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Ultralow-Energy Electrons from Fast Heavy-Ion Helium Collisions: The “Target Cusp”
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Doubly differential cross sectionsd2sydnkdn' have been obtained by mapping the 3-dimensional
velocity space of ultralow- and low-energy electronss1.5 meV # Ee # 100 eVd emitted in singly ioniz-
ing 3.6 MeVyu Au531 on helium collisions. A sharpsDEFWHM

e' # 22 meVd asymmetric peak centered
at j $nj  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
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Single ionization of a target atom is one of the domina
reaction channels in ion-atom collisions and therefore
basic importance for a large manifold of application
(implantation of ions in substrates, plasma heating, surfa
modifications, cancer therapy with heavy ions, etc.). Ev
more surprising, after about four decades of systema
electron spectroscopy in ion- and electron-atom collisio
by many groups (for recent reviews see, e.g., [1,2]), the
are only two data sets of doubly differential experiment
cross sectionsd2sydEedV for the emission of electrons
with energiesEe below 1 eV. Two more studies are a
hand extending down toEe ø 1 eV, and very few reliable
data sets are available forEe , 10 eV (using conventional
spectrometers experimental uncertainties were estima
[2] to be as large as 30% forEe , 5 eV and up to 50% for
Ee  1 eV). Other techniques developed to detect low
energy electrons [3] so far gave only access either to
total energy or to two velocity components without an
energy information. Thus, in essence, lowsEe , 10 eVd
and ultralow energysEe & 1 meVd continuum electrons
in the (screened) Coulomb potential of the target or in t
two-center potential of the target and projectile remain
unexplored experimentally.

Basic questions on this fundamental three-partic
process arise. According to the general Wigner thresh
law for long-range interactionsd2sydEedV has a finite
(nonzero) value at the threshold, i.e., aty  0. From
that it follows that the cross-section differential in th
electron velocitydsydj $nj diverges asdsydj $nj ~ 1yy.
This divergence also emerges from calculations in t
first Born approximation (FBA), and a symmetric angula
distribution was predicted for hydrogenic targets in th
limit of y ! 0 (see, e.g., [4]). Calculations beyond th
FBA (see, e.g., [5]) expand low-lying continuum state
in terms of high-lying Rydberg states. They predic
distinct asymmetric angular distributions of the electron
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depending on the velocity of the exciting particle, o
the nodal structure of the initial state, as well as on
postcollision interaction between the electrons and
emerging projectile. Moreover, applying the continuu
distorted wave approximation (CDW), it was show
[6] that the properties of the soft-electron emission f
multielectron targets sensitively depend on the wa
functions employed. Last but not least, nothing is know
experimentally as well as theoretically on the three p
ticle dynamics at the singularity where the final electr
momentum is zero.

In order to reliably explore the low-energy electro
emission, a resolution ofDyi  9 3 1023 a.u. sDEi 
1.1 meVd along all three dimensions in velocity space w
theoretically estimated to be necessary [5]. This is
agreement with recent FBA and CDW results for 100 ke
p on He collisions, indicating that the low-energy asym
totic limit for the angular distribution is reached at1024 eV
(page 128 of Ref. [2]). This is far beyond the resolutio
achieved in recent experiments when traditional techniq
are used [7]. Nevertheless, the exploration of the “so
electron peak” (SEP) has attracted increasing attention
13]. Studies concentrated on the investigation of its asy
metry along the forward-backward direction (early da
see, e.g., [9,14]).

Soft projectile-centered electrons produced either
excitation of a “clothed” projectile (electron loss to th
continuum, ELC) or the capture of an electron into t
projectile continuum (ECC) have been explored over m
than two decades (see, e.g., [2]). In the laboratory fra
these electrons show themselves as a sharp “cusplike” p
at an emission angle close to0± and a velocity centered
around the projectile velocityyp. Unlike the “target cusp”
the projectile cusp exists in both the velocity and ener
spectrum due to the kinematic transformation. As a f
ther consequence of transformation [4], the experimen
© 1998 The American Physical Society 4337
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resolution in the projectile frame alongyp in-
creases linearly withyp, reaching values as good a
Dyek  1022 a.u. at yp  10 a.u., whereas the trans-
verse resolution decreases withyp and is about a factor of
10 worse at the same velocity (see, e.g., [15]).

In this Letter we report on the measurement of ultralo
energy electrons in the target frame, on the observat
of the target cusp, i.e., the predicted singular behavior
y  0 in the three-dimensional velocity space, and on t
detailed investigation of its shape. Applying a rigorous
new combined magnetic and electric projection techniq
for low-energy electron detection, we were able to increa
the energy resolution of state-of-the-art conventional spe
trometers by at least 2 orders of magnitude in each dime
sion of the velocity space toDEei  2.5 meV for $n ! 0.

