were recorded
for known target-gas pressures and beam charge. Since
the total beam intensity could not be monitored in all
cases, this normalization was done by normalizing to the
total noncoincidence recoil-ion intensity. The results
were found to be internally consistent to within 10%
(e, B/=~3BY).

These raw intensities are related to the absolute cross
sections by

2j_

B} /m(q)
9= I/, NIT °

where 7(q) is the recoil-ion detection efficiency, 7, is the
fast ion detection efficiency, I is the integrated beam in-
tensity, N is the target-gas density, / is the interaction
length, and T is the optical transmission of the recoil-ion
detection system due to the grids used. Normalization
to the total positive-ion cross sections (o ) of Itoh and
Rudd’ was used at each impact energy to place the
recoil-ion detection efficiencies on an absolute scale, i.e.,

. >qB/) /n(q)
* (I /m,NIT

This was done by calculating relative values for o, us-
ing relative values for 77(q) and then normalizing to the
absolute o, cross section by adjusting 7(g). It is the
average of all these detection efficiencies that is shown in
Fig. 2(b).

The individual cr;j cross sections were then combined
to provide total free-electron-production cross sections
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FIG. 2. Detection efficiencies for slow target ions. (a) Relative detection efficiencies for the secondary emission detector shown
in inset of Fig. 1. (b) Absolute efficiencies for the direct detection of the various target ions studied.
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TABLE I. Absolute cross sections (in units of 107! cm?) for He?*-He collisions. ¥ (j =2,1,0)
are for direct-ionization, single- and double-electron capture, respectively. o, total positive-ion-
production cross sections from Ref. 7 used for normalization purposes. o _, total free-electron-
production cross sections obtained from present o2 cross sections as described in the text. The
5-66.7 keV/u data are recalculated values taken from Ref. 5 as described in the text. Typical uncer-
tainties are +15% except for those values indicated with asterisks which have 25-30 % uncertainties.

He?*-He
Direct Double
ionization Single capture capture
E/M
(keV/u) oL o_ o} o o ol o o®
5 0.0162 0.49 0.474 0.0162
10 3.8 0.0320 0.779 0.750 0.0320* 1.49
16.7 5.0 0.206 0.0785 2.13 2.01 0.127 1.33
333 6.0 0.574 0.186* 3.17 2.78 0.388 1.13
50 5.6 1.10 0.623 0.0153* 2.96 2.52 0.444 0.768
66.7 5.15 1.52 1.10 2.58 2.16 0.425 0.522
50 5.6 1.32 0.949 0.0219 2.30 1.97 0.330 0.619
75 4.9 2.05 1.66 0.0282* 2.10 1.77 0.330 0.335
100 4.3 2.67 2.35 0.0632 1.17 0.976 0.191 0.135
175 3.1 2.43 2.18 0.0741 0.536 0.437 0.0991 0.108
250 2.4 2.34 2.20 0.0566 0.184 0.154 0.0302 0.001 69
375 1.85 1.73 1.66 0.0303 0.0411 0.0357 0.005 39
500 1.50 1.45 1.39 0.0286 0.0131 0.0109 0.002 23

[0 _=3(q+j—2)0¥] and total single- (o0?'=3o02")
and double- (0°=302, for g>2) electron-capture
cross sections. In cases where data obtained using the
different recoil-ion systems were averaged, generally
agreement within 10-159% in absolute magnitude was
found. In some cases, most notably for the highest

charge states measured, larger errors exist.

The data presented in the following section consist of
the present measurements for *He?™ impact energies
ranging from 200 to 2000 keV and the recalculated
SHe?* between 15 and 200 keV that were originally pub-
lished in Ref. 5. The recalculation includes adjustments
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FIG. 3. Absolute cross sections for multiple ionization of helium by He?* impact. o:
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caption.

considered to be more accurate. We find that the
present total-capture cross sections tend to be slightly
larger (=20%) than those of Itoh and Rudd although
having the same energy dependence. This indicates an
inconsistency between the o, and the capture cross sec-
tions presented in Ref. 7.

