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Strong Suppression of the Positronium Channel in Double Ionization
of Noble Gases by Positron Impact
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Positron-induced double ionization of helium and neon has been studied at energies from thresh
to 900 eV. A remarkable difference between the near-threshold behavior of the single and dou
ionization cross sections is found: Single ionization is dominated by positronium (Ps) formation, wh
for double ionization the Ps channel is absent or strongly suppressed. Absolute cross sections for
two targets have been derived and are compared to a modified Rost-Pattard parametrization. G
agreement is found, showing that this type of model can be extended from single to double ionizati
[S0031-9007(98)06524-7]
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Even though atomic collisions have been studied fo
almost a century, new and fundamental insight is stil
being obtained in this very active field of research
Especially, it has recently been realized that investigation
of particle/antiparticle impact phenomena are fruitful for
studies of many-body dynamics [1]. Here we presen
an experimental investigation of ionization of noble gas
atoms caused by positron impact.

Double ionization of an atomic gas by positron impac
has contributions from both direct ionization (1) and
ionization with positronium formation (2), i.e.,

e1 1 A ! A21 1 e1 1 2e2, (1)

e1 1 A ! A21 1 Ps1 e2, (2)

having threshold energies atE21
I and E21

Ps , respectively.
E21

Ps is 6.8 eV lower thanE21
I due to the binding

energy of positronium (Ps). The positronium formation
channel is also referred to as transfer ionization. A third
possible process [which is indistinguishable from (2) in
our experiment] involves the formation of the positronium
negative ion Ps2. Comparing to equivelocity proton data
[2–4], the cross section for this double electron capture
expected to be very small, and it will not be considered
further here.

The total double ionization cross sections21
tot including

both channels (1) and (2) has been measured wi
emphasis on the threshold behavior. In particular, b
measurings21

tot in the energy range betweenE21
Ps and

E21
I , where (2) is the only open channel, the importanc

of the positronium channel has been investigated.
In single ionization a similar situation exists, with the

processes corresponding to (1) and (2) being

e1 1 A ! A1 1 e1 1 e2, (3)

e1 1 A ! A1 1 Ps, (4)

with thresholds referred to asE1
I and E1

Ps, respectively.
The single ionization cross section, both including the
positronium channelss1

totd and excluding itss1
I d, has
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previously been measured for helium and neon [5–
The results are shown in Figs. 1(a) and 1(b). Notable
the rapid rise ins1

tot with increasing energy aboveE1
Ps in

comparison with the rather slow increase ofs
1
I above

E1
I . Clearly positronium formation dominates singl

ionization over several tens of eV above threshold.
similar behavior was expected for double ionization. On
argument for this expectation is that double ionizatio
near threshold results in a slow positron and electr
leaving the target. Here one would expect efficie
capture as in single ionization. Another argument is th
previous positron measurements on heavy noble ga
(Ar, Kr, and Xe) have claimed to show that positronium
formation accompanied by ionization of an additiona
electron may contribute significantly to the total doub
ionization at low incident energies [10]. [In that study
however, emphasis was not placed on the thresh
behavior where only a few data points were taken wi
a poor positron energy resolution (around 5 eV FWHM
[11] ]. Furthermore, for proton impact on He at velocitie
corresponding to the near threshold region for positron
the cross section for double ionization with capture
observed to be almost as large as the observed to
ionization cross section at its maximum [12]. This bod
of information appears to present a consistent picture
transfer ionization being significant if not dominant at low
impact velocity.

The quantity measured in this experiment was th
ratio Rs2d

tot between the total double and single ionizatio
cross sections,Rs2d

tot  s21
tot ys1

tot which is independent
of beam intensity, gas pressure, and the geometry
the interaction region. The experiment was perform
using an electrostatic slow positron beam based on
750 MBq 22Na source. Around 30 000 positrons pe
sec were obtained using a moderator consisting of fo
annealed tungsten meshes. This intensity fell by a fac
of 5 at the lowest energies used in this investigation.
retarding field analyzer was used to measure the posit
impact energy and the energy spread, which was typica
© 1998 The American Physical Society 73
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FIG. 1. (a) Single ionization of He bye1 impact: sdd s1
tot, Moxom et al. [5]; ssd s

