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Ultralow-Energy Electrons from Fast Heavy-lon Helium Collisions: The “Target Cusp”
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Doubly differential cross section#’o/dvdv, have been obtained by mapping the 3-dimensional
velocity space of ultralow- and low-energy electrdh$ meV = E, = 100 eV) emitted in singly ioniz-
ing 3.6 MeV/u Au¥* on helium collisions. A sharpAEFVEM < 22 meV) asymmetric peak centered
at |[7| = 0 is observed to emerge at ultralow energies from the strongly forward shifted low-energy
electron velocity distribution. The shape of this “target cusp,” which is very sensitive on the details of
the two-center potential, is in excellent accord with theoretical predictions. [S0031-9007(98)07590-5]

PACS numbers: 34.10.+x, 34.50.Fa

Single ionization of a target atom is one of the dominantdepending on the velocity of the exciting particle, on
reaction channels in ion-atom collisions and therefore othe nodal structure of the initial state, as well as on the
basic importance for a large manifold of applicationspostcollision interaction between the electrons and the
(implantation of ions in substrates, plasma heating, surfacemerging projectile. Moreover, applying the continuum
modifications, cancer therapy with heavy ions, etc.). Everistorted wave approximation (CDW), it was shown
more surprising, after about four decades of systematiff] that the properties of the soft-electron emission for
electron spectroscopy in ion- and electron-atom collisionsnultielectron targets sensitively depend on the wave
by many groups (for recent reviews see, e.g., [1,2]), theréunctions employed. Last but not least, nothing is known
are only two data sets of doubly differential experimentalexperimentally as well as theoretically on the three par-
cross sectiong’o /dE,.d() for the emission of electrons ticle dynamics at the singularity where the final electron
with energiesE, below 1 eV. Two more studies are at momentum is zero.
hand extending down tB, =~ 1 eV, and very few reliable In order to reliably explore the low-energy electron
data sets are available fB < 10 eV (using conventional emission, a resolution oAv; = 9 X 1072 a.u.(AE; =
spectrometers experimental uncertainties were estimatddl meV) along all three dimensions in velocity space was
[2] to be as large as 30% fa@f, < 5 eV and up to 50% for theoretically estimated to be necessary [5]. This is in
E. = 1 eV). Other techniques developed to detect low-agreement with recent FBA and CDW results for 100 keV
energy electrons [3] so far gave only access either to the on He collisions, indicating that the low-energy asymp-
total energy or to two velocity components without anytotic limit for the angular distribution is reachedi@ * eV
energy information. Thus, in essence, 16k < 10 eV)  (page 128 of Ref. [2]). This is far beyond the resolutions
and ultralow energyE, < 1 meV) continuum electrons achieved in recent experiments when traditional techniques
in the (screened) Coulomb potential of the target or in theare used [7]. Nevertheless, the exploration of the “soft-
two-center potential of the target and projectile remaineclectron peak” (SEP) has attracted increasing attention [8—
unexplored experimentally. 13]. Studies concentrated on the investigation of its asym-

Basic questions on this fundamental three-particlenetry along the forward-backward direction (early data;
process arise. According to the general Wigner thresholdee, e.g., [9,14]).
law for long-range interactiong’o/dE.d() has a finite Soft projectile-centered electrons produced either by
(nonzero) value at the threshold, i.e.,at= 0. From excitation of a “clothed” projectile (electron loss to the
that it follows that the cross-section differential in the continuum, ELC) or the capture of an electron into the
electron velocitydo /d|v| diverges asdo/d|v| « 1/v.  projectile continuum (ECC) have been explored over more
This divergence also emerges from calculations in théhan two decades (see, e.g., [2]). In the laboratory frame
first Born approximation (FBA), and a symmetric angularthese electrons show themselves as a sharp “cusplike” peak
distribution was predicted for hydrogenic targets in theat an emission angle close @ and a velocity centered
limit of v — 0 (see, e.g., [4]). Calculations beyond the around the projectile velocity,. Unlike the “target cusp”
FBA (see, e.g., [5]) expand low-lying continuum statesthe projectile cusp exists in both the velocity and energy
in terms of high-lying Rydberg states. They predictspectrum due to the kinematic transformation. As a fur-
distinct asymmetric angular distributions of the electrongher consequence of transformation [4], the experimental
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resolution in the projectile frame alongy, in- isinherently measured and the final electronic states of the
creases linearly withw,, reaching values as good as projectile and the target are controlled. (2) Any differen-
Av, = 1072 a.u. atv, = 10 a.u.,, whereas the trans- tial cross section (projected from the 9-dimensional space)
verse resolution decreases with and is about a factor of can be brought on an absolute scale. A short run at a suf-
10 worse at the same velocity (see, e.g., [15]). ficiently high magnetic and electric field is normalized on

