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Double ionization of helium by 6 MeV proton impact has been explored in a kinematically complete
experiment using a ‘‘reaction microscope.” For the first time, fully differential cross sections for
positively charged projectiles have been obtained and compared with data from 2 keV electron impact.
The significant differences observed in the angular distribution of the ejected electrons are attributed to
the charge sign of the projectile, resulting in different dynamics of the four-particle Coulomb system,
which is not considered in the first Born approximation.

DOI: 10.1103/PhysRevLett.90.243201

Helium double ionization resulting from the interac-
tion with time-dependent external forces belongs to the
simplest and, thus, most fundamental dynamical many-
electron problems in atomic physics. Whereas single
ionization of helium in most cases can be explained by
the interaction of the projectile with a single active target
electron, which moves in a screened nuclear Coulomb
potential, in double ionization the correlation between the
two electrons in the final and the initial states, as well as
during the interaction, is of decisive importance. Hence,
there are numerous studies to explore helium double
ionization by particle and antiparticle impact, by single
photons as well as in intense laser fields (for a recent
overview see [1] and various articles in [2]).

For charged particle impact, the interest was focused
on the study of the total single (o) and double (o)
ionization cross sections mainly by exploring their ratio
R=o0%"/o" (Fig. 1). Investigations strongly concen-
trated on two rather general observations: First, a limit
at high velocities has been found, where the ratio R
becomes completely independent on the charge Zp and
velocity vp of the projectile. This limit, reached at differ-
ent vp for various particles, has been established experi-
mentally for collisions with electrons [5,6], positrons [7],
protons, antiprotons [3,4], and highly charged ions up to
Ne!%* [8]. Second, at intermediate and low projectile
velocities, where R has a strong dependence on vp, a
distinct difference in R has been found for collisions
with positively and negatively charged particles. Well
above threshold for electron and positron impact (at ve-
locities vp = 8 a.u.), this difference becomes independent
of the projectile mass and, thus, is a pure charge effect.

The general behavior of the ratio R has been first
explained by McGuire [9], who distinguished between
two mechanisms for double ionization: ‘‘shakeoff”
(SO) and “two-step 2 (TS2). The shakeoff dominates
in the high-velocity regime. Here, one electron is ionized
directly by the projectile, described by the first Born
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PACS numbers: 34.10.+x, 34.50.Fa

approximation (FBA) where the cross section scales
like (Zp/vp)?. Double ionization occurs only due to the
rearrangement of the remaining target electron as a result
of the ““sudden” change in the electronic screening of the
nuclear charge. This effect is independent of the charge
and velocity of the incident projectile and, therefore, R
reaches a constant value. At lower velocities, the TS2
mechanism prevails, where the electrons are ejected se-
quentially via two single interactions with the projectile,
corresponding to a second order effect. Treating both
electrons independently, the double-ionization cross sec-
tion becomes proportional to (Zp/vp)* and, thus, R scales
like (Zp/vp)?. The difference between positive and nega-
tive projectiles was ascribed to an interference between
the SO and the TS2 amplitudes resulting in a (Zp/vp)?
contribution in the double-ionization cross section.
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FIG. 1. The ratio R = o** /o™ of the total double-to-single

ionization cross sections for helium as a function of the pro-
jectile velocity for protons (full circles [3]), antiprotons (full
triangles [3,4]), electrons (open circles [5,6]), positrons (open
triangles [7]), and Ne!®" (full square [8]). The dash-dotted
lines denote the velocity dependence for the “pure” two-step 2
(TS2) mechanism and the high-velocity limit for shakeoff
(S0) 91
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Theoretically, in a more complete picture that has been
developed later on, not only SO and TS2 but also other
electron-electron correlation processes, e.g., two-step 1
[1], have to be taken into account. Including electronic
correlations, the high-velocity limit of R has been de-
scribed in good agreement with the experimental results
by Ford and Reading [10] in a first Born calculation. At
low and intermediate projectile velocities, R has been
successfully predicted within the forced impulse method
(e.g., [11]) for protons and antiprotons. Here, the elec-
tronic correlations are included by projecting, after short
time intervals, independently evolving electrons on cor-
related states. The differences in R for antiprotons and
protons also have been reproduced in classical calcula-
tions by Olson [12] and most recently by Morita et al.
[13]. In the classical picture, the dependence of R on the
sign of the projectile charge has been explained by the
different collision dynamics. Theoretical fully differen-
tial double-ionization cross sections, however, have never
been reported in the literature for positively charged
particle impact until now.

Experimentally, only a few kinematically complete
experiments on helium double ionization have been re-
ported in the perturbative regime (100 MeV/u C°* pro-
jectiles [14]) as well as in a strongly nonperturbative
situation (3.6 MeV/u Au>3* projectiles [15]). However,
all of these experiments suffered from the statistical
quality of the data, prohibiting the extraction of more
than double differential cross sections. For electron im-
pact, the so-called (e, 3e) reactions, fully differential
data have been available for several years for projectile
energies from 500 eV to 5.6 keV [16-20]. Theoretical
calculations, in particular, the convergent close-coupling
method, were able to describe the fully differential (e, 3e)
spectra over a broad range of momentum transfers and
energies of the ejected electrons [19,21,22].

