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Abstract. We report on the experimental determination of absolute, total cross sections for electron-impact
double ionization of helium in its metastable 1s2s S state and of the helium negative ion He™ (152s2p *P).
Cross sections are measured for impact energies ranging from threshold to 1000 eV using the animated
crossed beams technique. The fast, pure beam of metastable helium required for the experiment is produced
by photodetachment of fast He™ ions. Results for He(1s2s S) are compared to those for He(1s* 'S), and
exhibit similar magnitude and behaviour. The cross section for He™ is large compared to other negative
ions and indicates the predominance of indirect ionization channels at large impact energies.

1 Introduction

Double ionization (DI) of atoms and ions by electron
impact is subject to a continuous interest since years,
essentially from an experimental point of view. Accurate,
absolute DI cross sections have been measured for many
neutrals, positive and negative ions, including multiply
charged ions [1], with impact energies ranging from the
reaction threshold up to energies of a few keV. In par-
allel to these investigations, theoretical approaches were
developed in order to identify the various mechanisms at
play during direct double ionization (DDI) and elucidate
their respective contributions. In a classical picture, there
are two so-called two-step (TS) DDI mechanisms. In the
first one (TS1), the incident electron ejects a first tar-
get electron, which collides with another target electron
and ionizes it. In the second one (TS2), the incident elec-
tron ejects two target electrons through two successive
collisions. In addition, the first electron ejection pro-
vokes a sudden change of the atomic potential, which
may lead to a second electron ejection during the sub-
sequent relaxation, what is called the shake-off process.
The combination of quantum mechanical theoretical cal-
culations accounting for each of the three processes and
state-of-the-art experimental investigations able to mea-
sure fully differential cross sections provides the most
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detailed description of DDI [2-5]. For instance, the the-
oretical works of Dal Capello et al. [4], combined with the
experiments of Taouil et al. [3], have established that each
of the three identified double ionization mechanisms plays
a role in different kinematical conditions for the outgo-
ing electrons (see [6] for a review). Moreover, interference
between them must be taken into account in order to
interpret the results of the so-called (e, 3e) experiments
for double ionization of helium.

Nevertheless, DI is far from been elucidated. Theory has
been able to accurately predict the total DDI cross section
and the respective importance of the contributing pro-
cesses only for a limited number of atomic systems [7,8].
In addition to direct processes, indirect double ionization
may result from Auger processes, that is, the creation of
a hole in an inner shell of the target, which decays by
autoionization.

Helium is the simplest atomic system to be subject to
DI. The total, absolute DI cross section was measured
only for the ground state (1s2 1S) [9,10]. Two other states
of helium are considered in the present experiment: the
152s 3S metastable state of the atom and the 152s2p *P
metastable state of the negative ion. The 1s2s 3S state is
the lowest excited state of the helium atom, lying 19.82 eV
above the ground state [11], and possesses a very long
radiative lifetime (7870s [12]). The 1s2s2p “P state is
the only metastable state of He™, with the lifetimes of
its J =1/2,3/2 and 5/2 fine structure components being
7.8 us, 12.3 us, and 359.0 us, respectively [13]. All other
states are unstable and decay rapidly by autodetachment
into a neutral helium atom and a continuum electron. The
long lifetime of the 1s2s2p 4P state is explained by the
fact that it lies 77 meV below the first excited state of
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Fig. 1. Experimental setup. VC: sodium vapour cell; M;: mag-
netic mass selector; SDj 2: spherical deflectors; PD: planar
deflector; FCy 2: Faraday cup; CEM: channel electron multi-
plier. For a more detailed sketch of the electron gun setup,
see [16].

helium [14], and thus can only decay to the helium ground
state. Such a decay is forbidden by spin selection rules,
and thus mediated only by weak spin—orbit and spin—spin
interactions, resulting in metastability against sponta-
neous detachment. Theories have demonstrated that DI
is very dependent on the correlation between target elec-
trons. For this reason, it is interesting to compare results
of DI for situations differing strongly with respect to the
ground state. For the ground state, the target electrons
are equivalent, while in the present cases non-equivalent
target electrons are concerned (1s2s and 2s2p). In addi-
tion, for He™, an Auger process may result from ejection
of the inner-shell electron followed by autoionization of
the doubly excited atomic state. For these two systems,
absolute double ionization cross sections are measured for
impact energies ranging from the reaction threshold to
1 keV. Results are compared with those obtained for the
ground state atom.

