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Single and multiple ionization of He, Ne, and Ar has been studied experimentally by impact of
fast protons and antiprotons. The single-ionization cross sections obtained with protons and an-
tiprotons are found to be the same. The double-ionization cross sections obtained with antipro-
tons, however, are much larger than those obtained with protons at equal velocity. This difference
is found for all three gases but the effect is largest for He and Ne, where the difference is about a
factor of 2 at 1 MeV/amu. The difference is discussed in terms of interference between two col-
lision mechanisms which both result in double-electron escape. Experimental information on the
magnitude of the interference term is obtained by inclusion of double-ionization data, partly ob-
tained in this work, for fast electron and a-particle impact. For triple ionization of Ne, we also
find that antiprotons yield much larger cross sections than protons do. Identical cross sections,
however, are found for triple ionization of Ar with protons and antiprotons. This is believed to be
due to the fact that triple ionization of Ar is mainly a consequence of a single vacancy produced in
an inner shell followed by electronic rearrangement. This observation supports the interpretation
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that the observed charge effect is due to an interference effect in the outermost shell.

I. INTRODUCTION

In the field of atomic collisions one has exact
knowledge about the forces of interaction between the
two nuclei and their attendant electrons. Thus, in prin-
ciple, any collision process should be manageable to the
atomic-physics theorist. However, even the simplest col-
lision processes constitute a considerable challenge due
to the complex dynamics of systems of more than two
particles. Today, one of the main goals for atomic phy-
sicists is to find appropriate approximations for the
many-body problems encountered in atomic collisions.
Such solutions are of fundamental interest and important
for the understanding of complex systems in nature.

One of the basic processes in atomic-collision physics
is ionization. Studies of single ionization have been car-
ried out extensively, both theoretically and experimental-
ly, and this process is reasonably well understood espe-
cially at high impact velocity where the collision essen-
tially is a two-body process. In particular, the cross sec-
tion for single ionization scales as g2, where ge is the
charge of the projectile and e is the elementary charge.!?

With the establishment of low-energy (~5 MeV) an-
tiproton beams at the European Organization for Nu-
clear Research (CERN), one has a unique opportunity to
test charge scaling for atomic collisions through a com-
parison between cross sections obtained with protons
and antiprotons. Such a comparison constitutes an ex-
cellent basis for exploration of charge scalings since pro-
tons and antiprotons, with respect to atomic-collision
processes, only differ by the different sign of the charge.
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Alternatively, cross sections obtained with electrons and
protons can be compared. However, the very different
masses make the comparison ambiguous, especially at
lower velocities.

At high impact velocity, compared to the orbiting
electron velocity, the first Born approximation generally
provides a convenient framework for the treatment of
single ionization and hence this process is well under-
stood. The situation for multiple ionization is consider-
ably less clarified. Even at high projectile velocities,
where the projectile interaction may be treated as a per-
turbation, proper calculations are very scarce. This is
closely connected to the fact that the independent-
electron model often fails in the description of mul-
tielectron transitions.>* Since in ion-atom collisions
ejected electrons move with a velocity comparable to
their original orbital velocity, interactions between elec-
trons are important in multiple-ionization processes.
Thus, higher-order terms in the Born expansion must be
considered. In the present work, we focus on possible
quantum-mechanical interferences between the various
collision amplitudes for double ionization. Similar
effects are observed in electron-capture processes at high
velocity.>®

At lower velocity, ionization processes become more
complicated due to a number of effects. For example,
for positive-ion impact, electron capture contributes to
ionization. Moreover, for ionization processes of inner
shells of atoms, deviations from the g2 scaling may occur
due to the interaction between the incoming projectile
and the target nucleus, and due to changes in the bind-
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ing of the target electrons due to the presence of the
charged projectile.’

In a recent publication® we reported on single and
double ionization of He by fast protons and antiprotons.
In the present work we find that protons and antiprotons
yield essentially identical cross sections for single ioniza-
tion. This was not observed in the previous publication®
since at that time we had not measured those cross sec-
tions with protons at low energy. Thus, the apparent
pt-p~ difference in single ionization® was not real, as
will be discussed later. Further, the double-ionization
data obtained for He (Ref. 8) are slightly changed. Here,
we include data obtained with the heavier targets Ne
and Ar. With these gases the ionization process may be
accompanied by Auger processes and shake off when
electrons are ejected from the inner shells of the atom
and, accordingly, Ne and Ar constitute a more compli-
cated target than He. Especially, for Ar, L-shell ioniza-
tion is found to be important for the production of dou-
ble and triply charged ions.

For He we observed a large difference between the
double-ionization cross section obtained with protons
and antiprotons.® It was found that the antiprotons re-
sulted in double-ionization cross sections, which were up
to twice as large as those produced by protons in the en-
ergy range 0.5 to ~4 MeV. We find similar effects for
multiple ionization of Ne and Ar, except when the final
ionization stage is reached as a consequence of single-
vacancy production in inner shells.

Ionization is one of the main processes by which a
projectile penetrating matter looses energy. Since multi-
ple ionization is associated with large energy loss, the
observed deviation from a ¢? scaling for multiple ioniza-
tion becomes relevant for the so-called Barkas effect.
We will discuss the importance of the present results to
the Barkas effect.

Throughout this work the notation o2+, 0=1,2,3
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will be used for the total cross section for production of
target ions of charge state Q +. It has become cus-
tomary for multiple ionization to present the data in
terms of the ratio between the multiple-ionization and
the single-ionization cross sections. We use the notation
R(Z):UZ+ /0.+ and R(]):o_3+ /U+.

II. EXPERIMENTAL TECHNIQUE

The apparatus used in the present experiment was
designed to fit into the special experimental conditions
encountered at CERN. Here, the antiprotons were ex-
tracted from the low-energy antiproton ring (LEAR).
The beam was extracted at a momentum of 105.5
MeV/c, which corresponds to a kinetic energy of 5.91
MeV. The beam passed through a 110-um Be window,
which closed the LEAR vacuum system. The antipro-
tons then passed through 16-mm atmospheric air and,
finally, entered into our experimental arrangement
through a 23-um Mylar foil. At this point, the energy of
the antiprotons was 4.1 MeV, which was the maximum
kinetic energy used for antiprotons in this work. In or-
der to obtain antiprotons at a lower energy, thin Al foils
were placed between the two vacuum systems. We used
an annular scintillator located at the entrance to the in-
teraction region to steer the beam through the experi-
mental arrangement (see Fig. 1). Typical p ~-beam in-
tensities were between 2 < 10* and 10° sec .

Since the main purpose of the present work is to com-
pare data for proton and antiproton impact, we estab-
lished experimental conditions at the EN tandem ac-
celerator in Aarhus, which were similar to those at
CERN. That is, protons were accelerated to an energy
of 5.91 MeV and, subsequently, passed through the same
sequence of foils and windows that were used to slow
down the antiprotons.

0O 1 2 3 4cm

o ®

FIG. 1. Schematic drawing of the experimental setup used for measurements with degraded p * and p ~ beams. The dashed lines

indicate the beam size (full width at half maximum) for ~4-MeV p .

of-flight tube; 3, channeltron detector; 4, stop detector.

The numbers show 1, accelerator facility vacuum; 2, time-
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In addition, we have measured relative cross sections
with bunched p* and He?* beams from the EN-tandem
accelerator. The energy range for these measurements
was from 0.1 to 10 MeV and from 1.36 to 18 MeV, re-
spectively. In these cases, the target vacuum system was
linked together with the accelerator vacuum system and
no foils nor windows were used. Moreover, similar data
have been obtained with 1.5-13 keV electrons.

