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Simultaneous ionization and excitation of helium atoms by 500 eV electron impact is observed by a
triple coincidence of an ionized slow electron, the recoiling He™ ion, and the radiated vacuum ultraviolet
photon (A = 30.4 nm). Kinematically complete differential cross sections are presented for the
He* (2p)*P final ionic state, demonstrating the feasibility of a quantum mechanically complete experi-
ment. The experimental data are compared to predictions from state-of-the-art numerical calculations. For
large momentum transfers, a first-order treatment of the projectile-target interaction can reproduce the
experimental angular dependence, but a second-order treatment is required to obtain consistent

magnitudes.
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Understanding of correlated quantum dynamics in few-
and many-body systems is a challenging task with impli-
cations going far beyond pure physics. Questions range
from mechanisms of high-T,. superconductivity or spin-
tronics in solid-state physics to the femtochemistry of
tunneling proton migration in water and time-dependent
molecular bond formation or breaking, and even to the
biology of protein folding dynamics or DNA double-strand
break reactions, which occur through negative-ion reso-
nances in collisions with low-energy electrons.

The investigation of fundamental atomic reactions plays
a central, benchmarking role in this context, since the
dominating Coulomb interaction is known exactly, the
number of actively participating particles m can be fully
controlled, and the initial and final quantum states may be
completely determined for reactions of limited complexity.
For over 30 years, efforts have concentrated on exploring
the simplest nontrivial system involving two electrons and
one recoiling ion (m = 3) by kinematically complete ex-
periments, in which the final-state momentum vectors of
all particles are determined. Numerous studies of the
electron-impact single ionization, (e, 2¢), of atomic hydro-
gen performed since 1979 [1] or photo-double-ionization,
(7, 2e), of helium since 1993 (see Ref. [2] for a review)
have tremendously advanced our understanding of the
dynamical three-body problem. In particular cases, e.g.,
for light particle impact at low impact energies, it even has
been solved exactly computationally in 1999 [3].

However, troubling discrepancies between experimental
results and predictions of all state-of-the-art theories were
recently observed in four-body systems with essentially
three active particles, such as single ionization of helium
by fastion impact [4]. This statement also holds for the first
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kinematically complete experiments on electron-impact
double ionization of helium (m = 4) [5-7], demonstrating
impressively our difficulties in understanding just four
Coulomb-interacting quantum particles. Therefore, these
and other fundamental collision problems involving the
helium target, as, e.g., double excitation [8] or the process
investigated in the present work, ionization of one electron
with simultaneous excitation of the other one,

eo(ky) +He(1s%)'S—He ™ (2€)?L(kyg) + e, (k,) + e, k),
()

play a decisive role in advancing to m = 4. Here, the
projectile with momentum £k, is scattered to a momentum
state k,, thereby transferring energy and momentum g =
ko — k, to the target atom. One electron with momentum
k,, is emitted and an excited target ion is left, recoiling with
momentum k. The investigation of this reaction in a so-
called (e, y2e) experiment bears the chance to perform a
“quantum mechanically complete experiment,” the Holy
Grail of quantum dynamics, by measuring, in coincidence,
the two outgoing electrons and the angular distribution or
the polarization of the fluorescence photon in the radiative
decay He'(2p)>’P — He"(1s5)?S + hv with a photon
wavelength (A = 30.4 nm) [9-11].

Such a triple-coincidence experiment has not been fea-
sible to date due to the discouragingly low detection effi-
ciencies of traditional multicoincidence techniques.
Pioneering double-coincidence studies performed for
He" (n = 2) states can be grouped into (e, 2e) [12-14]
and (e, ye) [15,16] investigations, either summing the
contributions from the 2s and 2p states of He™ or leaving
the collision kinematics undefined by not detecting the
second electron.
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In this Letter, we report on a kinematically complete
triple-coincidence (e, y2e¢) experiment performed by ex-
ploiting novel many-particle imaging technologies for the
ions and electrons in a ‘“‘reaction microscope’ [17] com-
bined with a large solid-angle detection of fluorescence
photons. The apparatus (see Fig. 1) is located at the Max-
Planck-Institut fiir Kernphysik in Heidelberg. It is dedi-
cated to and specially designed for the investigation of
electron scattering processes [18]. The spectrometer has
been extended by two large-area (80 mm diameter) multi-
channel plate photon detectors positioned at 90° with
respect to the incoming projectile beam. They cover 10%
of the full solid angle and reach a detection efficiency of
about 10% for the photon energies of interest. The projec-
tile electron beam (£, = 500 eV) is crossed with a super-
sonic helium jet (1 mm diameter, 10'? atoms/cm?). The
low-energy (E, < 12.5 eV) ejected electron and the recoil-
ing He™ target ion are projected by homogeneous electric
(1.2 V/cm) and magnetic (6 G) fields with a 477 solid angle
onto position- and time-sensitive microchannel plate de-
tectors (40% detection efficiency each). Thus, an overall
three-particle detection efficiency of about 0.16% is
achieved.

