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Complete momentum balance for single ionization of helium by fast ion impact: Experiment
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The collision dynamics of He single ionization by 3.6 MeV/u Se281 impact was explored using the reaction
microscope of the Gesellschaft fu¨r Schwerionenforschung, a high-resolution integrated multielectron recoil-ion
momentum spectrometer. The complete three-particle final-state momentum distribution~nine Cartesian com-
ponentspi! was imaged with a resolution ofDpi'60.1 a.u. by measuring the three momentum components
of the emitted electron and the recoiling target ion in coincidence. The projectile energy loss has been deter-
mined on a level ofDEp /Ep'1027 and projectile scattering angles as small asDq'1027 rad became
accessible. The experimental data which are compared with results of classical trajectory Monte Carlo calcu-
lations reveal an unprecedented insight into the details of the electron emission and the collision dynamics for
ionization of helium by fast heavy-ion impact.@S1050-2947~97!01908-2#

PACS number~s!: 34.101x, 34.50.Fa
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I. INTRODUCTION

When energetic charged projectiles interact with neu
atoms, the ejection of a target electron is the dominant re
tion channel occurring with cross sections on the order
10215 cm2. The detailed understanding of the facets of tar
ionization, therefore, has a strong impact on any applica
which is based on energy deposition in matter by fast io
Among them are the radiation damage of biological a
other materials, track formation and bulk modifications,
development of radiation detection devices, and the inve
gation of plasmas. One important source of systematic d
contributing to our understanding of the collision dynam
are measurements of ionization cross sections doubly di
ential in ejected electron energy and angle~for a review see,
e.g.,@1#!. As stated in@1#, however, there are only a few se
of reliable data for the emission of low-energy electrons~see,
e.g., @2,3#! with energies below 20 eV which contribut
about 50% to the total single-ionization cross section. In
dition, most of these investigations were performed us
low-charged projectiles such as electrons@4# and protons@5#.
Recently, highly charged heavy ions~for an upcoming re-
view on existing data see@6#! gained increasing interest con
cerning applicational aspects in connection with the can
therapy project at the Gesellschaft fu¨r Schwerionenforschung
~GSI! @7#.

Despite its outstanding importance, no kinematica
complete experimental investigation has been published
provides information on the electron emission, the recoil-
scattering, and the energy loss, as well as the angular s
gling of the projectile for single ionization by ion impac
Only one study has been presented recently where the lo
tudinal momentum balance was completely determined@8#.
In contrast, single ionization by electron impact has be
extensively investigated in kinematically complete so-cal
(e,2e) experiments~for a review see@4#!. Even for double
photoionization a considerable amount of kinematica
complete (g,2e) studies have been performed since the p
neering experiment@9# in 1993.
561050-2947/97/56~2!/1351~13!/$10.00
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The complete lack of such data for ion impact is due
two reasons: First, for most collision systems the change
projectile energy and transverse momentum~scattering
angle! in a typical ionization encounter is by far smaller tha
the momentum spread of ion beams from modern accel
tors or even storage rings where the ions are cooled by
interaction with electrons or lasers. Thus, the moment
change of the projectile has only been accessible experim
tally with sufficient resolution for light~hydrogen, helium!
and slow (Ep,500 keV) ions~see, e.g.,@10#!. One study has
been performed for 2.1 MeV/u C61 on Ne where the relative
energy loss as well as the projectile scattering has been m
sured for neon multiple ionization@11,12#. In a few other
experiments projectile scattering angles have been dete
in coincidence only with the emitted electron~see, e.g.,
@13#!, the recoil-ion charge state@13,14#, and its transverse
momentum@15–18#. All these studies severely suffered fro
limited resolution.

Second, conventional electron spectroscopy, where
energy distribution of secondary electrons is scanned ste
step in energy and angle, faces tremendous difficulties in
detection of slow electrons@1# and, more importantly, suffers
from small solid angles on the order of 1023 of 4p. Both are
severe restrictions, because most of the emitted electron
soft electrons which contribute significantly to the total cro
section, and measurements coincident with the projectile
the recoil ion are extremely difficult@13#. Usually, neither
the charge state of the recoil ion nor that of the outgo
projectile is determined.