In this Letter, we report on the first fully differential
experimental cross sections for helium double ionization
by positively charged projectiles in comparison with ear-
lier data for electron impact [19,22] in order to ultimately
explore the dynamics of the sign-dependent differences
in R and identify possible interferences or other contri-
butions between first and second order Born amplitudes.
We have chosen intermediate velocities of 15.5 and
12.2 a.u., respectively. Here, the difference in R for posi-
tively and negatively charged particle impact is still large,
close to a factor of 2, whereas the mass-dependent differ-
ence is already negligibly small.

The experiment has been performed using a multielec-
tron recoil-ion momentum spectrometer (‘‘reaction mi-
croscope’’) which has been described in detail elsewhere
[23]. In short, a well-collimated (1 mm X 1 mm), pulsed
(pulse length = 1 ns, repetition rate = 680 kHz) proton
beam (beam current = 500 pA, i.e., about 5000 protons
per pulse) from the Tandem accelerator at the Max-
Planck-Institute (MPI) in Heidelberg with an energy of
6 MeV (vp = 15.5 a.u.) was used to ionize cold helium
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atoms provided by a supersonic gas jet in the reaction
microscope. The ejected electrons and the recoiling ion
were extracted in opposite directions along the beam axis
by a weak electric field (2.3 V/cm) and were detected by
a set of two-dimensional position sensitive multichannel
plates. In addition, to confine the motion of the electrons
with a large transverse momentum (with respect to the
beam axis), a uniform magnetic field of 14 G was applied
oriented along the incoming beam direction. In this way,
all electrons with energies below 25 eV were forced onto
the detector in a spiral motion and were detected with the
full solid angle of 47r. Since the momenta of both the
electrons have to be determined to obtain the full infor-
mation of the final state momentum space in a double-
ionization event, a “‘multihit” capable delay-line anode
(dead time = 10 ns) was used for the electron position
readout. From the measured position on the detector and
the time of flight, the trajectories of the extracted par-
ticles were reconstructed and their initial momenta were
calculated. One week of continuous beam time was re-
quired to observe 200 000 double-ionization events and,
thus, to have a sufficient amount of data to extract fully
differential cross sections.

The achieved momentum resolution for the He?* ions
was Apg) = 0.1a.u. in the longitudinal and Apg; =
0.3 a.u. in the transverse directions, respectively. The
electron longitudinal momentum resolution is approxi-
mately Ap, = 0.01 a.u.; stating the transverse electron
momentum resolution is more complicated due to the
cyclotron motion of the electrons in the magnetic field.
It depends on both the longitudinal and the transverse
momenta of the electron and, on the average, it is about
0.1 a.u. The longitudinal and transverse momenta deter-
mine the polar angle resolution of the electrons, i.e., the
angle with respect to the beam direction.

In Fig. 2, the fully differential cross sections are shown
and compared to the electron impact data. A coplanar
geometry is chosen, i.e., the momenta of the electrons as
well as the incoming and outgoing momentum vectors of
the projectile are lying in the same plane (within an
angular window *30°). The density plots represent the
angular distribution of both electrons with respect to the
projectile beam direction for low (0.2-0.8 a.u.), inter-
mediate (0.8—1.4 a.u), and large (1.4—2.0 a.u.) momentum
transfer and for an equal sharing of the excess energy
(AE,; ., < 2.5 eV). The angle of the momentum transfer
vector ranges from 0°—85°. In spite of long beam times,
the statistical quality of the data required the integration
over electron energies from 0 to 25 eV. Even though the
statistical quality of the electron impact data is somewhat
better, identical projections and conditions have been
used for the comparison. The dead time of the electron
detector causes a limitation of the angular acceptance of
the spectrometer, which depends on the energy of the
ejected electrons, and, thus, the acceptance has to be
calculated for all energies separately. Dotted and dash-
dotted lines enclose the angular range for electrons with
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FIG. 2. Angular distribution of the two ejected electrons (i, ¥,: polar angle with respect to the forward beam direction)
in coplanar geometry for proton (a)—(c) and electron (d)—(f) impact at a momentum transfer of 0.2 to 0.8 a.u. (a),(d), 0.8 to 1.4 a.u.
(b),(e), and 1.4 to 2.0 a.u. (c),(f), respectively. A symmetric energy sharing is chosen (E,; = E., <25 eV). The black area in the
middle of the diagrams denotes the kinematically allowed momentum transfer directions, which ranges from about 0° to 75°
(a),(d), 60° to 80° (b),(e), and 75° to 85° (c),(f), respectively. The symmetry axis obtained in the FBA (solid lines) and the nodes
for dipole transitions (dashed lines) are shown for an averaged momentum transfer angle.