A comparison with the independent Fermi particle
model calculations of Becker er al.® shows that the
theory determines the charge state distribution quite well
in the case of single electron capture but less well in the
double-capture and direct-ionization cases. Although
100 keV/amu is a rather low impact energy for testing
the theory, preliminary calculations at higher impact en-
ergies have given similar comparisons.

C. Argon and krypton

Data for argon and krypton.are presented in Tables
III and IV, respectively. Multiple ionization is becom-
ing relatively more important and competitive with
respect to single ionization. However, the only indica-
tion of higher degrees of ionization being larger than
lower degrees of ionization occurs at the highest impact
energies where inner-shell ionization is becoming impor-
tant. Due to the present recoil-ion detection efficiencies
which differ from those used previously, the new data do
not indicate that double capture plus an additional ion-
ization is larger than double capture alone as was previ-
ously found. The new and old data® are in complete
agreement except for the case of pure double capture

(03°) from krypton. Even after correcting for the detec-
tion efficiencies, the earlier data is inconsistent with the
present values. No explanation for this can be given al-
though the present data are assumed to be correct. Un-
fortunately, the earlier data cannot be rechecked as the
apparatus no longer exists.

For both argon and krypton, the present o _ cross sec-
tions are smaller at lower impact energies than those
measured by Itoh and Rudd’ and by Puckett et al.'?
Again the present total-capture cross sections are slight-
ly larger than those of Itoh and Rudd, but tend to agree
with other previously measured values. '

IV. DIRECT-MULTIPLE-IONIZATION ANALYSIS

Following a procedure that was recently used to ana-
lyze multiple outer-shell ionization of atoms resulting
from proton impact,* it is possible to obtain some infor-
mation about the interaction mechanism(s) leading to the
direct-ionization cross sections that have just been
presented. This is done by studying the ratios of direct-
multiple- to direct-single-ionization cross sections. For
example, the projectile can be assumed to interact once
with a single target electron and this electron can in turn
interact with other target electrons such that all are
ejected. This interaction is clearly first order in the
projectile-target interaction. Hence one would expect
that the first- and higher-order direct-ionization cross
sections should have roughly the same energy depen-
dences, e.g., that the ratio of direct double to direct sin-
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gle ionization is roughly independent of impact energy.

At the other extreme is the possibility for the projec-
tile to interact with each target electron independently in
order to ionize them. This ‘“multistep” independent-
electron interaction implies that the gth-order ionization
cross section should behave as the gqth power of the
single-ionization cross section.

This can easily be shown by assuming an
independent-electron binary encounter approach to the
ionization of g electrons from a shell containing N elec-
trons. Doing so yields

oi=2m [ v P(b)[1—P(b)]" ~bdb
= o |4 )

If, for simplicity, an ionization probability that decreases
exponentially as a function of impact parameter is as-
sumed [i.e., P(b)=P(0)e —b/R where R is a characteris-
tic interaction distance roughly corresponding to the
shell diameter], the direct-multiple-ionization cross sec-
tions are given by

i 27R?
q q2

o P(0)i=(a{) .

q

Thus where a multistep interaction dominates, aff should
be proportional to (¢%)?. This is in contrast to the
single-step interaction that dominates at high impact en-
ergies where the aff is proportional to o¥.

In order to test whether the multistep-interaction
mechanism is important, the above equations can be
solved for R in terms of the ionization cross sections O’Z,
Doing so yields

R. D. DuBOIS

36

Where the multistep-interaction mechanism dominates,
this simple model predicts that R will have only a weak
impact energy dependence. This is because azz(o'i")q.
For example, a detailed theoretical analysis' predicts
that single ionization should behave as v ~?In(v) for
large impact velocities v whereas double ionization
should have a v~* dependence. Thus, where the
multistep-interaction mechanism dominates, R is expect-
ed to increase slowly with increasing impact energy.
This is in contrast to the single-step interaction which
predicts that UZ%U’{ and hence the ratio 0’{;/07 is ex-
pected to be energy independent.