Due to these reasons the only possible strategy leadin
kinematically complete experiments is the coincident, cha
state selective detection of the recoiling target ion and
emitted electron where the final momenta of both are de
mined with sufficient resolution. Experimentally this is
challenging task since, as mentioned before, nearly 50%
the electrons are emitted with energies below 20 eV and
recoiling target ions of interest have energies in the sub-m
regime. Only during the last few years efficient recoil-io
detection techniques have been developed, based on u
cold supersonic jet targets, which are sensitive to such sm
1351 © 1997 The American Physical Society
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1352 56R. MOSHAMMER et al.
energy transfers to the target nucleus~see, e.g.,@19–22# and
for an upcoming review see@23#!. Moreover, efficient meth-
ods for the detection of low-energy electrons have been
veloped recently at GSI@8,24#. By using a superposition o
electric and solenoidal magnetic fields all electrons with
ergies below 50 eV including for the first time those wi
Ee50 eV were projected on large area position sensitive
tectors. From their position and time of flight~TOF!, mea-
sured in an electron recoil-ion projectile coincidence, th
trajectory has been calculated and, thus, their initial mom
tum vector ~all three spatial dimensions! was obtained.
~Similar projection techniques have been applied more
cently providing either only the total energy of the electro
@25# or two out of three momentum components@26,27#.! Up
to now only longitudinal momentum balances have be
published since the transverse recoil-ion momentum res
tion was limited to 0.5 a.u. in these first experiments. In t
paper we report on the kinematically complete experime
study of target single ionization by ion impact with a res
lution of Dpi'60.1 a.u. for all nine final momentum com
ponentspi . Single differential cross sections, as well as t
complete momentum balance for the longitudinal and
transverse direction, are presented.

From the theoretical point of view considerable progre
has been achieved within the last decade in the descriptio
ionization collision dynamics on a quantum-mechanical
sis ~for a review see@28#! as well as with semiclassical trea
ments @29,30#. In the perturbative regime where the Bo
approximation is applicable, methods have been develo
to calculate three-body kinematics@31–33#. In the nonper-
turbative regime the ‘‘hidden crossing’’ method@34# has
been developed for slow, adiabatic collisions~vp,ve , vp :
projectile velocity,ve : velocity of the active electron!. More
recently the time dependent Schro¨dinger equation of the
electron in the field of the two nuclei moving on classic
trajectories has been solved numerically by discretization
ing a Cartesian mesh@35,36#. In both methods, however, th
projectile motion is separated and approximated by a stra
line.

At higher projectile velocities (vp.ve) for nonperturba-
tive collisions~q/vp.1, q: projectile charge! three-body in-
teractions also termed ‘‘two-center effects’’ strongly infl
ence the electron emission characteristics@6,37#. Very low-
energy electrons were found to be emitted into the forw
direction due to the ‘‘postcollision interaction’’ with th
emerging projectile@8,38,39#. In addition, as will be demon
strated in this paper, the projectile scattering can no lon
be treated assuming a central interaction potential, but
complete three-particle problem has to be solved. Tw
center effects on the electron emission have been inclu
recently ~for an overview see@28# and references therein!
and total ionization cross sections as well as the details of
electron emission were successfully calculated~see also
@40,41#!. In the longitudinal direction even recoil-ion mo
menta as well as the momentum change of the projec
have been deduced from calculated electron momenta ap
ing momentum conservation laws@42#. Since, however, the
complete three-particle problem is not solved, the transve
scattering of the recoil ion and of the projectile is not acc
sible within this approach. Thus, the very fundamental thr
particle problem, single ionization of a target atom by an
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in the nonperturbative regime~which is the most importan
one if slowing down of ions in matter is considered a
which, in essence, leads to the Bragg maximum in the ene
loss! is still out of the capabilities of most calculational tec
niques.