In this Letter we report on the measurement of ultralowthe total single ionization cross sectiont*. The present
energy electrons in the target frame, on the observatiomr'* is accurate within=20% [18]. The accuracy of any
of the target cusp, i.e., the predicted singular behavior gbrojections (i.e., various differential cross sections) rela-
v = 0 in the three-dimensional velocity space, and on thdive to each other is limited only by the statistical errors.
detailed investigation of its shape. Applying a rigorously(3) All electrons emitted into thés solid angle with ve-
new combined magnetic and electric projection techniquéocities below the given acceptance are detected, including
for low-energy electron detection, we were able to increas¢hose withv = 0, the notoriously critical point of conven-
the energy resolution of state-of-the-art conventional spedional devices. (4) Triple coincidence spectra are free from
trometers by at least 2 orders of magnitude in each dimerbackground on the level of 3 orders of magnitude; contri-
sion of the velocity space tAE,; = 2.5 meV fory — 0.  butions from the rest gas are completely absent.

The experiments were performed with a substantially In Fig. 1 the experimental longitudinal velocity distri-
improved version of our “reaction microscope” using butions for different transverse velocities; i.e., doubly dif-
a tightly collimated charge-state analyzed6 MeV/  ferential cross sections (DDCS) are shown in comparison
u Au>** beam from the UNILAC (Universal Accelerator) with results of CDW eikonal-initial-state (CDW-EIS) cal-
of GSI (Gesellschaft fur Schwerionenforschung). Work-culations (lines). This represents the up-to-date most com-
ing principle, design, and resolution of the microscopeplete experimental map of the soft-electron peakdgr <
have been described in detail before [16,17]. In shortl27 eV andE,.; < 13.6 eV includingE, = 0. Cylindri-
low-energy ions and electrons emerging from a 2.8 mntal coordinates in velocity space with the axis along the
diam supersonic jet are accelerated into opposite direddeam propagation are well adapted to the azimuthal sym-
tions by al.36 V/cm electric field applied along the ion metry of the electron emission if no scattering plane is
beam (longitudinal direction). The transverse motion
of the electrons is confined by an additional solenoidal
magnetic field of 6.1 GAB/B = 8 X 10~ ) for the high
resolution measurements (20.5 Gaul3 for lower resolution).
In this way all electrons with transverse energies below
10 eV (115 eV) and longitudinal energies below 15 eV
are projected on a 75 mm diam two-dimensional position
sensitive microchannel plate detector placed 33 cm down-
stream the jet target (“time focusing geometry,” see [17]).
From the measured absolute positions and flight times, the
ion and electron trajectories are reconstructed and their
initial momenta are calculated. For the electrons, the
achieved time resolution of 1 ns resulted in a longitudinal
velocity resolution ofAvy = 1 X 1072 a.u. (total time
of flight for v, = 0 is 203 ns). A position resolution of
Ax,y = 0.6 mm (ion beam diameter) gave an optimum
transverse velocity resolution afv " = 1.4 X 1072 a.u. 1071
when the electron is at its maximum distance (35 mm)
from the target point on the course of its cyclotron motion /
(time for a complete turn, 58.6 ns). The fields were 107"
adjusted in such a way that the optimum resolution was
exactly reached for electrons with = 0 a.u. Extreme
care has been taken and various methods were appliedand  1g-1%
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of the velocity axis in both directions, and an accuracy of

+0.005 a.u. has been obtained, respectively. FIG. 1. Doubly differential cross sections DDGSd’c/