Values of R have been calculated for He> " impact on
helium using the tabulated data presented above in order
to determine whether a single interaction or a multistep
interaction dominates in the energy range investigated.
The results, along with results obtained for other fully
stripped ion impact, are shown in Fig. 5. Previously* it
was shown that for proton impact a nearly constant R
occurs in the range 50-500 keV (solid curve in Fig. 5)
whereas a constant o /o was found' only for energies
larger than approximately 5 MeV. This was interpreted
to mean that between 50 and 500 keV only a multistep
interaction is important in leading to direct double ion-
ization of helium, above 5 MeV only the single-step in-
teraction is important, and for intermediate energies
both contribute. It is possible that the emerging
influence of the single-step mechanism at the higher im-
pact energies is disguising the expected slow energy
dependence of R.

The He?*t data indicates that again the multistep-
interaction mechanism as described above is dominant in

" the production of doubly ionized helium. Not only is R

nearly constant found but it is the same value as was
found for proton impact. In fact, all the bare-ion data
are found to lie on the same curve. Also note that R for
fully stripped ions other than protons may be slowly in-
creasing at the higher impact energies as is predicted
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FIG. 5. Interaction distance obtained from the independent electron analysis described in text. H* impact:
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———, Ref. 4.

He’*: O, present work; @ , Ref. 2. Li**: 0, Ref. 2; M, Ref. 3. B°*: A, Ref. 3. C°F: 4, Ref. 3. O®*: X, Ref. 3. (r) is the

mean radius of the helium 1s electron.
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TABLE V. Relative values of the detection efficiencies for slow target ions taken from Fig. 2(a).

See Appendix for details.

Target-ion

charge state Target ion detection efficiencies 7(q)
q He Ne Ar Kr Li Na Mg
1 0.88 0.50 0.33 0.17 0.80 0.53 0.52
2 0.91 0.67 0.51 0.33 0.90 0.70 0.69
3 0.76 0.60 0.42 0.78 0.77
4 0.67 0.50 0.82 0.83
5 0.72 0.53

theoretically.! However, the major point to be derived
from the data is that the multistep interaction leading to
double ionization of helium is essentially the same for all
fully stripped ions. The only difference is the extent to
which the multistep interaction dominates the single-step
interaction at higher velocities.

A similar analysis using the small amount of neon
data that is available leads to exactly the same con-
clusions. Argon and krypton were not analyzed since in
these cases it is essential to separate outer-, from inner-,
shell ionization* and insufficient information currently
exists to do so.

V. SUMMARY

Data for multiple ionization of helium, neon, argon,
and krypton by bare helium ions have been presented.
The present data have been combined with recalculated
cross sections that were published earlier in order to
provide a complete picture of ionization between 5 and
500 keV/amu. The earlier measurements which indicat-
ed that double capture plus an additional ionization were
more probable than pure double capture from argon and
krypton were shown to be in error due to inaccurate
recoil-ion detection efficiencies previously assumed.
When compared to the previous total cross-section mea-
surements of Itoh and Rudd, it was found that the
present data yield smaller free-electron-production cross
sections at low impact energies and slightly larger cap-
ture cross sections.

By analyzing the direct-multiple-ionization cross sec-
tions for helium and neon, it was shown that these data

can be well represented by an independent-electron, mul-
tiple projectile-target interaction model. For the helium
target all available data for bare-ion impact were shown
to conform with this model over a broad range of impact
velocities.
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APPENDIX

The multiple-ionization cross sections previously
presented in Refs. 5 and 9-11 are in error due to inaccu-
rate information available at that time regarding the
detection efficiencies for the slow target ions. These
efficiencies were previously taken to be unity for all
recoil-ion charge states. The correct values, taken from
Fig. 2(a) of this paper, are seen in Table V. Using these
detection efficiencies, the correct values for the afj Cross
sections can then be obtained from the values previously
presented (o}/)* by

(a)*oh !

@[5 =% /n(g)]

i —
o4=

This will result in only small changes for the lighter tar-
gets with larger corrections required for the heavier tar-
gets.
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