On the other hand tremendous progress has been ach
using semiclassical methods. Classical trajectory Mo
Carlo ~CTMC! calculations are the only method in the no
perturbative regime that treats the full three-particle probl
without any approximation beyond classical scattering
the interaction of the charged particles. Quantum behavio
included statistically by using a momentum distribution
the electron in the bound state of the target atom determ
by potentials based on Hartree-Fock calculations. Meth
have been developed for treating many electron transiti
~n-body CTMC! accounting for the electron-electron intera
tion in the ground state. More sophisticated techniques w
reported to treat the (e-e) interaction during the collision
accounting for the monopole part of the interaction~dynami-
cal screening: dCTMC@43#! as well as on its direct imple
mentation in the postcollision dynamics for transfer ioniz
tion and double ionization collisions@44#.

II. EXPERIMENTAL METHOD

The recently developed combined multielectron recoil-i
momentum spectroscopy@24# was used to control and ana
lyze with high resolution the reaction products after targ
ionization. One substantial part guaranteeing an intern
cold and well defined He target is a two stage supersonic
The He gas expands through a 30mm diameter nozzle form-
ing a supersonic atomic beam. With two skimmers of 0
mm and 0.4 mm diameter, respectively, the innermost par
this beam is cut out providing a localized (Dx'2 mm) and
dense (1012 cm22) He target. The atomic beam is cross
with a well collimated beam~1 mm 3 1 mm! of
3.6 MeV/u Se281 ions delivered from the universal linear a
celerator ~UNILAC ! at GSI. The projectiles were charg
state analyzed after the collision and Se281 ions ~no charge
exchange! were recorded by a fast scintillation counter wi
a rate up to 1 MHz. Recoiling target ions and electrons p
duced in the reaction zone are extracted along the ion b
into opposite directions by a weak uniform electric field
1–5 V/cm applied over a length of 22 cm~Fig. 1!. An addi-
tional homogenous magnetic field of typical 10–20 Gau

FIG. 1. Schematic drawing of the combined recoil-ion man
electron momentum spectrometer.
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56 1353COMPLETE MOMENTUM BALANCE FOR SINGLE . . .
generated by two Helmholtz coils~1.5 m diameter!, is ap-
plied almost parallel to the electric field which forces t
electrons on cyclotron trajectories. In this way the electro
are efficiently guided onto the detector and a high detec
solid angle is guaranteed. After acceleration in the elect
field recoil ions and electrons both drift over 22 cm befo
they are postaccelerated~2000 V for recoil ions and 200 V
for electrons! and detected by two-dimensional position se
sitive ~2D PS! channel-plate detectors. With this focusin
geometry the time of flight becomes independent in first
der on the extension of the reaction zone considerably
creasing the resolution in the longitudinal direction. From
position of detection and the TOF, measured in an elec
recoil-ion projectile coincidence, the recoil-ion charge st
and the three momentum components of both, the recoil
and the emitted electron, can be deduced. All recoil ions
interest and all electrons~DV54p for energies up to 50 eV!
are projected onto the detectors. Due to detector efficien
and grid transmissions a total triple coincidence efficiency
about 20% was achieved. Details about the spectromete
advantages and limits, and how to extract unambiguously
trajectories and the initial momenta of the reaction produ
can be found in@24#.

If a double-ionization event occurs one is faced with t
problem that the position and the TOF of both electrons
to be recorded. This is not a simple task since both electr
hit the detector within a time gap of less than 200 ns. W
our new three-fold electron detector device, which cons
of three independent~2D PS! detectors@45#, we can easily
fulfill this requirement under the specific condition that ea
electron hits a different detector. If both electrons arrive
the same detector we lose the position information but
can still determine their time of arrival if their spacing
time is more than 8 ns. This allows us to extract the lon
tudinal momenta of both electrons in coincidence with
complete momentum vector of the He21 recoil ion. Recent
improvements of the electron spectrometer, time focusing
well as the threefold detector, are described in more deta
@45#. Results of double ionization have partly been publish
@44# and will be discussed in a forthcoming publication.