1
I , Jacobsenet al. [6]. This cross section

was also measured by Moxomet al. [7], but as their results agree with those of Jacobsenet al., they are not shown in this figure.
(b) Single ionization of Ne bye1 impact: sdd s1

tot, Laricchia [8]; ssd s
1
I , Kara et al. [9]. This cross section was also measured

by Jacobsenet al. [6], but as their results agree with those of Karaet al., they are not shown in this figure. (c) Double ionization o
He by e1 impact:sdd s21

tot , the present data;ssd s
21
I derived from data by Charltonet al. [15] and Jacobsenet al. [6]; (d) Double

ionization of Ne bye1 impact: sdd s21
tot , the present data;ssd s

21
I derived from data by Charltonet al. [16] and Jacobsenet

al. [6]; shd s
21
I , Karaet al. [9]. The two vertical lines indicate the relevant values of the threshold energiesEPs andEI .
to
ith

ld

.
in
ry

n
ct

ct
n

at

ed
he
ed
ld
nt
he
,1.5 eV (FWHM). The dc positron beam was choppe
by pulsing an in beam cylindrical mirror analyzer for
around1 ms at a rate of 100 kHz. The beam was the
passed through a gas cell typically held at a pressure
0.2 Pa. This assured single collision conditions. Short
after each positron pulse an electric extraction field wa
applied across the cell and any ions created in the targ
gas were detected. A time-of-flight analysis was used
obtain the chargeymass of each ion. The ratioRs2d

tot was
found as the number of doubly to singly charged ion
Since the final state of the positron was not detected, io
produced by all processes (1)–(4) were included andRs2d

tot
is therefore the ratio between the total ionization cros
sections. Further experimental details will be presente
elsewhere [13].

Our results are presented in Figs. 1(c) and 1(d). Th
absolute cross sections have been obtained by multiplyi
the measured ratioRs2d

tot with s1
tot from Figs. 1(a) and 1(b).

The error bars represent the statistical uncertainty in o
data only, and do not include the uncertainty ins1

tot.
A striking difference is observed in the near-threshol

behavior of s1
tot and s21

tot . In contrast to s1
tot, no

significant Ps formation is observed fors21
tot in the region

betweenE21
Ps andE21

I . We finds21
tot to bes2.4 6 2.3d 3

10221 cm2 and s21.8 6 5.1d 3 10220 cm2 for helium
and neon, respectively, in this energy range. For helium
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we find s21
tot at E21

I to be around 4% of its maximum
value, and for neon we find the corresponding number
be less than 2%. These values should be compared w
the corresponding values for single ionization of,30%
and,45%, respectively. Furthermore, the near-thresho
energy dependence ofs21

tot is quite different from that
of s1

tot, rising far more slowly with increasing energy
As will be discussed later, this energy dependence is
agreement with that expected from the Wannier theo
for s

21
I . It is also much like that observed for electro

impact [14], where the only available process is dire
ionization.

In Figs. 1(c) and 1(d) we also show values fors
21
I

as derived from measurements ofs
21
I ys

1
I by Charlton

et al. [15,16] ands
1
I by Jacobsenet al. [6]. Figure 1(d)

also includes values ofs21
I obtained by Karaet al. [9].

At the highest energies our data agree with the dire
ionization data, which is expected, since the contributio
from the positronium formation channel should vanish
these energies, and, therefore,s21

tot should equals21
I . For

helium the two data sets also agree within the combin
errors at lower energies, indicating a suppression of t
Ps formation channel (2). It should, however, be notic
that the s

21
I data do not extend to the near-thresho

region, where (2) is expected to make its most significa
contribution. For neon a large discrepancy between t
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two sets of direct double ionization data is observed
This was attributed by Karaet al. [9] to an inadequate
discrimination by Charltonet al. [16] against the Ps
formation channel. Karaet al. therefore concluded that
Ps formation made a significant contribution to doubl
ionization. As can be seen from Fig. 1(c) our measure
values for s21

tot lie between the two determinations of
s

21
I . This is in contradiction to the arguments of Kara

et al. The discrepancy between the two determinations
s

21
I remains unexplained.
It seems clear that the Ps formation channel i

double ionization by positron impact on helium and neo
is strongly suppressed. The main contribution to ou
measured cross sections is therefore the direct ionizati
channel (1).