To measure the yield of the various charge states of
the target ions created through collisions with the pro-
jectiles we used a time-of-flight technique. The target
arrangement is shown schematically in Fig. 1. The tar-
get gas was located between two parallel condenser
plates. Target ions created between the plates were ac-
celerated by an electric field of 800 V/cm. The ions
passed through a high transmission grid, placed on one
of the condenser plates, and entered into the flight tube.
Here, the ions were accelerated and thereby focused by
an additional —3500 V. Finally, they were recorded by
a ceramic channeltron detector the cone of which was
biased at —3900 V. The time-of-flight system was
designed to give ions of a specific charge approximately
the same flight time, regardless of the position of
creation in the reaction region.

Different techniques were used to provide the informa-
tion about the time of flight of the recoil ions. The dc
p~ beam from LEAR and the corresponding p * beam
from the Aarhus accelerator passed through the gas cell
and exited through a 1.5-um Al foil. This foil was used
in order to avoid a large opening in the gas cell for the
relatively broad degraded beam. Subsequently, the beam
particles were detected by a 8-cm-diameter scintillator
detector located 33 cm behind the gas cell. This detec-
tor stopped the beam particles. The stop pulse to a
time-to-amplitude converter was provided by a delayed
signal from this scintillator detector. The start pulse
was provided by the signal from the channeltron. With
the bunched protons and «a particles, the buncher system
provided one of the timing signals. Finally, we used an
electron beam in connection with a beam-deflection sys-
tem. In this case, timing pulses from the beam deflector
were used as stop pulses and pulses from the channeltron
were used as start pulses.

Well-resolved peaks, corresponding to different charge
states of the target ions, were obtained in the time-of-
flight spectra. As an illustrating example, Fig. 2 shows
the time-of-flight spectrum for 3.2-MeV p~ on Ne.
Charge states of Ne from 1 to 4 are observed. Further,
the two Ne isotopes °Ne and *’Ne are easily seen.
Three peaks occur as a result of interactions with the
rest gas, mainly H*, OH*, and H,O0%. The peak la-
beled “prompt,” stems from annihilation products creat-
ed when antiprotons annihilate in the stop scintillator.
Some of these products hit and triggered the channel-
tron and thus coincident start and stop pulses were gen-
erated. Only the prompt peak and the H*, OH™, and
H,O% peaks remained when the target-gas inlet was
closed.

On the Net peak, a tail appeared. This was due to
Ne™ ions undergoing resonant charge exchange with the
residual Ne atoms in the flight path from the place of
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FIG. 2. Time-of-flight (TOF) spectrum obtained with 3.2
MeV p~ on Ne.

production to the channeltron detector. A similar effect
was observed with He and Ar targets. In the data
analysis we included this tail as a part of the singly
charged peak. In order to eliminate all errors caused by
multiple collisions, all yields were extrapolated to zero
pressure.

The time of flight of target recoil ions was determined
by their specific value of M /Q, where M is the mass in
amu. If any H," ions were produced in the target re-
gion, they would occur at the same place in the time-of-
flight spectrum as He**. Several checks were made to
ensure no contribution from H,". Firstly, with no He
gas inlet, no peak appeared at M /Q =2. Secondly, no
peak appeared at M /Q =2 with a *He inlet. Thirdly,
the observed relative amounts of H,O", OH*, and H*
were similar to that measured for electrons on water va-
por at the same velocity.” From the electron data it was
found that the amount of H,* produced at these veloci-
ties was negligible.

Since we were only able to obtain antiprotons at a
fixed energy of 5.91 MeV, we inserted degrader foils of
different thicknesses to obtain beams of lower energy.
Several methods were used to determine the energy of
the beam after penetration through the various foils.
We calculated the energy by use of proton-stopping-
power values.! For the antiprotons these values were
corrected to take into account the Barkas effect.!! This
method is expected to yield an accurate energy deter-
mination at high energy (>1 MeV). At lower energy,
where such a calculation may not be accurate, we deter-
mined the energy of the antiprotons by measuring the
position of the prompt peak in the time-of-flight spec-
trum (see Fig. 2). In Fig. 3 is shown VM /Q as a func-
tion of flight time for 0.5-MeV p ~ on Ne. As expected,
V'M /Q is a linear function of the flight time. Let AT be
the shift of the prompt peak with respect to the straight
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T T T T LA on He with those obtained from the recommended
6 i values of Rudd et al. In doing so, we set €™ for He
N equal to one. €t for Ne, Ar, and Xe was then found
25 . through normalization to the single-ionization cross sec-
5 tions obtained from Rudd et al. for 4.4-MeV protons on
gz. . these gases. Figure 4 shows the resulting €t as a func-
% 3 tion of impact velocity of the recoil ions on the detector.
5 B From this curve we also found €2, Q > 1, since the
<] 2 | detection efficiency is a function of impact velocity only
‘z independent of the incident charge.!3
1 . The present apparatus was constructed with a large
Prompt opening between the collision region and the time-of-
200 " 0 &0 80 " 100 flight tube. The reason for this was the large spatial ex-

At(nsec)

FIG. 3. VM /Q as a function of flight time for 0.5-MeV p~
on Ne.

line. Then AT is equal to the flight time of the projectile
from the gas cell to the stop scintillator plus the flight
time of the annihilation products from the stop detector
to the channeltron. In the following, the annihilation
products are assumed to travel with the speed of light.
By measuring AT, one has thus a direct measure for the
speed of the projectile. This method introduced little
uncertainty on the energy determination below 1 MeV.
At higher energies, the uncertainty in the determination
of the straight line, shown in Fig. 3, introduced a rela-
tively large uncertainty in the determination of AT,
which was smaller here. Within the uncertainty, the
method, however, predicted energies which were con-
sistent with the calculated values. We estimate the
overall uncertainty on the determination of the antipro-
ton energy to be about 100 keV at 0.5 MeV and 200 keV
at all other energies.

The numerical analysis of the data proceeded as fol-
lows. Let N+ be the measured number of recoil ions
at charge state Q, N, the measured number of beam par-
ticles, P the pressure in the gas cell measured in mtorr,
and L the length of the collection region in cm; then the
cross section for production of target ions of charge Q +
is
€o

02t =——1im
6Q+P—>O

N2+
NoP

1 33 (cm
L3.29%x10

5,

where €, is a normalization constant and €% is the
channeltron detection efficiency to detect ions of charge
Q + and energy 3.9Q keV.

For the purpose of normalization, we used the recom-

mended electron-production cross section of Rudd
et al.,’?
2+ 3+
o.=3 Q0% =0" 1+2U++3U+ + ()
Q g g

By using our measured ratios o2t /o * and 03t /o (see
below) and by neglecting other terms, we were able to
extract the cross sections for single ionization. €, was
found by comparing our results for o+ for 4.4-MeV p

tension of the degraded beams. As a consequence, the
pressure was not uniform in the collision region. This
influenced the absolute cross sections measured with de-
graded beams. The relative cross sections, however,
were not influenced by this effect.

The relative ionization cross sections were obtained
from

+ NEe+

Q+
RO=Z € lim
N+

U+ eQ"' P—0

(3)

Thus, N9+ /N * was measured as a function of pressure.
At low pressures (below ~5 mtorr), we found a linear
dependence on the pressure. Since we only had a very
limited amount of antiprotons, we did not measure the
pressure dependence of N2+ /N7t at all energy-target
combinations with antiprotons. Where the pressure
dependence for p ~ was measured, it exhibited essentially
the same pressure dependence as that obtained with pro-
tons.

III. RESULTS AND DISCUSSION
A. Single ionization

The main purpose of the present paper is to investi-
gate double- and multiple-ionization processes and, in

c
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FIG. 4. Recoil-ion detection efficiency as a function of im-
pact velocity. The data are normalized so that €™ (He)=1.
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particular, the effect on such processes of the sign of the
charge of the projectile. The work was stimulated by
the unexplained e ~-p * difference in double ionization of
He when measured at equal velocity.!* !

At the same incident velocity (1-2 MeV/amu), the
single-ionization cross sections for electrons and protons
were equal as expected. At lower velocities, the presence
of electron capture for protons and the appearance of
the energy threshold for electrons result in different
cross sections for electrons and protons.