Besides the unique advantage of a 4p solid angle and
large momentum acceptance, which is necessary for co
dence measurements, our technique for low-energy elec
detection removes many of the tremendous experimental
ficulties of conventional spectrometers. The target extens
is well defined by the supersonic jet. Electrons from the
sidual gas are completely suppressed in the triple coi
dence spectra. The influence of electric fringe fields a
magnetic distortions is drastically reduced by extracting
electrons. The final charge state of the target and that of
projectile ion are well defined. Furthermore, since theQ
value of the reaction is measured in addition, simultane
electronic excitation of the heavy projectile is excluded.

We want to emphasize, that for the investigation of m
tiple ionization or collision induced reactions where mo
than one electron is emitted, like in target ionization acco
panied by electron loss from or electron capture to the p
jectile, large active diameter 2D PS electron detectors w
fast multihit capable delay-line readout@46# will be imple-
mented in the near future. This then allows kinematica
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complete experiments for a large variety of collision induc
multiple-ionization reactions.

III. THEORETICAL MODEL

The experimental data presented here will be compa
with results obtained with the CTMC theory. As mention
in the Introduction, this theory treats the nonperturbat
three-particle problem completely concerning the inter
tions between all particles, yielding the complete nin
dimensional final momentum space for single ionization.
this section we give a brief description of the theoretic
model and shortly discuss the implemented improveme
and its natural limits. The semiclassical model has been d
onstrated to be an adequate approach to describe ion ind
target single and multiple ionization for a large range of i
pact velocities and projectile charge states. Moreover, sin
electron capture from laser aligned initial states with t
complete determination of productn, l , andml quantal lev-
els has been successfully benchmarked against experim
line emission measurements which includes polarization
anisotropy@47#. Recent studies for target single ionization
helium @8# and multiple ionization of neon@39# using fast
heavy ions as well as investigations for slow highly charg
ion and proton impact ionization of helium@26,27# demon-
strated the capabilities of the CTMC approach. From an
perimentalists point of view the fact that experimentally a
cessible highly differential cross sections can be calcula
easily and in a clear manner is a further advantage.

The theoretical method used here includes inherently
three-particle dynamics: the interaction between all part
pating particles during and after the collision is directly i
corporated in the calculations. The bound-electron ini
state of helium is taken to be in a model potential determin
from Hartree-Fock calculations. This same model potentia
incorporated in the interaction of the projectile and the tar
nucleus so that all charges are asymptotically correct at b
the separated and united atom limits. Moreover, the e
tron’s Compton profile is in reasonable agreement with
perimental values.

IV. RESULTS AND DISCUSSION

The dynamics of single ionization of an atom by charg
particle impact is completely determined by the measu
ment of six out of nine momentum components of the th
particles in the final state. The three missing moment
components as well as the inelasticity~the Q value! of the
reaction can be deduced from momentum and energy con
vation. For the overwhelming part of ion-atom collision
leading to ionization of the target atom only little momentu
and energy compared to the initial momentum (pP) and en-
ergy (EP) of the incoming heavy projectile is transferre
during the encounter. Under these conditions the longitud
~along the ion-beam direction! and transverse momenta a
decoupled and can be calculated separately on the bas
nonrelativistic energy and momentum conservation. The
fore, the transverse momentum balance in the labora
frame of reference has to fulfill

pR'1pe'1DpP'50, ~1!
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1354 56R. MOSHAMMER et al.
with

uDpP'u5qPA2M PEP. ~2!

~qP is the polar projectile scattering angle;M P the pro-
jectile ion mass.pR' , pe' are the final transverse recoil-io
and electron momentum vectors, respectively.! The longitu-
dinal momentum balance is given by~in atomic units with
\5e5me51, me : electron mass,e: electron charge!,

pRi1pei2~Q1Ee!/vP50 ~3!

and

DpPi52~Q1Ee!/vP , ~4!

wherevP is the initial projectile velocity andDpPi the lon-
gitudinal momentum transfer. The inelasticity of the react
Q5(Ef

bind2Ei
bind), the total difference in electronic ene

gies between the initial and final atomic states, is direc
connected to the longitudinal momentum transfer. Moreov
the longitudinal recoil-ion momentum is related to the co
tinuum energyEe of the ejected electron demonstrating t
close linkage between recoil-ion momentum spectrosc
and electron spectroscopy@48#.