2 Experimental setup

The experimental setup, shown in Figure 1, is the same
as that described in [15]. We therefore give only a brief
summary of its main features below.

A fast beam of He™ ions is produced by passing an
8 keV beam of He™ ions from a duoplasmatron source in
a sodium vapour cell, where double charge exchange con-
verts about 1% of the incoming beam into He™. After the
cell, a magnet selects the He™ ions which are then brought
to the electron-impact ionization chamber, pumped to
high vacuum (~107!% mbar), by a spherical deflector
(SD1). When measuring the electron-impact double ion-
ization cross section of He™, the planar deflector (PD)
shown in Figure 1 is grounded and the laser switched off.
The metastability of the He™ (152s2p *P) ion allows one to
use conventional beam transport and detection techniques
as, for example, the time-of-flight of the ions between the
vapour cell and the interaction region (~3 us) is smaller
than lifetime of the shortest-lived, J = 1/2 fine structure
component [13]. In the interaction region, the He™ beam
is intersected at right angles by the ribbon-shaped elec-
tron beam from a cold-cathode electron gun [16]. After
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this region, the beam enters a magnetic analyser, which
separates its different components. The remaining He™
ions are deflected onto a Faraday cup (FCs) so that the
He™ current can be measured. Currents of 15 nA are rou-
tinely achieved. Neutral helium atoms fly straight onto
the Faraday cup FC;. He' ions are deflected by the
magnetic analyser, reach a spherical deflector (SD2) and
are detected afterwards by a channel electron multiplier
(CEM). The experimental setup is carefully designed to
ensure complete transmission of the product ions to the
CEM [16].

Spurious contributions to the He™ signal may arise from
(i) double ionization of He™ by collision with the residual
gas; (ii) ionization of He™ by collision with the residual
gas and electron-impact ionization of neutral atoms, and
vice-versa; (iii) ionization, either by electron -impact or by
collisions with the residual gas, of neutral helium atoms
produced by spontaneous detachment of He™. These con-
tributions are strongly reduced by applying a high-voltage
(~1000 V) bias to the interaction region. In this case,
Het ions produced when any step of the aforementioned
mechanisms occurred outside of the biased region have a
different kinetic energy, and are readily filtered out by the
magnetic analyser and spherical deflector.

In order to measure the electron-impact double ioniza-
tion cross section of He(1s2s 3S), one must first tackle
issues related to its production. This is a challenging step
since standard methods, such as electron-impact excita-
tion or charge-exchange, also leave a significant fraction
of atoms in a number of other, undesired states [17]. In
a previous study [15], we proposed and implemented a
metastable helium source based on the photodetachment
of the He™ ion, which produces a beam with excel-
lent purity (>95%). The He™ beam is photodetached by
an 8 W, continuous-wave COs laser prior to interaction
with the electron beam. The collinear photodetachment
geometry (see Fig. 1) allows to reach high neutralisation
efficiencies (~40%) for a modest overlap distance of about
17.5 cm. Just before the interaction region, the remaining
He™ ions are deflected out of the beam by a planar deflec-
tor (PD), thus leaving a pure beam of metastable helium.
The interaction with the electron beam and the analysis of
the reaction products proceed as in the case of He™. The
only difference is that the current of metastable atoms
cannot be measured directly. Instead, it is determined
from the current of secondary electron measured on FCy,
which are emitted upon particle impact on the surface and
accelerated outwards by the electric field from a guard
electrode. The secondary electron emission coefficient =,
required to obtain the metastable helium current, is cali-
brated by measuring the attenuation of the He™ current
by the laser beam when the planar deflector is switched
off [15]. Currents of metastable helium, as measured in
amperes, of 6 nA are routinely achieved.