The basis of threshold theories for double ionizatio
like the extended Wannier theory [17] is the four particle
breakup in the direct ionization channel (1). The theor
predicts that the cross section behaves as

ssEd ~ Ea , (5)

whereE is the positron excess energy above the releva
threshold energyEI , and a is the so-called Wannier
exponent. Calculations ofa have been published for
the e1 1 H2 system by Poelstraet al. [18], and recently
Mendez and Feagin have extended the calculations to
neutral target. Assuming an infinite atomic mass, the
found a value ofa  3.613 [19]. This should be valid
for both helium and neon. The value has recently bee
supported by a calculation by Kuchiev and Ostrovsky
which uses a different approach to the problem. Th
theory also predicts a power law dependence as in (5
and they find a valuea  3.838 [20] in good agreement
with the result of Mendez and Feagin.

Rost and Pattard [21] have shown that for single ion
ization it is possible to incorporate the threshold behavio
of the Wannier theory with the high energy behavior o
the first Born approximation to form a parametrization de
pending only on the Wannier exponent. This describe
the cross section of all targets for a given projectile over
large range of energies. The cross sections fall on a co
mon curve if plotted in the dimensionless variablesEyEM

and sysM . sM is the cross section maximum which is
found at the energyEM . EnergiesE and EM are excess
energies aboveEI . Values ofEM andsM can be found
by a fit to the measured cross section. This scaling is o
of the important aspects of the Rost-Pattard model, sho
ing that energy should be scaled in terms ofEM rather than
of EI .

In Fig. 2 we have transformed our data to the abov
mentioned dimensionless variables. One observes that t
scaling causes our data for helium and neon to agree e
tremely well. This shows that Rost and Pattard’s observ
tion of the importance ofEM as a scaling parameter of the
energy is also valid in this case of double ionization. Sinc
our data range from threshold to high energies, a modifie
.

e
d

of

n
n
r

on

n

y

nt

a
y

n
,

is
),

-
r

f
-
s
a
m-

ne
w-

e
his
x-

a-

e
d

FIG. 2. The present results scaled relative toEM and sM :
sdd helium; ssd neon; s—d modified Rost-Pattard model with
a  3.613 andb  1.5.

Rost-Pattard parametrization has been developed, whi
can be applied in this case. It is based on the function

fsEd 
1

sE 1 E0db

µ
E

E 1 E0

∂a

, (6)

where E0  EMbya. The additional parameterb is
given by the high-energy dependenceE2b of the cross
section. The cross section is given by

ssEd  sM
fsEd

fsEMd
. (7)

Double ionization at high velocity impact can take place
following a single interaction between the projectile and
a target electron, accompanied by subsequent relea
of the other electron. This mechanism has an energ
dependence corresponding approximately tob  1. At
somewhat lower velocities double ionization can also b
caused by the interaction between the projectile and ea
of the two active target electrons. This mechanism ha
an energy dependence corresponding tob  2. Here,
we have chosen an intermediate value ofb  1.5. For
a further discussion of double ionization mechanisms, se
Knudsen and Reading [1]. The Rost-Pattard model fo
single ionization hasb  1. In Fig. 2 we have plotted
the universal curve obtained from (6) and (7). It is base
on the Wannier exponentsa  3.613d of Mendez and
Feagin. One observes a good agreement between o
data and the curve. We could also have obtaineda

and b through a fit to the data. This yieldsa  2.43
and b  1.70, but the agreement with the data is no
significantly improved. The fact that our data conform
so well to the Rost-Pattard model, which is valid only
for direct ionization, shows again that Ps formation is
suppressed in double ionization.

Measurements have been presented for the total doub
ionization cross sections for helium and neon by positro
impact with emphasis on the threshold behavior. Su
prisingly, double ionization with positronium formation
75
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is strongly suppressed. Comparison to a Rost-Patta
type model for direct ionization, incorporating Wannie
threshold theory, has given extremely good agreement w
the data. This shows that this type of treatment may
valid not only for single ionization but also for double
ionization.
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