5 eV [Figs. 2(a) and 2(d), dash-dotted lines] and with
20 eV (Fig. 2, dotted lines) that is not affected by the
limited acceptance.

All six diagrams feature a four-peak structure. Since
for an equal energy sharing the electrons are interchange-
able, the spectra are mirrored at the diagonal line from
the lower left corner to the upper right and the two peaks
in the upper left are equivalent to those in the lower right.
As discussed in detail in Ref. [19], the four-peak structure
in essence results from dipole selection rules along with
postcollision repulsion between the two electrons.
Whereas the latter pushes the electrons away from the
diagonal, dipole selection rules in their strict form would
enforce zeros along the dashed lines. Thus, we observe a
clear signature of dipole contributions under the kine-
matical conditions chosen in Fig. 2 for both projectile
charge states.

Furthermore, in comparison with single ionization, the
structures can be identified as “binary” and ‘‘recoil
peak,” which are well established for electron and ion
(e.g., [24,25]) impact. The peaks that are closer to the
middle of the diagrams represent the situation that the
sum of both electron momenta points in the direction of
the momentum transfer, in accordance with the binary
peak in single ionization. In the equivalent way, the two
remaining peaks correspond to the recoil peak, where the
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sum of the electron momenta is directed opposite to the
momentum transfer; i.e., both electrons are scattered in
the same direction as the projectile.

Significant differences can be observed for proton and
electron impact. First, the relative intensity of binary to
recoil peak is always larger for proton impact than for
electron impact, most pronounced for larger momentum
transfers. This feature has been found recently for single
ionization as well [26], where theoretical triple differ-
ential cross sections were compared for positively and
negatively charged particle impact. As a second differ-
ence, for electron impact a strong asymmetry appears
with respect to the momentum transfer direction, which
is defined by the fixed kinematical conditions and is
indicated by the thick bars in the diagrams. For proton
collisions, the symmetry in the angular distribution en-
forced by the first Born theory is instead closely fulfilled.
The solid lines in Fig. 2 represent the symmetry axis.

The differences observed in the spectra might be in-
terpreted on the basis of the classical calculations men-
tioned in the introduction: At not too large impact
parameters, negatively charged projectiles tend to push
one electron towards its parent atom, such that the inter-
action of the electrons with the target nucleus as well as
the direct mutual electron-electron interaction (TS1)
might become more important. A closer look at the
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asymmetry in the electron data clearly shows that, even
here, the binary peak is close to the first Born symmetry
condition. Only the recoil peak strongly breaks the sym-
metry. Here, strong ‘“higher order effects,” i.e., interac-
tions with the second electron as well as with the target
nucleus, are expected. Accordingly, a positively charged
projectile tends to pull one electron away from the parent
nucleus, “shaking” the second one into the continuum,
thereby increasing the probability of a ‘“‘clear” binary
peak. Within such a scenario, it is evident that dynamic
electron-electron interaction during the collision, like
TS1, where the first electron interacts with the second
one, might be much less important.

In a perturbative quantum mechanical description, the
total and differential cross sections are given by the Born
series o = a,Z3 + a,Z3 + a3Z} + ..., where the only
difference between positively and negatively charged
projectiles is the sign of the Z3 term. However, it is
surprising that the higher order terms that lead to an
asymmetry with respect to the momentum transfer di-
rection in the patterns for electron impact do not result in
a similar asymmetry for proton collisions. In a previous
semiempirical study [27], the faster convergence of R for
proton collisions has been attributed to the cancellation of
the total Z3 and Zg contributions. Nevertheless, there is no
evident physical reason why these two terms should be of
the same magnitude and add to zero for proton impact. It
is even more surprising that, also for the fully differential
cross sections in proton collisions, the Zl33 and Zﬁ terms
cancel each other or, at least, add to a symmetric angular
distribution, which is the only possible explanation of the
observed symmetry. The cancellation of the higher order
terms not only for the integrated cross section, but also
for the fully differential data, would be a clear indication
that, in general, all contributions beyond the first Born
approximation are of less importance in collisions with
positively charged projectiles.

In conclusion, for the first time, fully differential cross
sections for the double ionization of helium by proton
impact have been measured over a large range of final
state momentum space. Comparison of the data with
those for electron impact at a similar collision velocity
reveals significant differences. These differences have
been assigned to the projectile charge-sign dependence
of the cross sections in the Born series and were qualita-
tively interpreted as a result of the different collision
dynamics for negatively and positively charged projec-
tiles. Clearly, a more detailed understanding of the four-
body collision dynamics requires theoretical approaches
that go beyond a first order approximation delivering fully
differential cross sections. Moreover, for lower velocities,
where the cross sections become projectile mass depen-
dent, proton and antiproton induced double-ionization
data are urgently required.
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