The absolute cross section is measured using the ani-
mated crossed beams technique of Defrance et al. [18]. It
relies on sweeping, in a linear see-saw motion, the electron
beam across the atom or negative ion beam and counting
the number of He?t or He™ ions produced, respectively.
The total number K of ions produced during one sweep
can then be related to the double ionization cross section
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Table 1. Experimental uncertainties arising from system-
atic effects.
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Table 2. Absolute cross section for electron-impact dou-
ble ionization of He(1s2s 3S) as a function of electron

Parameter Relative uncertainty (%) C1Cr8Y-
CEM detection efficiency n 5 E. (eV) o (1072 cm?) Acstar (10719 ecm?)
Ion current I, 1.5 65 0.06 0.05
Neutral current I, 6 70 0.29 0.10
Electron current I, 1.5 75 0.27 0.08
Sweeping speed u 1.5 S0 0.47 0.10
Kinematic factor % 0.5 90 0.80 0.07
— 100 1.04 0.16
110 1.24 0.14
120 1.44 0.12
o as follows, 140 1.47 0.17
) 160 1.46 0.23
_ VeUn " ul (1y 200 1.29 0.09
K
\/MIn]e n 250 1.10 0.10
300 0.94 0.06
where v, and v, are the velocities of the electrons and igg ggé 882
atoms or ions, and e is the elementary charge. I. and I, 500 0'52 0'05
are, respectively, the currents of electrons and atoms or 600 0'36 0’03
ions, u is the sweeping speed of the electron beam and 700 0:28 0107
7 is the CEM detection efficiency. The strength of the 800 0.92 0.04
animated crossed beams technique lies in the fact that 1000 0.16 0.04
the form factor, related to the spatial overlap between the
electron and atom or ion beams, does not need to be deter-
mined. Since, in most cases, the form factor is difficult to 2
measure accurately, this technique allows one to remove
an important source of uncertainty in the absolute cross 16 F ,
section measurement.
Uncertainties arising from systematic effects are listed 7 %IE §1§
in Table 1. When added in quadrature, they give a L2 i

total, systematic uncertainty of the order of 6% for the
double ionization cross section of He™ and 8% for that of
He(1s2s 3S). The difference between the two uncertainties
is due to the additional uncertainty, in the latter case, on
the secondary electron emission coefficient vy, required to
obtain the neutral current. Statistical uncertainties are,
on average, 5% for He™. Those for He(1s2s 3S) reach
20% because of the much smaller cross section and the
lower atom beam current. The incident electron energy
E, is corrected for contact potentials and has a spread of
about 1 eV. The uncertainty AF, on the absolute energy
is estimated to be 0.5 eV.

3 Results

The absolute cross section for electron-impact double ion-
ization of He(1s2s 3S) as a function of the electron kinetic
energy is listed in Table 2 and presented in Figure 2
along with measured cross sections for double ionization
of ground state helium (1s? !S) [9,10]. While the onset
of the cross section lies lower in energy in the case of
metastable helium, because the 152s 3S state lies 19.82 eV
above the ground state, the magnitudes of the cross sec-
tions are similar. This violates the classical Thomson
scaling law, which states that electron impact ionization
cross sections scale as the square inverse of the dou-
ble ionization potential I, and thus predicts a double
ionization cross section for the metastable state about
1.8 times larger than that of the ground state. The 1/112)

.
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Fig. 2. Absolute cross sections for double ionization of
He(1s? 'S) and He(1s2s ®S) by electron impact. Full circles:
present measurement for He(1s2s 3S); full triangles: mea-
surement of Bahati et al. for He(1s® 'S) [10]; empty circles:
measurement of Shah et al. for He(1s? 'S) [9]. Error bars give
the 20 statistical uncertainty on the measurements.

scaling is used in most semiempirical formulas describing
electron-impact double ionization cross sections [19]. No
other experimental or theoretical total cross sections are
available for comparison.