The ion and electron longitudinal momentum compo-
nents (kj = k), along the z axis in Fig. 1, are deduced from
the times of flight (TOF), while the transverse momentum
components (k,, k,) are obtained from the impact positions
on the detectors in the xy plane and the TOFs [17,19].
Thus, measuring the momentum vectors of the fragments
(ky, kg) in coincidence allows us to deduce both the
momentum of the scattered electron k, = ko — k;, — kp
and the momentum transfer ¢ = ky — k, = k;, + k.

The main experimental challenge is posed by huge
background signal rates. These, in combination with small
detection efficiencies, were ultimately responsible for the
failure of earlier attempts to perform (e, y2e¢) measure-
ments. Background events include charged fragments pro-
duced in singly ionizing collisions and intense vacuum
ultraviolet photons emitted by neutral helium after colli-
sional excitation. Each of the corresponding processes are
about 2 orders of magnitude more likely than the one of
interest, i.e., simultaneous ionization excitation. Since the
number of random coincidences is proportional to the
product of the three individual detector count rates and
thus to the third power of the projectile beam current /,
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Schematic of the experimental setup.

while the number of true coincidences only scales linearly
with I, the true events will be easily buried for high
projectile beam currents. Hence, the large detection effi-
ciencies and the solid angles reached in our reaction micro-
scope, which allow for projectile beam currents as small as
I = 60 pA, are crucial for the feasibility of the experiment.
In addition, we can use energy and momentum conserva-
tion to further discriminate against random coincidences.

The experiment was operated using a continuous elec-
tron beam. A detected photon served as the trigger to tag
the desired (e, y2e) event by starting [with negligible delay
due to the excited state lifetime 7(2p) = 0.6 ns] the TOF
measurement for the electrons (TOF = 200 ns) and the
ions (TOF = 17 us). In a two-dimensional triple-
coincidence spectrum (see Fig. 2), random coincidences
were identified by exploiting the increased energy loss (Q
value) of the true ionization-excitation reaction (Q =
65.4 eV for n = 2) compared to those of false ionization-
only (Q = 24.6 eV) events. The difference in the TOF
between the photon and the electron, Argr(y — e7), es-
sentially the electron TOF and thus its longitudinal mo-
mentum, is plotted versus Apgr(e” — He') between the
electron and the He' recoil ion. Note that Apgr(e” —
He™) is proportional to the sum of the longitudinal electron
(kp))) and ion (kg)) momenta, from which the Q value can
be obtained [19]:

Q/U + Eb/l} = kR” + kb” o ATOF(E_ - He+). (2)

Here v = 6 is the projectile velocity (in atomic units) for
Ey =500 eV. Since all detected electrons have energies
E, <15 eV, the contribution from E,/v < 0.1 a.u. may
be neglected. (It is actually taken into account in the de-
tailed analysis.) The abscissa of Fig. 2, Arop(e” — He™),
then approximately represents the Q value of the reaction.

Three features are observed in Fig. 2: (i) A band along a
Q value close to 24.6 eV, corresponding to single ioniza-
tion. The random photon TOF shows no correlation,
thereby indicating pure (e, 2¢) events. (ii) A sharp peak
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FIG. 2. Triple-coincidence timing spectrum. The number of
counts is plotted as function of the TOF differences Apgr(e™ —
He™) and Arop(y — e7). See text for details.
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(1) in Apgp(y — e™) for very short flight times of the
electron corresponding to photons coincident with fast
projectile electrons scattered onto the electron detector.
The He™ recoil ion is coincident as well, showing a broad
pattern due to its momentum distribution. Since the slow
electron is not detected here, the ion momentum is not
compensated for and the Q value cannot be derived.
(iii) Another peak (2) at about the correct Q value, which
is broad in the electron TOF due to the momentum distri-
bution of the slow electron ¢;. The correct Q value and the
true photon-electron coincidence peak provide the unique
signature of a true triple-coincidence (e, y2e) event. The
Q-value resolution in the present experiment is not suffi-
cient to discriminate between excitation into different n
shells of He'(np)>P states, but we expect this to be
possible in the future. Finally, since the band of false
(e, 2¢) contributions is not fully separated from the true
coincidences, a background spectrum was generated for
each cross section presented and subtracted.

Figure 3 shows fully differential cross sections
d*o/dQ,dQ,dE, for the incident energy E, = 500 eV,
two different energies of the ionized electron (E, = 3 =
1.5eV and 10 £2 eV), and two different momentum
transfers (|g| =0.6 =0.1a.u. and [g|=2.0*0.4a.u.). We
have chosen a coplanar scattering geometry; i.e., only
electron emission into the projectile scattering plane is
considered, allowing for an angular acceptance range of
*20°. The angular emission patterns of the ejected elec-
tron e, are in striking contrast to typical (e, 2e) spectra
under similar kinematical conditions. Only at £, = 10 eV
and |g| =2 a.u. are there indications of the binary and re-
coil peaks, i.e., cross section maxima for emission into the
+¢q and —gq directions. The complexity of the other spectra
originates from the many-body character of the collision.
While the (e, 2¢) process is dominated by a single interac-
tion of the projectile with the ejected electron, (e, y2e)
requires additional interactions of the projectile or the
ejected electron with the remaining target electron and/or
strong correlations in the initial bound state.