Once theQ value is known, a quantity which is dete
mined experimentally, then the process of single ionizatio
fully determined by the specification of a fivefold differenti
cross section. Several projections out of this many dim
sional space onto specific physically relevant quantities
be discussed in order to elucidate the dynamics of collis
induced ionization. Since all reaction products are detec
simultaneously, the absolute cross section is easily obta
by normalizing the sum of all events to the measured to
single-ionization cross section of s115(3.360.5)
310215 cm2 @49#. This same value has been used to norm
ize the CTMC calculations which lie 27% below the a
cepted experimental value.

In this section experimental results for single ionization
helium due to the impact of 288 MeV~3.6 MeV/u! Se281

FIG. 2. Illustration of the collision geometry and declaratio
used throughout this paper.
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will be discussed in detail and compared with results o
tained by CTMC calculations. Since one cannot present
the possible projections and cuts out of the nine-dimensio
momentum space~i.e., the square of the complete thre
particle final-state wave function! a subjective selection o
data is presented which in the authors opinion illuminates
main features of the underlying collision dynamics. Figure
illustrates the geometrical conventions used throughout
paper. The projectile moves along thez direction~this is the
longitudinal direction!. The transverse plane is the (x-y)
plane. The collision plane is defined by the incoming proje
tile vector and the recoil-ion transverse momentum go
along the negativex direction ~see Fig. 2!.

A. Longitudinal momentum balance

The cross-section differential in longitudinal momenta
the recoil ion, the electron, and the projectile is shown in F
3 together with predictions obtained from theory~lines!. As
in a previous measurement@8# with 3.6 MeV/u Ni241 projec-
tiles the electrons are found to be emitted dominantly i
the forward direction with a most likely forward energy o
only 2.5 eV. Their longitudinal momentum is almost com
pletely balanced by the backscattered recoil ions. Thus,
projectile momentum change shows a narrow distribut
whose width is mainly determined by our experimental re
lution. Nevertheless, the tail on the left-hand side can
attributed to the electron energy distribution@theEe /vP term
of Eq. ~4!#.

The target atom ‘‘dissociates’’ in the strong electric fie
of the passing projectile which delivers energy but only ve
little momentum. Therefore, the action of the fast heavy p
jectile reveals similarities to photoionization where the ele
tron perfectly balances the recoil-ion momentum to the
tent of the negligibly small momentum transferred by t
absorbed photon. In fact, the field of a swift charged proj
tile can be described as an intense electromagnetic pulse
taining a broadband of photon frequencies. In the framew
of the Weizsa¨cker-Williams method target ionization is de

FIG. 3. Longitudinal momentum distributions of recoil ions an
soft electrons together with the projectile’s momentum loss~histo-
gram!. Smooth lines: CTMC calculation multiplied by a factor o
1.4.
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56 1355COMPLETE MOMENTUM BALANCE FOR SINGLE . . .
scribed as absorption of those virtual photons by the a
@50#. Since almost no momentum is carried by the incid
photons only those whose energy corresponds to the mom
tum of the electron in the bound state at the instant of
sorption can interact. Hence, the obtained momenta of
electrons and the recoil ions are directly related to the in
nal momenta of the electrons in the helium atom at the
stant of the collision with the projectile ion.