The experiments were performed with a substantia
improved version of our “reaction microscope” usin
a tightly collimated charge-state analyzed3.6 MeVy
u Au531 beam from the UNILAC (Universal Accelerator)
of GSI (Gesellschaft für Schwerionenforschung). Wor
ing principle, design, and resolution of the microscop
have been described in detail before [16,17]. In sho
low-energy ions and electrons emerging from a 2.8 m
diam supersonic jet are accelerated into opposite dir
tions by a1.36 Vycm electric field applied along the ion
beam (longitudinal direction). The transverse motio
of the electrons is confined by an additional solenoid
magnetic field of 6.1 GsDByB  8 3 1024d for the high
resolution measurements (20.5 Gauß for lower resolutio
In this way all electrons with transverse energies belo
10 eV (115 eV) and longitudinal energies below 15 e
are projected on a 75 mm diam two-dimensional positio
sensitive microchannel plate detector placed 33 cm dow
stream the jet target (“time focusing geometry,” see [17
From the measured absolute positions and flight times,
ion and electron trajectories are reconstructed and th
initial momenta are calculated. For the electrons, t
achieved time resolution of 1 ns resulted in a longitudin
velocity resolution ofDyk  1 3 1022 a.u. (total time
of flight for yk  0 is 203 ns). A position resolution of
Dx, y  0.6 mm (ion beam diameter) gave an optimum
transverse velocity resolution ofDy

opt
'  1.4 3 1022 a.u.

when the electron is at its maximum distance (35 mm
from the target point on the course of its cyclotron motio
(time for a complete turn, 58.6 ns). The fields wer
adjusted in such a way that the optimum resolution w
exactly reached for electrons withy  0 a.u. Extreme
care has been taken and various methods were applied
compared (trajectory calculations, extrapolation from th
cyclotron frequency, retarding fields) for the calibratio
of the velocity axis in both directions, and an accuracy
60.005 a.u. has been obtained, respectively.

Our technology provides several new features: (1) T
full kinematics for single ionization (nine-dimensional ve
locity space) is determined for defined final charge state
projectile and target. Thus, the inelasticity of the reactio
4338
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is inherently measured and the final electronic states of
projectile and the target are controlled. (2) Any differen
tial cross section (projected from the 9-dimensional spac
can be brought on an absolute scale. A short run at a s
ficiently high magnetic and electric field is normalized o
the total single ionization cross sections11. The present
s11 is accurate within620% [18]. The accuracy of any
projections (i.e., various differential cross sections) rel
tive to each other is limited only by the statistical error
(3) All electrons emitted into the4p solid angle with ve-
locities below the given acceptance are detected, includ
those withy  0, the notoriously critical point of conven-
tional devices. (4) Triple coincidence spectra are free fro
background on the level of 3 orders of magnitude; cont
butions from the rest gas are completely absent.

In Fig. 1 the experimental longitudinal velocity distri
butions for different transverse velocities; i.e., doubly di
ferential cross sections (DDCS) are shown in comparis
with results of CDW eikonal-initial-state (CDW-EIS) cal-
culations (lines). This represents the up-to-date most co
plete experimental map of the soft-electron peak forEek ,

127 eV andEe' , 13.6 eV includingEe  0. Cylindri-
cal coordinates in velocity space with the axis along th
beam propagation are well adapted to the azimuthal sy
metry of the electron emission if no scattering plane

FIG. 1. Doubly differential cross sections DDCS d2sy
sdykdy' ? 2py'd as a function of the longitudinal electron
velocity (see text) for various transverse velocity cuts in sing
ionizing 3.6 MeVyu Au531 on He collisions. Cross sections
at different y' are multiplied by factors of 10, respectively
Lines: theoretical CDW-EIS results.
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defined. They are commonly used for the representation
ELC or ECC electrons. The presented DDCS are defin
as DDCS d2syfdykdy's2py'dg in order to correct for
the increasing volume element with increasingy'. Thus,
they have the shape and dimension of triply differentia
cross sectionsdsyd $n assuming azimuthal symmetry.

Excellent agreement between theory and experime
is observed in shape as well as in absolute magn
tude. A strong forward-backward asymmetry is found
The whole distributions including their maxima for the
larger transverse momenta are shifted towards positi
velocities. This asymmetry has been observed before
d2sydEedV at higher electron energies (see [2] and re
erences therein) as well as in singly differential cross se
tions dsydyk, and it was attributed to the postcollision
interaction (PCI, in literature often used as a synonym fo
two-center effects). The emerging highly charged proje
tile providing a large perturbation strength ofqyyp  4.4
(q and yp are the projectile charge and velocity, respec
tively) pulls the electron into the forward direction.