At sufficiently high impact velocity the process of sin-
gle ionization is essentially a two-body process. In this
case the first Born approximation constitutes a con-
sistent first-order perturbation theory for ionization.
This is so because the ionized electron is left far behind
the fast-moving projectile, the potential of which makes
up the perturbation.!® This is in contrast to the process
of electron capture, where the released electron interacts
with the projectile to infinite order. Inokuti! has given
an excellent review on the matter of inelastic collisions
between fast charged particles and atoms within the con-
text of the first Born approximation. Here, the cross
section for single ionization is expected to vary as
qzln( V)/V?, where V is the projectile velocity. That is,
the cross section is independent of the sign of the charge
of the incident particle. Several calculations of ioniza-
tion within the first Born approximation exist. We refer
to the calculations of Bell and Kingston'!” and Gillespie'®
for He and to that of McGuire!® for Ne and Ar targets.

Apart from the effects of electron capture at low ener-
gy, there exists a number of other effects at low energy,
which can cause deviations from the ¢? scaling predicted
by the first Born approximation. This has been dis-
cussed by Brandt and Basbas’ and by Martir and co-
workers.?°

The main result obtained for single ionization in the
present work is that within our experimental uncertain-
ties (~10%) the cross sections for proton and antiproton
impact are the same. This is as expected on the basis of
the first Born approximation. Higher-order effects, as
those mentioned above, are not observed. Such effects
are generally more pronounced in inner-shell ionization
processes, where the projectile experiences close en-
counters with the target nucleus.” Single ionization for
the present collision systems is dominated by outer-shell
ionization.?! The reader is referred to Ref. 22 for fur-
ther discussion of the role of inner-shell ionization in
proton-rare-gas collisions.

B. Double ionization

In the last 20 years there has been interest in the prob-
lem of double ionization of atoms by photons, electrons,
and protons. Today, the dynamics of this process still
constitutes a challenge to physicists. As pointed out by
Byron and Joachain,® this is closely related to the fact
that, unlike single ionization which can be satisfactorily
described within the independent-electron model, the
process of double ionization depends sensitively on
electron-correlation effects. Generally, electron correla-
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tions are of greatest importance for electrons moving in
the field of a low effective nuclear charge, since then the
mutual electronic interaction is most important. Thus,
systems such as H™ and He are very appropriate for
studies of correlation effects.

Single ionization by photon impact at high energy
normally results in ejection of one fast electron. Dynam-
ic correlation between the active electron and other tar-
get electrons is then insignificant. This situation is de-
scribed by the sudden approximation.?® In this approxi-
mation, a sudden change in the effective nuclear charge
appears. Due to initial-state correlations, the subsequent
electronic relaxation may lead to additional ionization.
This process is called shakeoff in the sudden approxima-
tion and is valid when the first electron is ejected with
high velocity. Such a situation is encountered with
high-energy photon impact?* and via electron capture to
fast positive projectile ions.>>2¢ In these cases, the
shakeoff process is independent of the initial ionization
mode and the ratio between the double- and the single-
ionization cross sections is a constant.

Shakeoff in the sudden approximation describes multi-
ple ionization within the first Born approximation.>?’
Hence, double ionization may result from one
projectile-electron interaction. It should be emphasized
that the first Born approximation is only well suited to
describe the ionization process when (i) the projectile in-
teracts only once with one target electron and (ii) the
ejected electron leaves the target without further interac-
tion with other target electrons. When one or both cri-
teria fail to apply, higher-order Born terms are needed in
the Born expansion and multiple ionization cannot be
described by shakeoff alone.

In ion-atom collisions, generally the ejected electrons
leave the atom rather slowly and, consequently, the sud-
den approximation is not applicable. This is closely con-
nected to the fact that the Coulomb interaction can be
described as an exchange of virtual photons, most of
which have rather low energy."?® Since the ejected elec-
trons generally are not as fast for charged-particle im-
pact as for high-energy photon impact and since the final
rearrangement process is very sensitive to final-state
correlations,? the particle- and photon-impact rearrange-
ment processes may not be identical. This is indeed the
case when the initial ionization process takes place in
the same shell as the subsequent rearrangement process,
which is the case for He. In this situation, where two or
more electrons are removed from the same shell, elec-
tron correlations are particularly important.?’ In con-
trast, ionization of inner shells with shakeoff from outer
shells seems to be less dependent on correlations.*® This
was emphasized by Stolterfoht et al.,’! who showed that
after K-shell ionization of Ne, the same amount of
shakeoff from the L shell was found for high-energy pho-
ton, electron, and proton impact. Thus, one must distin-
guish between shakeoff from the same shell and from
different shells.

In ion-atom collisions, an ejected electron may collide
with a second electron, resulting in double ionization.
We call this two-step process, which involves only one
projectile—target-electron encounter, TS-1.% This second
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Born-type process remains important even at high im-
pact energies since the recoil velocity of the primary
electron is nearly independent of incident ion energy.?®
For lower projectile velocities the projectile may collide
with two target electrons and thus result in double ion-
ization. This two-step process,s'21‘22'27'32’33 which we
call TS-2, is also a second Born-type process. The im-
portance of TS-2 is, however, vanishing at high projec-
tile velocity.

C. Helium

The obtained ratio R¥=0%* /o * is in Fig. 5 present-
ed as a function of impact energy per mass unit
(MeV/amu) for electrons, protons, and antiprotons on
He. Since our first report on the antiproton results,® we
have continued with extra proton measurements. Thus,
we obtained more reliable extrapolations to zero pressure
of N** /N, also for antiproton impact. Further, the
LEAR Be window turned out to be ~110 um instead of
~100 pm, which was assumed initially. For these
reasons, the antiproton data are slightly changed as com-
pared to those reported previously.® In Table I are listed
our experimentally obtained values of R¥ forp*,p-,
e, and He?* on He. As is seen from Fig. 5, our data
are generally in good agreement with the results from
other experimental works.
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FIG. 5. The ratio R® between double- and single-ionization
cross sections for p*, p~, and e~ colliding with He. W, p~
this work; @, p* this work; ™, e~ this work; O, p* Refs. 14,
32, and 34; 0, e~ Refs. 35-39.
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It has been an open question whether the difference in
double ionization of He with e ~ and p ™ impact above 1
MeV/amu is due to the different masses or whether it is
caused by the different charge of the projectiles.?”*® Our
results with antiprotons from LEAR clearly demonstrate
that the difference is a charge effect. The difference for
p* and p~ is about a factor of 2 between 0.5 and 5
MeV/amu. The data indicate that the difference in R ‘?’
disappears at about 50 MeV/amu, where the data for e ~
and p ™ seems to merge.

When E (MeV/amu) is below ~ 5, the data for e ~ and
p~ impact yield different ratios R®. Most of this
difference is caused by different double-ionization cross
sections, since the single-ionization cross sections are
identical except at very low velocity. The rapid falloff in
R for e~ is attributed to the finite threshold energy
for double ionization, which for He is 79 eV, corre-
sponding to 0.144 MeV/amu. It is noted that the data
obtained with electrons and antiprotons merge at about
5 MeV/amu. Evidently, the energy threshold at 79 eV

TABLE L. R®?=¢%* /g% forp*, p~, e, and He’* on He
obtained in this work.