In order to shed more light on this complex process, the
experimental results are compared with two different theo-
retical predictions. Both models treat the interaction be-
tween the fast projectile and the target perturbatively, while
the ejected-electron—residual-ion interaction (effectively
electron scattering from He™ with appropriate boundary
conditions for ionization) is handled via convergent multi-
channel expansions using momentum-space close-
coupling (CCC) or a configuration-space R matrix with
pseudostates (RMPS) approach. These methods yield
nearly identical first-order results [20], but they differ in
the extent to which second-order effects in the projectile-
target interaction are incorporated. So far the CCC method
accounts only for dipole interactions in second order [21],
while the RMPS implementation includes monopole, di-
pole, and quadrupole terms [22,23]. Consequently, the

second-order CCC approach is currently limited to small
momentum transfers.

The calculations were performed for the ionic
He™ (2p)*P state alone. Independent experimental obser-
vations indicate that excitation to He™ (3p)>P amounts to
about 10%, and all higher excitations to not more than
another 10% of the He™ (2p)?P cross section [24]. It is
important to note that the experimental data in the panels of
Fig. 3 are relative but cross normalized to each other. In
order to put them on an absolute scale, we scaled all raw
data with a single common factor. That factor was deter-

E=3eV

E=10eV
Igl = 0.6 a.u.

do/(dQ, dQ, dE,) [107 a.u.]

FIG. 3. Triple differential cross sections d>o/(dQ,dQ,dE,)
at E; =500 eV as a function of the slow-electron emission
angle 6,, measured with respect to the projectile beam forward
direction. The energies E;,, the momentum transfers |¢|, and the
projectile scattering angles 6, are indicated in the diagrams.
Solid lines: second-Born RMPS calculation. Dotted lines:
second-Born CCC calculation. Dashed line in (c),(d): first-
Born CCC calculation, multiplied by 2.5. Dash-dotted line in
(c): first-Born CCC calculation for the He'(25)2S final ionic
state.
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mined by visually fitting the magnitude of the second-order
RMPS results at |g| =2 a.u. and E, = 3 eV, where the
agreement in shape is good and the experimental error bars
are relatively small.

At large momentum transfers, the second-order RMPS
and the first-order CCC (and RMPS, although not shown)
results agree very well with each other and with experi-
ment as far as the shape of the curves is concerned. Thus,
the symmetry of the angular distribution pattern with re-
spect to the momentum-transfer direction (a signature of a
first-Born model) is essentially maintained in the second-
order result. On the other hand, the first-order CCC result
had to be multiplied by 2.5 to obtain the same magnitude.
This indicates a strong second-order contribution, which
seems to manifest itself mainly in the magnitude of the
cross section and leads only to small angular shifts of the
peaks as it is observed for £, = 10 eV.

At small momentum transfer, |g| = 0.6 a.u., the second-
Born CCC results agree with the R-matrix predictions for
the magnitude of the cross section, but now the shapes are
very different. At E;, = 10 eV, where resonances in the
e — He™ collision problem make the comparison difficult
[25], none of the second-order models reproduces the
experimental data very well.

On the other hand, at E, =3 eV the second-order
RMPS model is in satisfactory agreement with the experi-
mental data, in particular, in the angular range 30°-150°.
In contrast to |g| = 2.0 a.u., the symmetry of the angular
emission pattern with respect to the momentum-transfer
axis is now clearly broken, thereby demonstrating the
importance of high-order contributions.

Finally, the strong influence of the angular momentum
of the final ionic state on the emission pattern is seen from
the dash-dotted line in Fig. 3(c). It shows the first-Born
CCC cross section for the energetically degenerate
He™(25)2S final state. With a pronounced recoil peak, the
shape of this curve is very different from that for the
He* (2p)?P final state. In principle, coherence effects be-
tween the two states may be revealed through Stark mixing
[11], but this is not yet possible in our setup.

We have reported a successful triple-coincidence experi-
ment for simultaneous ionization excitation of helium.
This is a prototype reaction for the dynamical four-body
Coulomb quantum problem. By detection of the radiated
vacuum ultraviolet photons, the n? P final ionic states could
be separated from the n>S states. Comparison with state-
of-the-art numerical calculations revealed the importance
of accounting for second-order effects in the projectile-
target interaction. To stimulate and assess the quality of
further theoretical efforts, more experimental benchmark
data are urgently needed. In turn, by revealing potentially
interesting kinematical scenarios for these very time-
consuming studies, numerical calculations are helpful as
a guide to experimentalists. The current experiment also
demonstrates the feasibility of the “‘complete experiment”
for simultaneous ionization excitation.
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