In Fig. 2 the shape of the DDCS (aty'  0.75 a.u.) as
a function of yk is compared to the results of a CDW-
EIS calculation at a tiny perturbation ofqyyp  0.04
(normalized to the samedsydy') where two-center
effects essentially should be absent. At largeqyyp 
4.4 the emission of low-energy electronssEe , 5 eVd
is strongly suppressed by nearly a factor of 10 in th
backward direction due to PCI, whereas forward emissio
is strongly enhanced.

Proceeding to smaller and smaller transverse velocitie
the DDCS strongly increase atyek  0, illustrating the
increasing influence of the target charge onto the electr

FIG. 2. Doubly differential CDW-EIS cross sectiond2sy
dykdy' at y'  0.75 a.u. for qyyp  4.4 divided by CDW-
EIS results forqyyp  0.04 for the above collision system
normalized on the samedsydy'.
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emission characteristics for tinyy'. In Fig. 3 a sharp
cusp-shaped peak is observed centered atyk  0 for
a transverse velocity cut ofDy' # 0.04 a.u. Still, this
target cusp of ultralow energy electrons is found to b
strongly asymmetric due to PCI in excellent accord wi
results of classical trajectory Monte Carlo calculation
(CTMC) as well as CDW-EIS results (see, e.g., [19]
Because of the statistical fluctuations of the data in th
small volume of velocity space, the present experime
cannot distinguish between both theories which differ
the prediction of the shape by up to 35%. CDW-EI
calculations for energies as low as10 meV predict the
target cusp to remain asymmetric raising the questions
what will happen in the limit of$n ! 0 beyond the present
resolution. At very low energies the calculated sha
of the target cusp is systematically in better agreeme
with experiment than at higher electron energies (see
discussion in [10]). For larger transverse velocities
up to 0.25 a.u. (see three lower data sets in Fig. 1) t
asymmetry is underestimated foryek $ 1 a.u. which is in
qualitative agreement with the previous findings [10].

Inspection of the target cusp along the transver
direction (Fig. 4) yields an even steeper rise and prov
the singular behavior of the ultralow energy electro
emission within the present resolution. The longitudin
velocity cut ofDyk , 65 3 1023 a.u. corresponds to the
estimated upper limit of the longitudinal energy resolutio
of DEek , 6350 meV. The transverse direction is found
to be less affected by the influence of two-center effec
and displays as1yy'd behavior (full line) within the error

FIG. 3. Same as Fig. 1 for a transverse velocity cut ofy' #
0.04 a.u. Dashed line: theoretical CTMC results. Full line
CDW-EIS results.
4339
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FIG. 4. Doubly differential cross section DDCS d2sy
sdykdy' ? 2py'd as a function of the transverse velocity (se
text) for the indicated longitudinal velocity cut. Full line
1yy' behavior.

bars. Our experiments were strongly motivated by t
question of whether or not and down to what ener
the cusp might exist. Obviously, forEe  0, electrons
will stay infinitely long in the continuum of their paren
ion and will definitely recombine due to the coupling t
the radiation field (see, e.g., the investigation of radiati
recombination in cooler sections of storage rings).
other words, aty  0 the target cusp should disappea
and, consequently, its shape will be strongly modified
velocities even lower than those investigated here.

In summary, using a substantially improved reactio
microscope, the emission characteristics of low- to ultr
low energy target electrons was explored with unprec
dented precision. The existence of the target cusp w
established down to energies of a few meV. Strong tw
center effects were observed over the whole range of e
tron energies investigated, even at a few meV, in excell
accord with CTMC and CDW-EIS predictions. CDW
EIS calculations reproduce the data in the whole ran
investigated on a remarkable level. For emission into t
forward directionsy' # 0.25 a.u.d, the CDW-EIS calcu-
lations were found to underestimate the asymmetry unl
one goes to very smally' # 0.04 a.u., where agreemen
is found within the experimental error bars.

In the future, the three particle dynamics for th
target cusp electron production will be explored. On
4340
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major goal will be the investigation of the coupling t
the radiation field. Providing laser to microwave field
transitions from the continuum into bound states a
induced, “burning trenches” into the cusp. Using sta
prepared Li or Na targets, predicted structures like
“anticusp” formation for alignedm  0 states should
become observable [20]. Furthermore, the calcula
dependence of the cross sections on the initial state w
function of multielectron targets ([6], Fig. 5.13 in [2]) wil
become accessible.
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