E (MeV) Projectile R® (1073)
0.10 pt 17.340.30
1.00 3.3240.10
1.20+ 0.2 3.12+0.20
1.90 2.80+0.20
2.00 2.76+0.06
3.00 2.64+0.14
3.20 2.50+0.20
4.10 2.50+0.15
440+ 0.2 2.50+0.10
5.00 2.584+0.10
7.00 2.5140.07
10.00 2.49+0.10
0.50+ 0.1 P 10.040.60
0.90+ 0.2 7.154+0.25
1.90+ 0.2 5.8040.25
3.20+ 0.2 5.00+0.25
410+ 0.2 4.50+0.25
1.5 x1073 e~ 4.2240.15
2.0 xX1073 4.2010.15
3.0 x1073 4.1040.15
40 x1073 3.67+0.15
5.0 x1073 3.3440.10
7.0 X103 3.3440.15
9.0 x1073 3.2940.15
11.0 x1073 3.134+0.15
13.0 x1073 3.00+0.15
1.36 He?* 32.20+0.20
2.00 20.9540.05
2.80 14.25+0.10
4.00 10.20+0. 10
6.00 7.05+0.10
9.24 5.25+0.05
12.80 4.2040.05
18.00 3.65%0.05




3618

influences the dynamics of the double-ionization process
for electrons, even at an energy in the excess of 2 keV.
R and R for Ne and Ar also vanish at low e ~ im-
pact energy. Since we do not focus on threshold effects
in the present work and for the sake of clarity, we only
show e~ data for E (MeV/amu)>5 in the remaining
figures.

In Fig. 5 we have included the value of R '?’ obtained
with 40-MeV electrons.’” The numerical value obtained
by these relativistic electrons is about the same as that
obtained at much lower energy, indicating that R'®
reaches a value which is nearly energy independent at
sufficiently high energy. Later, the energy dependence of
R at relativistic energies will be discussed in more de-
tail.

For proton impact, R ‘?) increases rapidly at low ener-
gy (<0.5 MeV/amu) due to the dominance of two-step
collisions with the projectile (TS-2). In the Born approx-
imation TS-2 leads to a value of R‘? which is propor-
tional to ¢%(Vn¥V)~'.?" Further, at low energy electron
capture influences R ¥’ for proton impact. For antipro-
tons there is no charge transfer and the rise is solely
caused by TS-2.

It is important to note that the data for charged-
particle impact yields a value of R® which is about
2.5% 1073 for the highest velocities investigated. The
value of R ®) for impact of high-energy photons is about
one order of magnitude larger.” There may be two
reasons for this difference. First, as discussed, the sud-
den approximation does not apply for high-energy ion
impact, that is, dynamical correlations are important.
This may cause the electronic relaxation to take place
more adiabatically. Second, for ion impact, generally,
less energy is transferred to the target electrons, which,
in turn, gives a strongly reduced phase space for double
ionization.

D. Interference effects

It was McGuire?’” who first suggested the e “-p*

difference to be a charge effect rather than a mass effect.
McGuire suggested this difference to be due to an in-
terference between TS-2 and the shakeoff process. A
coherent addition of the probability amplitudes for the
two mechanisms might result in an interference term in
o**, which is proportional to g°.

In the dipole approximation the final state of the TS-2
process is of (pp) symmetry and the shakeoff process
yields (sp) symmetry, provided that the initial target
state is an s state. Thus, an interference may not be pos-
sible.*! It has been emphasized,“2 however, that in the
present velocity region the transitions are not pure di-
polelike and that the ground state of He has an appre-
ciable amount of p character due to electronic correla-
tions.

It has also been suggested that the large difference in
the double ionization cross section of He by positively
and negatively charged particles might be due to an in-
terference between the two second Born mechanisms
TS-1 and TS-2.** In the present velocity range their am-
plitudes are comparable.** We shall discuss this in more
detail shortly.
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In the shakeoff and the TS-1 process, the projectile in-
teracts only with one of the target electrons through the
perturbation Q= —qez/r, whereas the second electron is
ejected as a result of electron-electron interaction. The
total transition amplitude for these processes may there-
fore be written as

a{'=—gqaf, 4)

where i and f refer to initial and final states and a{’ is
independent of the projectile charge g. The transition
amplitude for the TS-2 process, where the projectile in-
teracts with both target electrons, may equivalently be
written as

afi=q%af, (5)
where af{f is independent of q.

At high projectile velocities, where electron capture

may be neglected, the cross section for double ionization

is given by the norm square of the sum of Egs. (4) and
(5), i.e., the cross section attains the value

UZ+:E |a-{i+a{[i|2
f
=¢*3 |af |*+¢*3 |aff |?
f f
—¢° 3 (a{'afi* +a{*afi) (6)
f
=q’01+q'ou—q20 ,

where o and o are the cross sections for double ioniza-
tion as a result of one and two interactions with the pro-
jectile, respectively. o, is the contribution due to in-
terferences between the two processes.

Experimentally, R ®) has been measured with g = +1
(protons), ¢ = —1 (antiprotons, electrons), and g =2 (a
particles). Under the assumption that oT(p™)
=o0*(p~) and o (He?*)=40 T(p*), which are valid in
the energy range >1 MeV/amu to be considered in the
following, we obtain from Eq. (6)

RIEUI/U+(P+)=R;2+)+%R;2-)_';_Rge)2+ , (7)
anan/w(w):_%Rﬁ+%R}§2_>+gkge’2+, (8)

Rimzoim/0+(p+)=%(R;2_) _Rﬂ). 9)

In order to determine Ry, Ry, and R;,, we have made
smooth curve fits to the experimental data for protons,
antiprotons (and high-energy electrons), and a particles
(see Fig. 6). We then calculated Ry, Ry, and R, from
Eqgs. (7)-(9) using values of R ‘®) read from these curves.
There is a slight discrepancy between the a-particle data
obtained in the present work and those obtained by Shah
and Gilbody.>* In order to avoid systematic errors, we
chose to use the a-particle data obtained in the present
work in the fitting procedure. The result is shown in
Fig. 7. Due to the overall spread in the experimental
data, we estimate that the values of Ry, Ry, and R, are
associated with ~10% uncertainty. Evidently, Ry turns
out to be nearly energy independent, in agreement with
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FIG. 6. Smooth curve fit to experimental data for R'? for
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FIG. 7. Ry, Ry, and R, as a function of E (MeV/amu) for
the He target. Solid curves represent R, Ry, and R, as ob-
tained from fits to experimental data for protons, antiprotons,
high-energy electrons, and a particles as shown in Fig. 6. The
dashed curves result from theoretical estimates, Eqs. (18), (28),
and (29).
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the physical interpretation that o (like o ™) stems from
a single interaction with the projectile. Further, Ry is
essentially proportional to 1/E. This is in agreement
with the interpretation of oy being due to double col-
lisions with the projectile (TS-2). McGuire?’ applied the
first Born approximation within the independent elec-
tron model and found that oy« 1/E2. If we neglect the
logarithmic term in the energy dependence of o *, then
RIIZUI[/O'+OC 1/E.

The important new information is contained in Rjy.
The data displayed in Fig. 7 contains the experimental
information about the interference between the two am-
plitudes @ {' and @ {{. Below, the subject of interference
will be discussed in more detail. Here, we shall only em-
phasize that the data shown in Fig. 7 clearly support the
idea that the charge effect in double ionization is due to
an interference effect. Note also that the velocity depen-
dence of R, is approximately ¥ !, as expected from
the velocity dependences of o and oy;.

Recently, an ab initio calculation of the double ioniza-
tion of helium by protons and antiprotons was present-
ed.** The time-dependent Schrodinger equation was
solved using the so-called forced-impulse method with s
and p pseudostates only. The calculation predicts a
difference in R? for p* and p ~ impact which has quali-
tatively the right behavior. The calculation gives, how-
ever, a value of R'? being ~35% too low as compared
to the experimental proton data. Further, the calculated
difference between protons and antiprotons is only about
half of that observed experimentally between about 1 to
10 MeV/amu. The lack of agreement between the calcu-
lation and experimental data was attributed® to the ab-
sence of d states in the single-particle basis.