The remarkable forward-backward asymmetry of t
ionic target fragments can be ascribed to the strong, lo
range potential of the outgoing projectile leading to a ‘‘pu
ing behind’’ of the electron and a ‘‘pushing away’’ of th
remaining target ion~the so-called ‘‘postcollision interac
tion’’: PCI!. This behavior is predicted by theory~see Fig.
3!. In a recent theoretical study Wood and Olson@51# have
shown that the longitudinal emission characteristics of re
ion and electron change dramatically if the sign of the p
jectile charge is changed. For antiproton collisions with h
lium the electron is predicted to be emitted in the backw
direction whereas the recoil ion emerges with positive m
menta due to the reversed sign of the PCI.

B. Low-energy electrons

The total electron emission is dominated by low-ene
electrons with energies well below 50 eV contributing
more than 85% to the total single-ionization cross secti
The cross section singly differential in electron energies~in-
tegrated over all emission angles! is shown in Fig. 4 in com-
parison with the theoretical results~full lines! for single ion-
ization of helium by 3.6 MeV/u Se281. Electrons are
coincident with He11 ions and projectiles without charge e
change in their ground state. As in a previous experiment@8#
a weak maximum appears around 2 eV which is neither

FIG. 4. Singly differential electron emission cross section
single ionization of helium by 3.6 MeV/u Se281. Full line: CTMC
result scaled up by a factor of 1.4. Dotted line: 1.Born approxim
tion @52#.
m
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produced by any theory~Born approximation@52#, CTMC!
nor by any other experimental investigation. For electron
ergies above 4 eV the obtained shape of the distribution i
agreement with CTMC, slightly steeper than predicted by

r

-

FIG. 5. Singly differential cross section for emission of low
energy electrons withEe,50 eV as a function of the ejected ele
tron’s polar angle. Full line: CTMC calculation multiplied by 1.4

FIG. 6. Transverse momentum distributions of recoil ions, el
trons, and projectiles for single ionization of helium. The transve
projectile momentum exchange is directly associated with the s
tering angle~upper scale!. Smooth lines: CTMC calculation multi-
plied by 1.4.
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FIG. 7. ~Color! pe' vs pR' for helium single ionization by 3.6 MeV/u Se281 impact. The cluster size represents the doubly differen
cross sectiond2s/(dpe'dpR') plotted on a logarithmic scale.
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first Born approximation and similar to results of other e
perimental investigations@53#.

We want to emphasize that our results cannot be c
pared directly to results of any other measurements at
electron energies where neither the final charge state of
projectile nor that of the target was controlled. To the bes
our knowledge, the intensity of these very low-energy el
trons ~the first data point in Fig. 4 comprises all electro
with 0<Ee,400 meV! has never been investigated expe
mentally and it is questionable whether some of the electr
in the very low-lying continuum at the target might recom
bine radiatively. This is one of the questions that will
addressed in further experiments. Reducing the magnitud
the electric extraction and the magnetic guiding fields
energy resolution of a few meV can be achieved with o
-

-
w
he
f
-

s

of
n
r

spectrometer at a bandwidth of 0<Ee,5 eV. ~Such experi-
ments have been performed recently and will be publis
separately.!

The preference of the forward direction of low-ener
electron emission is obvious in the differential cross sect
as a function of the electron’s polar angle~Fig. 5!. Here the
doubly differential cross section is integrated over elect
energies withEe,50 eV. The angular dependence clea
demonstrates the forward peaked electron emission an
reduction of the cross section by more than one order
magnitude into the backward hemisphere. Although
agreement between experiment and CTMC predictions
quite good for the longitudinal momenta and the electr
energies, a slight overestimation is observed in the forw
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FIG. 8. ~Color! Projections in momentum space of all particles in the final state after helium single ionization onto the plane dete
by the incident projectile and the outgoing He11 recoil-ion momentum vector~i.e., the collision plane!. The cluster size represents th
corresponding doubly differential cross sectiond2s/(dpxdpi) on a logarithmic scale. For the recoil ion this is equal tod2s/(dpR'dpRi)
since the recoil-ion momentum component pointing out of the paper plane is zero due to the specific projection.
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direction along with a significant underestimation of bac
ward emission.