Deviation from the Thomson scaling law may be qual-
itatively understood when taking into account the dif-
ference in spin symmetry between the ground- and the
triplet metastable states. Electron—electron correlations
are expected to be weaker for the triplet metastable state
(1525 3S) than for the ground or metastable singlet states
(1s? 1S, 1525 1S) since, as a consequence of the Pauli
exclusion principle, the probability for both electrons to
be close in space is lowered. In particular, this may lead
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Fig. 3. Absolute cross section for double ionization of He™ by
electron impact. The vertical lines indicate the position of var-
ious thresholds. Error bars give the 20 statistical uncertainty
on the measurements.

to an important suppression of the T'S1 mechanism pre-
sented in the introduction, for which the second ionization
is the result of a collision between the two electrons of
the helium atom. This effect has been predicted theoreti-
cally in the case of double photoionization of He(1s? S),
He(1s2s 1S) and He(1s2s 3S) [20], where the TS1 mecha-
nism is replaced by its analogue, the knockout mechanism,
in which the first ionization is no longer induced by
electron impact but by photon impact. Specifically, the
relative importance of the knockout and shake-off contri-
butions to the ratio of double- to single ionization cross
sections was found to be significantly lower for the triplet
state. Following this argument, we may expect the Thom-
son scaling law to hold for the singlet metastable state,
but not for the triplet one. A measurement of the electron-
impact double ionization cross section of He(1s2s 'S) is
therefore desirable.

In the high-impact-energy limit, the double ionization
cross section o behaves as

o(E.) = ~ (aln B, +b), (2)

e

where F, is the incident electron kinetic energy [21]. Byron
and Joachain also showed that a is a strictly positive
quantity related to the integrated double photoionization
cross section [21]. Plotting, in a so-called Bethe plot, the
product E.o(E,.) as a function of the logarithm of E. is
therefore a convenient way to investigate the behaviour of
the cross section at intermediate and high impact ener-
gies. Such plots for the double ionization of ground- and
metastable helium are shown in Figure 4a. The coefficient
a in equation (2) is expected to be small since the dou-
ble photoionization cross section of ground state helium
is small [22]. The electron-impact double ionization cross
section therefore reaches, asymptotically, a plateau. The
slight negative slope of the plateau observed in the present
results for metastable helium and those of Shah et al. for
ground state helium is incompatible with the prediction
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Table 3. Absolute cross section for electron-impact dou-
ble ionization of He™ as a function of electron energy.

E. (eV) o (1071 cm?) Astar (10716 cm?)
5 0.170 0.110
6 0.581 0.060
7 0.822 0.038
8 0.928 0.039
9 1.000 0.034
10 1.087 0.026
11 1.160 0.026
12 1.141 0.027
13 1.232 0.035
14 1.145 0.026
15 1.121 0.034
16 1.045 0.017
18 1.040 0.021
20 0.938 0.032
22 0.833 0.025
25 0.686 0.016
26 0.619 0.016
28 0.591 0.017
30 0.565 0.009
32 0.500 0.011
35 0.480 0.011
40 0.405 0.015
45 0.363 0.005
50 0.318 0.011
55 0.289 0.007
60 0.266 0.012
65 0.256 0.005
70 0.239 0.010
80 0.217 0.006
90 0.205 0.006
100 0.207 0.004
120 0.181 0.006
140 0.167 0.007
160 0.153 0.008
200 0.144 0.007
250 0.120 0.006
300 0.108 0.007

400 0.089 0.003
500 0.077 0.007
600 0.070 0.006
800 0.060 0.006
1000 0.044 0.005

of Byron and Joachain that @ > 0 [21]. Such a discrep-
ancy was discussed previously [10], however there exists
not clear explanation for it.