The difference has also been attributed to a different
distortion of the target electron wave function with posi-
tive and negative projectiles.*® The distortion was relat-
ed to the presence of electronic correlation in the He
ground state. As a consequence, in the two-step process
(TS-2) the collision between the second electron and the
projectile was associated with a shift in impact parame-
ter of the order of one atomic radius independent of the
incident projectile energy. Clearly, such a treatment
may be valid at very low velocity but not at the high ve-
locities since here the time interval between two succes-
sive collisions between the electrons and the projectile is
very small. Thus, we believe that such correlation-
sensitive polarization effects may be of significance at
low velocity but not at high velocities considered in the
present experiment. Further, the model predicts little
pt/p~ difference for the heavier targets Ne and Ar, in
contrast to the experimental observations for these tar-
gets, as discussed later.

E. Estimates of the contributions to o2+

The extensive numerical work performed by Reading
and Ford* does not give a transparent explanation for
the observed variations of R‘?’ with ¥ and q. In the fol-
lowing, let us therefore consider the various double-
ionization mechanisms involved and through some
rough estimates try to produce values for the contribu-
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tions to 0%, in particular o and oy. For o;, we shall
give no numbers but only discuss how the experimental-
ly observed values seem ‘‘reasonable.”

In our model, we divide collisions into close and dis-
tant encounters, the cross section splits correspondingly,

(10)

The distant collision contribution is computed by means
of the Weizsacher-Williams method of virtual quan-
ta.*’-4® Here, the basic idea is to replace the perturbing
fields of the swift particle by an equivalent pulse of elec-
tromagnetic radiation and, then, determine the interac-
tion between projectile and target through known cross
sections, Oy for photon interaction. As a result, o, is
given as

o=0.+4+0y, .

o4= [ dtho)r 2o (), (1)

where I denotes the threshold energy of the considered
process (single or double ionization). The intensity of
virtual quanta of frequency w is obtained according to
the relation*®

2
4N _ 12

dto =1 T

C

vV

1.123V
wd

14
c

In

1 1
i 2

(12)

where d denotes the dividing distance which separates
distant from close collisions and a=e?/#c is the fine-
structure constant. The quantity y =[1—(V/c)?]~1/? is
only of interest at relativistic energies. In case the argu-
ment of the logarithm approaches 1, the full expression
for the intensity,*® as defined by the modified Bessel
functions K, and K, should be used rather than the
asymptotic relation (12). However, in our cases we may
stick to the latter, corrections being of order (wd /V)?.
It is worthwhile noting that through the construction
(11), (12) the distant collision contribution to any ioniza-
tion process scales with projectile charge and velocity as
(q/V)InV.

For single ionization of helium we use the experimen-
tal photo cross section given by Lowry et al.** which we
fit as

o, (Mbarn)=—4.92x *4+17.3x 72-5.29x ~'+1.21,

l1<x<2.5 (13)
2.6
73 eV

7+ , 2.5<x,
X

o/} (Mbarn)=

where x =#w /I *. The main contribution to the integral
(11) derives from the region near the threshold It =24.6
eV where our fit reproduces the tabulated cross section
to within a few per cent. For double ionization we need
values of o, near the double-ionization threshold
I?* =79.0 eV. Both the experimental and theoretical in-
formation is scarce here; we have made the following fit
which reproduces the “recommended” value of the ratio
o3t /o) (Ref. 50),
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(o
Y _46x10-2|1— |1 (14)
0;L #iw

Near I**, the fit should probably not be trusted better
than to within 10-20%. On the other hand, for
#fio >I1** the high-energy fit (13) to o is accurate to
within a few per cent.

The minimal impact parameter for distant collisions,
d, appears underneath a logarithm, Eq. (12), and the ex-
act choice is not very important. Following Williams,*’
we use d =#/V'2mlI which quantity is of the order of
the radius of the electronical orbit. For close collisions,
the momentum transfer to the target electrons attains
values >7i/d. This leads to an energy transfer in excess
of the excitation energy, T > I, with the above choice for
d. Consequently, the contribution o, essentially may be
obtained from the differential cross section do /dT for
collisions between free particles as

T
o= f maxdeo(T) ,
I dT

where the maximum energy transfer is determined by
the kinematics.

At nonrelativistic energies the differential cross section
for scattering on a free electron of mass m (assumed at
rest) is given by the Thompson expression,

, 2me* 1

mv? T’
For heavy projectiles as well as for swift electrons of en-
ergy exceeding I by an order of magnitude or more we
may shift the upper limit of integration in Eq. (15) to
infinity. For single ionization we then get upon insertion
of Eq. (16) into Eq. (15) for the close-collision contribu-
tion in helium

(15)

do _
ar ~ 1

(16)

2
v
o, (17)

o =3.89%10"%cm?q? 7

where vo=ac. A factor of 2 has been included to ac-
count for the fact that a helium atom is dressed with two
electrons. By adding the distant-collision contribution
obtained from Egs. (11)-(13), where we set y=1 and
neglect the second term in square brackets in the virtual
photon spectrum (velocities of the order of ~10v, are of
interest), we arrive for helium at a single-ionization cross
section of

2

1.04 Y X 10716 ¢cm?

Vo

+ __ 2

oT=¢q 3.721n +3.89

Vo
V

2
1
-2 2.96%

=3.72X 107" cm?q? |- (18)
0

In

At 10vy, where more than £ of our cross section derives
from distant collisions, the estimate (18) overshoots the
recommended values of Rudd et al. by 25%. This num-
ber gives a feeling for the accuracy of the applied
method.

Let us now estimate the close-collision contribution to
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double ionization of helium. We shall simply apply a
classical picture—processes like shakeoff, corresponding
to nonconservation of energy in the intermediate state,
are assumed to derive (mainly) from distant collisions.
In TS-1, the projectile knocks free an energetic electron
which, in turn, on its way out through the atom collides
with the second electron. The differential cross section
to be inserted in Eq. (15) therefore takes the form

do dop (T) sr_r+ ,do, (T") 5
dT ~ dT f12+_1+dT dT’ <fdl"”2' >
(19)

the lower limit of integration in Eq. (15) being I =I%",
The subscripts pe and ee indicate projectile-electron and
electron-electron collisions, respectively. The last factor
is the average, over all scattering positions and direc-
tions of emission of the first electron, of the integral of
the density of the second electron from the scattering
point of the first to its escape at infinity. To estimate
this average, let us assume simple hydrogenlike orbitals
for the electrons in their initial states,

|| %= 13e‘2'/", a=ay/Z* (20)

ma

where Z* is the effective nuclear charge. The integrand
is then independent of the polar and azimuthal angle of
the pe scattering point and of the azimuthal component
of the emission angle. Only the polar emission angle 6,
as measured relative to the axis defined by the nucleus
and the pe scattering point, and the radial displacement
r of the latter point cause a variation. The sum of the
integrated densities for emission angles 6 and 7-6 equals
the single electron density integrated throughout the en-
tire atom along a straight path of impact parameter
b=r sinf,

pby= [ dz |wb,0,0) =22k, |22 |
~ o Ta
The requested average is then defined by the relation
A _ e 24 2y
<fdl(d/2|>—-fo drr a3e r/e
/2 ., 2rsinf
dOsinf———
X fo sin I
xky (28 )

where a factor of two again has been included to account
for the fact that we have the choice between two target
electrons in the first collision. The integral (22) may be
computed to yield

<fdl|1/;2}2>= L. 23)

3ma?

With the Thompson cross section (16), the integral over
T,T' in Egs. (15) and (19) is trivial. By shifting the
upper limit of integration to infinity in the pe scattering
only, the TS-1 close-collision contribution is given by the
expression

2
o2t - |4 | 27 e 1
STV 3 ma? a a1
212+__I+ 12+
X I In T 1+ -2
2
—18 2 2|l
=2.36x 107" emg? | 2 | (24)

where the last relation follows upon insertion of the
numbers I * =24.6 eV, I**=79.0 eV, and Z*=Z.

To estimate the cross section for TS-2, consider a pro-
jectile moving through the atom on a straight path of
impact parameter b. The chance for knocking free first
one of the two electrons, and subsequently, the second is

da%g-z
dmb?