C. Transverse momentum balance

In contrast to the longitudinal direction where recoil-io
and electron momenta are linked via the energy-conserva
equation@Eq. ~3!# the transverse direction reveals the fu
three-body dynamics. Here, the transverse recoil-ion m
mentum compensates the transverse momentum of
ejected electron and in addition the internuclear momen
exchange between the target and the projectile. In Fig. 6
single-ionization cross section differential in transverse m
menta of all outgoing particles is displayed in comparis
with predictions obtained from CTMC calculations. W
point out that the projectile momentum is deduced from
measured electron and recoil-ion momenta and that the
tracted projectile scattering angles in the sub-mrad regime are
not accessible by analyzing the outgoing projectile direc
This would require the measurement of a deflection of 1 m
on a detector placed 10 km behind the target region. It wo
further necessitate a beam quality which is beyond the me
of the best available ion accelerators or storage rings.

Surprisingly, within our experimental resolution, there
no difference between the transverse momentum distr
tions of recoil ions and electrons. Moreover, the transve
momentum transfer to the projectile is smaller than the
-
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served momenta of the atomic fragments. Thus, similarly
in the longitudinal direction they almost completely balan
each other. This is possible only if recoil ion and electron
emitted into opposite directions. The experimental resu
validate the statement that the total momentum transfe
by the projectile is small compared to the final momenta
both the ejected electron and recoil ion. One important c
sequence is that there is no direct relationship between
impact parameter and the transverse recoil-ion momentum
the projectile scattering angle. Theory predicts typical imp
parameters for single ionization of about 4 a.u. being lar
than the mean spatial extension of the helium atom. Th
the target nucleus is almost perfectly shielded by its electr
and polarization of the atom becomes important during
inward part of the projectile trajectory which, based on t
semiclassical results, should even result in negative defl
tion angles@30,54#: the projectile was predicted to be sca
tered to the same side as the emitted recoil ion for a m
part of the total single-ionization cross section.

In Fig. 7, where the transverse momentum of the elect
is plotted versus that of the recoil ion, those events wo
appear above the diagonal line withpR'5pe' . This is true
only if electron and recoil ion are perfectly emitted back
back in the azimuthal plane~the plane perpendicular to th
projectile beam!, which will be discussed in more detail i
one of the following sections. In conclusion, the momenta
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FIG. 9. ~Color! Momenta of emitted electron and scattered projectile projected onto the (py-pi) plane. In this representation the outgoin
recoil-ion momentum vector stands perpendicular to the paper plane corresponding to a rotation of the coordinate system defined
by 90° around thepi axis ~i.e., a ‘‘side view’’ of Fig. 8!. Plotted are the doubly differential cross sectionsd2s/(dpydpi) for the electron and
projectile ions, respectively, on a logarithmic scale.
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electron and recoil ion are strongly coupled in the longitu
nal as well as in the transverse direction: if the electron
emitted with a high momentum then the recoil-ion mome
tum is also large. In addition, for the overwhelming part
all collision events the momentum transfer from the pro
tile is comparably small. This is true in the transverse as w
as in the longitudinal direction.

D. Three-particle dynamics

A convenient representation to illuminate the compl
three-particle momentum balance is to project the mome
of all outgoing reactants onto the collision plane~see Fig. 2!
defined by the incident projectile~pi direction! and the trans-
verse recoil-ion momentum vector~2px direction! ~Fig. 8!.
Several of the main features characterizing the dynamic
target single ionization by fast heavy ions can be dedu
from this representation. First, the forward-backward asy
metry of recoil ion and electron which, according to theo
is a result of the long-range interaction with the reced
projectile ion~PCI effect!. Second, the momentum imparte
by the projectile is small in comparison to the momenta
the atomic fragments revealing similarities with ionizati
by photoabsorption. Third, the recoil ion and electron
preferably emitted back to back balancing their momenta
a level which corresponds to the small momentum tra
ferred by the projectile.
-
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The tail observed in the projectile distribution towar
positivepx momenta in Fig. 8 can be attributed to the dire
interaction of the projectile with the target nucleus. Only f
those encounters is the momentum transfer related to
impact parameter, but this is a minor fraction of all collisio
leading to single ionization of helium~cross sections are on
logarithmic scale in Fig. 8!. This fact is further supported by
the representation chosen in Fig. 9 where the recoil-ion m
mentum vector is pointing out of the paper plane. Here el
tron and projectile momenta are projected perpendicularl
the above defined collision plane corresponding to a ‘‘s
view’’ of Fig. 8 from thex direction. If the projectile deflec-
tion would be caused mainly by interaction with the targ
nucleus this projection would deliver narrow distributio
centered along thepz axis. Instead, a considerable amount
momentum transfer out of the collision plane is observ
experimentally. This implies that the recoil ion and electr
are not perfectly emitted back to back. Moreover, the a
muthal angle enclosed by the electron and recoil ion sho
show a distinct distribution. This point together with the a
gular correlation between all participating particles in t
azimuthal plane will be discussed in more detail in the f
lowing section.