Our technology provides several new features: (1) Thédvidv. - 2mv,) as a function of the longitudinal electron
velocity (see text) for various transverse velocity cuts in singly

full kinematics for single ionization (nine-dimensional ve- ionizing 3.6 MeV/u Au™* on He collisions. Cross sections

locity space) is determined for defined final charge state 04t different v, are multiplied by factors of 10, respectively.
projectile and target. Thus, the inelasticity of the reactiorLines: theoretical CDW-EIS results.
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defined. They are commonly used for the representation admission characteristics for tiny,. In Fig. 3 a sharp
ELC or ECC electrons. The presented DDCS are definedusp-shaped peak is observed centeredvjgt= 0 for
as DDCS= d%0 /[dvydv,(2mv )]inorderto correctfor a transverse velocity cut chv; = 0.04 a.u. Still, this
the increasing volume element with increasing Thus, target cusp of ultralow energy electrons is found to be
they have the shape and dimension of triply differentialstrongly asymmetric due to PCI in excellent accord with
cross sectiond o /dv assuming azimuthal symmetry. results of classical trajectory Monte Carlo calculations

Excellent agreement between theory and experimenlCTMC) as well as CDW-EIS results (see, e.g., [19]).
is observed in shape as well as in absolute magniBecause of the statistical fluctuations of the data in this
tude. A strong forward-backward asymmetry is found.small volume of velocity space, the present experiment
The whole distributions including their maxima for the cannot distinguish between both theories which differ in
larger transverse momenta are shifted towards positivehe prediction of the shape by up to 35%. CDW-EIS
velocities. This asymmetry has been observed before inalculations for energies as low 48 ueV predict the
d*o /dE.d() at higher electron energies (see [2] and ref-target cusp to remain asymmetric raising the questions as
erences therein) as well as in singly differential cross secwahat will happen in the limit o> — 0 beyond the present
tions do/dv), and it was attributed to the postcollision resolution. At very low energies the calculated shape
interaction (PClI, in literature often used as a synonym foiof the target cusp is systematically in better agreement
two-center effects). The emerging highly charged projecwith experiment than at higher electron energies (see the
tile providing a large perturbation strength@fv, = 4.4  discussion in [10]). For larger transverse velocities of
(¢ andv, are the projectile charge and velocity, respec-up to 0.25 a.u. (see three lower data sets in Fig. 1) the
tively) pulls the electron into the forward direction. asymmetry is underestimated fog; = 1 a.u. which is in

In Fig. 2 the shape of the DDCS (at = 0.75 a.u.) as qualitative agreement with the previous findings [10].
a function of vy is compared to the results of a CDW- Inspection of the target cusp along the transverse
EIS calculation at a tiny perturbation af/v, = 0.04  direction (Fig. 4) yields an even steeper rise and proves
(normalized to the samelo/dv,) where two-center the singular behavior of the ultralow energy electron
effects essentially should be absent. At laigéy, =  emission within the present resolution. The longitudinal
4.4 the emission of low-energy electrorig&, < 5 eV)  velocity cut ofAvy < =5 X 1073 a.u. corresponds to the
is strongly suppressed by nearly a factor of 10 in theestimated upper limit of the longitudinal energy resolution
backward direction due to PCI, whereas forward emissiof AE,| < =350 ueV. The transverse direction is found
is strongly enhanced. to be less affected by the influence of two-center effects

Proceeding to smaller and smaller transverse velocitiesnd displays &1/v ;) behavior (full line) within the error
the DDCS strongly increase at, = 0, illustrating the

increasing influence of the target charge onto the electron 2 S
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FIG. 2. Doubly differential CDW-EIS cross sectioi#’o/

dvydv, atv, = 0.75 a.u. forq/v, = 4.4 divided by CDW-  FIG. 3. Same as Fig. 1 for a transverse velocity cuv of<
EIS results forg/v, = 0.04 for the above collision system 0.04 a.u. Dashed line: theoretical CTMC results. Full line:
normalized on the saméo/dv | . CDW-EIS results.

4339



VOLUME 81, NUMBER 20 PHYSICAL REVIEW LETTERS 16 MVEMBER 1998

major goal will be the investigation of the coupling to
the radiation field. Providing laser to microwave fields,
transitions from the continuum into bound states are
2 4 ® Experiment induced, “burning trenches” into the cusp. Using state
L — v, prepared Li or Na targets, predicted structures like an
V= (00.009) a.u. “anticusp” formation for alignedm = 0 states should
become observable [20]. Furthermore, the calculated
dependence of the cross sections on the initial state wave
function of multielectron targets ([6], Fig. 5.13 in [2]) will
become accessible.
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