=o(T>IN)o(T>I*—I%)

X [T dz2|9(2)|? [ “dz' |9z |?
=0(T>IM)o(T>I**" —I%)p%b), (25)

since the interactions appear reasonably well localized at
the velocities of interest (~10v,). The integral over b
yields

1
37a?

[ d(mb?)p(b)= , (26)

the same number which was also obtained in Eq. (23).
Introducing the Thompson cross section, again with
T .x — o, We arrive at a contribution of

4
4r et 11
3 mZGZ I+ IZ+_I+
4
) (27

2+ _
OT1s2=

9
vV

v
=1.85x107!¢ cm?g* >

where the last relation holds for the standard parame-
ters, cf. Eq. (24).

The contribution to double ionization labeled o; in
Eq. (6) evidently equals the sum of o3* and olhs.
Computing 03" according to Egs. (11)-(14), again with
the second term in square brackets in Eq. (12) set to
zero, we obtain
2

o= |21 |6.71n [0.53-L | +23.6 | x10-1° cm?
14 Vo
v
—6.7%10" em? |~ | In 181J. (28)
V Vo

At 10vy, only 1 of o) derives from distant collisions.
The TS-2 contribution corresponds directly to oy, i.e.,

4
Vo

on=0%,/¢*=1.85x10"16 cm? (29)

Our predictions for Ry, cf. Egs. (18), (28), and (29), are
shown as dashed curves in Fig. 7. Clearly, the agree-
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ment between our estimates and the empirical data is
very good for R;. For Ry, the agreement is better than
25% above 10vq, indeed, already at 20v, differences
amount to only 10%. In view of our rough procedure,
we could never have hoped to do any better.

In Fig. 6 we displayed a single experimental recording
for R ® at ultrarelativistic impact, ¥ >>1. At such ener-
gy the single-ionization cross section attains the value

ot =1.98%10"% cm?q%In(248y) (30)

with the fit (13). The cross section for double ionization
corresponds at high velocities solely to o, which for
¥ >>1is given as

02t =3.6x10"2 cm?¢%n(1470y) (31)

in our model. At ultrarelativistic energies the accuracy
of our method is in general much higher than at ~ 10v,.
However, our prediction, according to Egs. (30) and (31),
for the 40-MeV electron point is ~20% lower than the
experimental value. This could very well be due to poor
knowledge of o2% /o near I°", cf. Eq. (14): At ul-
trarelativistic impact both o+ and o?" are dominated
by distant collisions. On the other hand, at ~10v, a
20% correction to 03" would only cause a correction to
R of 1%.

We now turn to a discussion of the interference term
O, introduced in Eq. (6). For the high velocities,
~ 10vy, and the heavy projectiles of concern, the impact
parameter b relative to the target nucleus is a well-
defined quantity on the scale d. Consequently, only pro-
cesses occurring at a given value of b may interfere.
This immediately implies that we expect the interference
in double ionization to set up (mainly between the two
close- collision contributions, TS-1 and TS-2. Distant
collisions do not contribute to o, since the ionization
amplitude here contains solely an a; component scaling
linearly with projectile charge, cf. the discussion follow-
ing Eq. (12).

To proceed, consider the second-order matrix element
M,, the norm square of which defines the transition rate
from given initial to final state, |i)— | f). With two
consecutive perturbations  and Q', M, takes the form

)<f|Q’jn)(n|Q[i>
E,—E,

M,=P [ dE,p(n

+i77'[<f|9’}n)(n|Q|i)p(n)]En:E,,, (32)

where | n) denotes an intermediate state of energy E,
populated as a result of the first perturbation. Such
states appear with a density p(n). The symbol P indi-
cates the principal value; the corresponding part of the
matrix element is “‘off the energy shell.” On the other
hand, the pole term corresponds to energy conservation
in the intermediate state (“on the energy shell”). Under
the assumption of hydrogenlike 1s wave functions, Eq.
(20), for the target electrons in their initial states and
plane waves (normalized in a box of volume L ?3) for all
free particles, the product (f | Q' |n){n|Q|i) of the
two first-order matrix elements responsible for TS-2 and
TS-1 are, respectively,
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3
q2e42(8#)3%(ko~k'r2(k'—k)‘2
X (14 [ko—k'—k;]?a®) 2 (1+[k'—k—k,]%a?)" 2,
(33)

3
—ge*2( 87r)3%;(k0—k)’2(k’1~k1)"2

X (14 [ko—k—kj]%a®)"2(1+[k|—k,—k;]%a?) 2.

We have labeled the first liberated electron by the index
1, its momentum in the final state is #k,, that of the
second 7ik,, and 7k, and #ik are the momenta of the pro-
jectile before and after the interaction. Primes indicate
intermediate states; in TS-2 this is a free projectile wave
of momentum #k’, in TS-1 a free-electron wave of
momentum #k}.

Since the expressions (33) are real, the principal-value
term in Eq. (32) itself is real whereas the pole term is
purely imaginary. Consequently, the cross section splits
in two,

ot =0l +0if . (34)
From Eq. (33) it is evident that the pole contribution o,
leads to constructive interference for negatively charged
projectiles but to destructive interference for particles of
positive charge—in agreement with observations. How-
ever, for the principal-value term we cannot argue in any
simple way since the energy denominator measuring the
difference between initial- and intermediate-state ener-
gies may take any sign.

To estimate the size of the interference effect, it is
necessary to find the relative magnitude of the two con-
tributions in Eq. (34) and, in turn, to get an idea of the
fraction of the cross section which derives from final
states which may be populated by both TS-1 and TS-2.
The success of our simple-minded classical estimates
hints at a dominance of the pole term for the TS pro-
cesses. Therefore, if we take the experimental value of
R;, and divide by [R(R;—03" /01)]'?, we may ex-
pect to get an idea of the requested fraction. In the ve-
locity region of Fig. 7 we find from the displayed curves
with our theoretical estimates for o3* /0 * a slightly
varying ratio,

R int

[RII(RI_0121+/U+)]I/2

0.35< <0.45, (35)

where the lower limit corresponds to high velocities.

The final question to be answered is now if the values
(35) appear reasonable. From the expressions for the
matrix elements (33) we see that at each vertex the
momentum of the incoming particle tends to be balanced
by those of the outgoing particles. Deviations are of or-
der #i/a, which corresponds to the momentum of the
electron in the initial state. In consequence, in collisions
where both electrons are ejected with high velocities,
k; > 1/a, we essentially have momentum conservation as
in collisions with free electrons at rest. For such cases,
both electrons in TS-2 are therefore leaving the atom in
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directions transverse to the projectile path whereas in
TS-1 only the first tends to take off transversely, and the
second may choose any direction. In other words, final
states involving two high-energy electrons do not lead to
interference. In contrast, with a freedom in momentum
within #/a, any final state, where both electrons attain
momenta #k; < #i/a, may be populated via both TS-1 and
TS-2. For such states we therefore expect full interfer-
ence. With the Thompson expression (16), half of the to-
tal cross section o(7T >1I) corresponds to an energy
transfer in the interval I <T <21/, in our picture to an
electron leaving the atom with a kinetic energy less than
or equal to I. The other half stems from final electron
states of kinetic energy greater than or equal to I.
Roughly speaking, in double ionization we therefore
have 25% contribution from states with full interference,
k; <1/a, and 25% contribution from states with no in-
terference, k; > 1/a. In conclusion, we would expect the
ratio tested in Eq. (35) to be in the interval between 0.25
and 0.75 in good agreement with the actual observations.