The absolute cross section for electron-impact double
ionization of He™ is listed in Table 3 and shown in Fig-
ure 3. The double ionization threshold lies low in energy
(~4.84 €V) because of the low binding energies of both
He™ (77 meV) and He(1s2s 3S) (4.77 eV) [11,14]. The
cross section is about three orders of magnitude larger
than that for double ionization of helium (see Fig. 2), and
is also larger than those of other, light, atomic negative
ions [23]. This is not particularly surprising since He™ is a
fragile system with a hollow-core electronic configuration.
No other experimental or theoretical data are available for
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Fig. 4. Bethe plots of the absolute electron-impact double ionization cross sections of: (a) He(1s2s S) and He(1s?); (b) He™.
Symbols attribution in panel (a) is as in Figure 2. The dashed line in (b) indicates the slope expected for electron-impact single
ionization of ground state He™ (see text). Error bars give the 20 statistical uncertainty on the measurements.

comparison. Semiempirical formulas, such as those pro-
posed by Bélenger et al. [23] or Rost and Pattard [24],
do not reproduce satisfactorily the present results, possi-
bly indicating the importance of indirect double ionization
channels.

The presence of strong, indirect ionization channels is
also suggested by the shape of the Bethe plot of the dou-
ble ionization cross section presented in Figure 4b. As
for ground- and metastable helium, it is characterized by
a sharp rise just above threshold followed by a plateau
region. However, at higher impact energies (>70 eV), a
second rise is observed which persists up to the high-
est energy we measured (1000 eV). Such a rise may
be attributed to an ionization—autoionization mechanism.
Indeed it suffices, in an independent electron picture, to
ionize the 1s electron of the He™ (1s2s2p *P) ion to be
left with a neutral helium atom in a doubly excited state,
which further autoionizes, thus producing an He' ion.
This process corresponds to a single electron-impact ion-
ization event, whose cross section is expected to be much
larger than that of direct double ionization for sufficiently
large impact energies. The slope of the second rise in
Figure 4b must thus be close to the one expected for
electron-impact single ionization of He™(1s), keeping in
mind that small deviations may arise due to the presence
of the outer 2s and 2p electrons in the case of He™. The
dashed line in Figure 4b represents the cross section calcu-
lated with equation (2) taking a = 13.77 x 10716 eV cm?
and b = —45.5 x 10716 eVcem?. The value of a was
calculated using the expression given by Rudge [25],

I e E
a = 7H O-p( ;D)dEp,
yiye’ 0 I+Ep

3)
where [y is the ionization potential of hydrogen, « is
the fine structure constant, I is the ionization potential
of He™(1s) and E, stands for the photon energy. The
photoionization cross section o, of He™(1s) was calcu-
lated from the analytical formula for the dipole matrix
elements given by Bethe and Salpeter [26]. The value

for b was arbitrarily chosen so that the curve overlaps
the experimental results, allowing for easier comparison.
One readily observes that the slope associated with the
experimental results matches that predicted by theory for
single ionization of He™(1s), thus confirming the attribu-
tion of the second rise to the ionization—autoionization
mechanism.

4 Conclusion

The absolute cross sections for electron-impact double
ionization of the helium atom in its metastable 1525 3S
state and of the helium negative ion were measured for
impact energies ranging from threshold to 1000 eV using
the animated crossed beams technique. The He™ beam
was produced by double charge capture of fast Het ions
in sodium vapour and the pure, fast beam of metastable
helium by subsequent photodetachment of the He™ beam.
The cross section for double ionization of He™ (1s2s2p 4P)
is large compared to other negative ions, a consequence
of its very small binding energy and its hollow-core elec-
tronic configuration. Two different ionization regimes are
clearly observed in the Bethe plot of the cross section.
At low energies, direct double ionization of the two outer
electrons dominates, while at higher energies ionization of
the 1s core electron followed by autoionization becomes
more important. The cross section for double ionization
of He(1s2s 2S) is similar in magnitude to that of ground
state helium (1s2 !S), a fact that violates the classical
Thomson scaling law, and exhibits a similar behaviour in
the high impact energy region. The present study thus
extends knowledge on the double electron-impact ioniza-
tion of helium by considering a different, excited initial
state and the case of the helium negative ion. Further
experimental and theoretical investigations would be most
interesting to extend the detailed picture now available
for the ground state to the present cases. Finally, we may
stress that it is well-known that electron-impact double
ionization cross sections depend critically on electronic
correlations in the target atom or ion [21]. This is even
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more crucial in the case of He™, because even its mere
metastability is the result of subtle correlation effects, and
the double ionization of He™ may therefore represent an
interesting challenge for theory.
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