F. Double ionization of Ne and Ar

We now turn to the discussion of double ionization of
Ne and Ar. For these targets, double ionization may re-
sult from ionization of outer shells as well as from ion-
ization of inner shells. In the latter case, multiple ion-
ization may occur due to Auger processes and shakeoff.
In the following analysis we assume that, after a single-
ionization event from an inner shell, the subsequent elec-
tronic relaxation is independent of the incident particle.
This has been shown to be a good assumption when the
incident energy is not too low, and when photons, elec-
trons, and protons are considered.’! Further, to estimate
the role of inner-shell ionization in the production of
doubly and triply charged ions, we applied the results of
Carlson er al.,”! who obtained final charge-state distribu-
tions of atoms after creation of a single hole in a given
electronic shell by photon impact.

In Fig. 8 02* /o™ for Ne is shown as a function of
projectile energy per mass unit (MeV/amu). Shown are
results for proton, antiproton, and electron impact ob-
tained in the present work together with other proton
and electron data. In Table II we present our data (in-
cluding data obtained with a-particle impact). Ap-
parently, the data are very similar to those obtained with
He target, except that for Ne o>+ /o * is approximately
a factor of 10 larger than for He. We attribute this to
the larger number of outer-shell electrons in Ne. Be-
tween 0.5 and 4 MeV/amu the antiproton data are ap-
proximately a factor of 2 higher than the proton data.
Moreover, the antiproton data seem to merge with the
electron data at high velocity. We obtain values of R ¥
with electron impact, which are slightly higher than
those obtained by other groups at equal velocity.?>3¢
This may be caused by different estimates of the recoil-
ion detection efficiency €¢*. We note that our values
seem to be in very good agreement with those obtained
at relativistic velocities.’” The similarity between the
He-target and the Ne-target data suggests that the col-
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FIG. 8. Ratio R‘*’ between double- and single-ionization
cross sections for p*, p~, and e~ colliding with Ne. W, p~
this work; @, p* this work; M, e ~ this work; O, p* Ref. 15; O,
e~ Refs. 35-37.

lision mechanisms responsible for double ionization may
be identical.

To estimate the contribution from ionization of the K
shell of Ne to double ionization, a’}{r, we used well-
known K-shell ionization cross sections for proton im-
pact®? and multiplied these cross sections by 0.74, which
is the fraction that yields charge state 2 + after one hole
being produced in the K-shell.’! We find that o4t only
contributes very little to the double-ionization cross sec-
tion in the present energy range, in agreement with ear-
lier findings.2"'??> At very high energies (>>10 MeV),
double ionization of Ne may eventually result from sin-
gle ionization of the K shell followed by electronic rear-
rangement. Thus, in the present discussion of o%* /o
for Ne, we need only to consider TS-1, TS-2, and
shakeoff processes in the outermost shell.

As for the He-target case, we have determined Rj,
Ry, and Ry, for Ne from Egs. (7)-(9) and fits to the ex-
perimentally obtained R ‘? for impact of g =+1 (pro-
tons), ¢ =—1 (antiprotons, high-energy electrons), and
g =2 (a particles) (see Table II). In order to eliminate
systematic errors, we made the fit through the electron
data obtained in the present work. The result of this ap-
proach is displayed in Fig. 9. Since R;, is determined
from R‘? for proton and antiproton impacts alone, this
parameter is known up to a reduced energy of 10
MeV/amu. For a particles, R’ was measured only for
energies below 4.5 MeV/amu, which restricts the experi-
mental information on R; and Ry accordingly. It is
quite evident that for Ne the same conclusions can be
made as for He. That is, the difference in R ‘?’ between
p" and p~ impact may be attributed to a quantum-
mechanical interference between two different collision
amplitudes, which both result in double ionization [see
Egs. (4) and (5)].
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TABLE II. R‘*” and R® for p*, p—, e ~, and He?* on Ne obtained in this work.

E (MeV) Projectile R? (107?) R® (1073)
0.10 pt 9.6940.20 6.531+0.20
0.50+ 0.10 3.70+0.30 3.09+0.20
1.00 3.42+0.06 1.80+0.36
1.20+ 0.20 2.77+0.20 1.59+0.30
1.90 3.10£0.20 2.20+0.30
2.00 2.81+0.02 1.93+0.35
3.00 2.68+0.04 2.07+0.31
3.20 2.9740.20 1.96+0.35
4.10 2.2240.15 1.6240.20
4.40+ 0.20 2.2240.15 1.4840.30
5.00 2.74+0.07 2.09+0.31
7.00 2.64+0.05 1.99+0.28
10.00 2.6340.07 2.26+0.10
0.50+ 0.10 p- 8.07+0.25 13.49+1.20
0.90+ 0.20 7.38+0.20 6.68+1.30
1.90+ 0.20 4.95+0.15 5.85+0.80
3.20+ 0.20 4.41+0.20 3.82+0.60
4.10+ 0.20 4.23%+0.15 2.94+0.30
1.5 x1073 e~ 4.02+0.05 2.60+0.20
2.0 x1073 3.66%0.05 2.13+0.20
3.0 x1073 3.64+0.05 2.06+0.20
40 x1073 3.49+0.05 2.86+0.20
50 x1073 3.23+0.05 2.40+0.20
7.0 x1073 3.2040.05 2.21+0.20
9.0 x1073 3.14+0.05 2.42+0.20
11.0 x1073 3.02+0.05 2.4040.20
13.0 x1073 3.08+0.05 2.51+0.20
1.36 He?t 21.30+0.10 44.60+1.00
2.00 16.34+0.20 26.00+0.50
2.80 12.57+0.05 15.9040.10
4.00 9.45+0.05 10.40£0.20
6.00 7.08+0.05 6.4010.10
9.24 5.10+0.05 4.90+0.10
12.80 4.2140.10 4.1040.20
18.00 3.63+0.05 3.50+0.20

The ratio R® for the Ar target is shown in Fig. 10
and listed in Table III. In the table we include our data
obtained with a particles. From Fig. 10 it is evident
that the antiproton data still merge with the electron
data at around 5 MeV/amu. The difference between
data obtained with protons and antiprotons is smaller
for Ar than for He and Ne. Moreover, in contrast to
that observed for the other targets, the ratio R? in-
creases slightly with increasing velocity for FE
(MeV/amu) > 3.

In the present velocity regime ionization of the Ar K
shell is not important.54 Ionization of the L shell, on the
other hand, must be considered. In Fig. 11 is shown the
total double-ionization cross section with proton impact
together with the contribution to the double-ionization
cross section due to single ionization of the L shell.
Cross sections for ionization of the 2s and the 2p orbitals
were obtained from Choi et al.’®> The weight factors

were taken from the work of Carlson et al.’! Unlike the
situation for Ne, 50% or more of the double-ionization
cross section of Ar by proton impact between 1 and 5
MeV is due to inner-shell ionization. Since the single-
ionization cross section of the L shell at not too low en-
ergies presumably is independent of the sign of the
charge of the projectile, the smaller difference between
proton and antiproton data is attributed to the presence
of inner-shell ionization. The slight increase of the data
at high energy is also attributed to the presence of
inner-shell ionization. After subtraction of the large
contribution due to inner-shell ionization, it is evident
that a pronounced charge effect is also observed for dou-
ble ionization of the outer shell of Ar.

The experimental data for double ionization of He,
Ne, and Ar all exhibit a pronounced p *p ~ difference,
which is attributed to ionization of the outermost shells.
The charge effect is large for the He target as well as for
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overall accuracy of ~10% from fits to experimental data for
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the heavier targets. This suggests that the p*p~
difference is not crucially dependent on static electronic
correlation in the initial target state. At any velocity,
dynamic correlation or intermediate state correlation is
important with charged-particle impact since here the
first ionized electron moves with relatively low velocity
and, consequently, has ample time to interact with other
target electrons.

G. Triple ionization

Our proton and antiproton data for o3+ /0% in Ne
and Ar targets are presented in Figs. 12 and 13. In the
Ne-target case, a very large charge effect is seen. The
effect is even larger than that observed in double ioniza-
tion. At high velocity, the data for electron, proton, and
antiproton impact seem to merge as they do for double
ionization. For triple ionization this happens at a lower
velocity than for double ionization, probably due to the
rapidly decreasing cross section for triple collisions. In
the Ar-target case, on the other hand, there is no charge
effect; antiproton and proton impact result in the same
amount of triple ionization. Moreover, R‘® increases
with increasing velocity for Ar. As expected, the elec-
tron data coincide with the proton and antiproton data
at high velocity.

The striking difference between the two targets Ne
and Ar is explained in Figs. 14 and 15. For protons on
Ar, o3 can essentially be accounted for in terms of L-
shell ionization followed by electronic relaxation. This is
not the case for Ne, where an appreciable amount of the
triple-ionization cross section is due to multiple col-
lisions in the outer shell.

We emphasize that at the lowest energy investigated
(0.5 MeV/amu), the K-shell-ionization cross section of
Ne may be charge dependent. Due to the Coulomb
deflection, the decreased binding effect, and the in-
creased speed of the antiproton near the target nucleus,
the antiprotons may produce more K-shell holes than
the protons do’ and, thus, result in more doubly and tri-
ply charged Ne ions. These effects are not important at
higher energies.

The fact that the charge effect is observed for target
atoms where multiple collisions in the outer shell are im-
portant lends support to the idea that at the ion veloci-
ties considered here, the charge effect for triple ioniza-
tion of Ne is due to quantum-mechanical interferences
between the various amplitudes yielding triple ioniza-
tion.

H. The Barkas effect

The difference in the range of heavy particles of oppo-
site charge under otherwise equal conditions is called the
Barkas effect.’® This well-known charge effect is due to
terms of the stopping power, which are uneven in ¢q. In
the past twenty years there has been considerable in-
terest in such correction terms to the Bethe-stopping-
power formula. In particular, the first term, proportion-
al to g2, is usually understood as stemming mainly from
a polarization effect. There have been several attempts
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TABLEIII. R? and R*® for p*, p~, e, and He?" on Ar obtained in this work.

E (MeV) Projectile R? (107?) R? (1073)
0.10 pt 14.36+0.10 1.20+0.15
0.50+ 0.10 5.76+0.50 8.90+0. 80
1.00 4.42+0.26 10.4+0.6
1.20+ 0.20 4.7340.30 12.4+0.8
1.90 4.81+0.15 12.740.5
2.00 4.42+0.13 12.340.3
3.00 4.50+0.01 12.8+0.4
3.20 4.5940.15 12.540.3
4.10 4.59+0.15 13.4+0.8
4.40+ 0.20 4.96+0.20 14.1+0.8
5.00 4.72+0.12 13.7+0.5
7.00 4.75+0.07 13.8+0.3
10.00 4.91+0.13 13.3+£0.4
0.50+ 0.10 p- 8.10£0.50 9.4+1.0
0.90+ 0.20 6.93+0.30 11.2+1.0
1.90+ 0.20 6.13+0.20 12.5+1.0
3.20+ 0.20 5.22+0.20 12.3£1.0
4.10+ 0.20 5.50+0.15 14.0+0.4
1.5 £10°° e~ 4.54+0.20 10.68+0.50
2.0 x1073 4.74+0.20 9.79+1.00
3.0 x10°3 4.77+0.15 12.91+0.50
4.0 x1073 5.11+0.15 13.88+0.50
50 x1073 5.2240.10 14.24+0.30
7.0 X103 5.1840.10 14.24+0.30
9.0 x1073 5.27+0.15 15.13+0.50
11.0 x1073 5.36+0.10 15.58+0.20
13.0 x1073 5.47+0.15 15.3140.50
1.36 He?+ 16.56+0.10 30.30+1.00
2.00 12.15+0.10 20.60+1.00
2.80 9.98+0.10 19.70+0.20
4.00 8.00+0.10 17.50+0.20
6.00 6.38+0.10 17.00£0.20
9.24 5.57+0.10 15.60+0.30
12.80 5.75+0.10 16.00+0.20
18.00 5.57+0.15 15.60+0.50

to calculate the g> correction; the reader is referred to
the review of Basbas.®

The sign of the Barkas correction term to the Bethe
stopping power is such that the range of negatively
charged particles is larger than the corresponding range
for positively charged particles. The main process by
which projectiles lose energy when penetrating matter is
ionization. Recalling that double- and sometimes triple-
ionization cross sections for p = are larger than the cor-
responding cross sections obtained with p ™, it is im-
mediately seen that with the present data we have
identified a contribution to the g> correction, which is of
opposite sign compared to that due to polarization
effects.

In the evaluation of the stopping power, the cross sec-
tions are weighted by the energy transfer 7. Thus, it is
relevant to estimate Tdo. We make the following

expansion:

[Tdo=["Tdo+ ["Tdo+ [ Tdo+ -,

(36)

where the integral is divided up according to the final-
ionization state of the target atom. To estimate the im-
portance of double ionization on the stopping power, we
consider the ratio R,

24 2+
R=L"0" 37)

f Tdo
where I°* is the energy required to doubly ionize the

target. As a particular example, consider 2-MeV p* on
Ne. From the present results and Ref. 10, we find that
R, is about 2%. Since o’ (p ~)/0*T(p T)=1.6, we ob-
tain an ‘“‘opposite” Barkas effect, which amounts to
1.2%. This number represents a lower limit since we
used 7" as the energy transfer in collisions leading to
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double ionization, that is, the kinetic energy of the two
outgoing electrons have been neglected. This new effect
is non-negligible compared to the total Barkas effect!!*’
of 4.3% in the case considered.

We find that the present effect is negligible for the
stopping power of He due to the very small double-
ionization cross section. Further, contributions due to
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FIG. 14. Triple-ionization cross section for p* on Ne, o**
is shown together with the contribution to triple ionization due
to K-shell ionization o¥t. o°* is obtained from R’ and o*
from Ref. 12 and Eq. (2).
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FIG. 15. Triple-ionization cross section for p* on Ar, o+,
is shown together with the contribution to triple ionization due
to L-shell ionization o}t. o’* is obtained from R®’ and o*

from Ref. 12 and Eq. (2).

triple ionization of Ne and Ar are also small. The effect
from double ionization of Ne and Ar is important, how-
ever, and should not be disregarded in discussions of the
Barkas effect.

IV. CONCLUSION

In conclusion, it has been found that the single-
ionization cross section of He, Ne, and Ar by p+ and
p~ are, within experimental uncertainties, identical at
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energies from 0.5 to ~5 MeV. In the same energy re-
gion, the double-ionization cross sections obtained with
p~ are about a factor of 2 larger than those obtained
with p*. The difference has been discussed in terms of
interference between two collision mechanisms, one of
which corresponds to a single interaction between the
projectile and the target and another which corresponds
to two such interactions. By comparison of experimen-
tal data obtained with p*, p~, e, and a particles at
equal velocity, the double-ionization cross section has
been separated into contributions scaling with projectile
charge g as g%, q° and gq* respectively. Through the
construction of a naive model, it has been possible for
the He target to reproduce theoretically the g? (single
projectile interaction) and ¢* (double projectile interac-
tion) terms. Further on, the magnitude and, of course,
the sign of the ¢* (interference) term seem reasonable.

For multiple ionization of Ne and Ar, the role of
inner-shell ionization has been discussed. Ionization of
the Ar-L shell contributes to double as well as triple ion-
ization. In the latter case the entire cross section basi-
cally is found to be due to production of L-shell vacan-
cies followed by electronic rearrangement. This, in turn,
results in identical triple-ionization cross sections of Ar
with p * and p ~ impact. In contrast, triple ionization of
Ne is mainly due to outer-shell ionization. The triple-
ionization cross section of Ne by p ~ is up to a factor of
4 larger than that obtained by p *.

Finally, the present results are shown to be important
in the evaluation of the so-called Barkas effect in the
stopping power of fast charged particles.
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