There has been a lively recent discussion on the so-ca
‘‘asymmetry of the soft electron emission’’ in collisions wit
strong perturbations. Analyzing data sampled with conv
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FIG. 10. ~Color! The momenta of~a! outgoing projectile ion and~b! ejected electron projected onto the azimuthal plane~the plane
perpendicular to the incoming projectile velocity vector!. The orientation is defined by the He11 recoil ion which is scattered along th
negativepx axis as indicated by the arrows. In~c! the projected electron momentum distribution is shown with respect to the scat
projectile which is deflected towards the negativepx direction defining the rotation in this plot. The doubly differential cross secti
d2s/(dpxdpy) are presented on a logarithmic scale.
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tional electron spectrometers for electron energies abov
eV @2#, it was found that most of these electrons are emit
into the forward direction as a result of two-center effe
@53,55#. Exploring the full three-particle collision dynamic
with our method illuminates that this asymmetry indeed
twofold. In addition to the distinct forward emission of th
soft electrons another asymmetry becomes obvious in
the maximum of the electron momentum distribution in t
1
d
s

s

at

scattering plane is found opposite to the recoil-ion emissi
As will be shown in a subsequent theoretical paper this ch
acteristic changes dramatically as a function of the collis
velocity.

E. Azimuthal angular correlations

In this section we want to restrict the discussion to p
jections of the full three-particle momentum space obtain
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after helium single ionization onto the azimuthal plane,
plane perpendicular to the incoming projectile velocity ve
tor @i.e., the (px-py) plane according to the convention us
so far#. The projections of the outgoing projectile and t
emitted electron momentum with respect to the recoil ion
displayed in Figs. 10~a! and 10~b!. The distributions are ori-
ented such that the momentum vector of the scattered H11

recoil ion is pointing along the negativepx direction as indi-
cated by the arrows without additional condition on t
length of this vector.

A very narrow distribution centered around the origin
obtained for the projectile ion demonstrating again the w
momentum exchange between projectile and target nucl
Helium single ionization is dominated by small-angle sc
tering of the projectile which is deflected almost isotropica
with respect to the recoiling target nucleus. Moreover, w
finite probability negative scattering angles occur and
projectile is scattered to the recoil-ion side~2px direction!.
Within the experimental resolution for the projectile mome
tum change of aboutDpp''60.1 a.u. corresponding to
polar scattering angle resolution ofDqp'657 nrad no sig-
nificant shift of the center of the projectile scattering dist
bution towards the recoil-ion side can be observed.

A quite different behavior is obtained for the ejected ele
tron to be emitted preferentially into the opposite direction
the recoil ion@Fig. 10~b!#. Thus, we again observe a stron
linkage between recoil ion and electron but, on the ot
hand, there is almost no azimuthal angular correlation
tween the projectile and the ionic target fragments. This
illuminated by plotting the electron momentum distributio
projected onto the azimuthal plane with respect to the s
tered projectile in Fig. 10~c!. Only a weak correlation is ob
served such that the electrons slightly tend to be scatt
opposite to the projectile. For a better comparison these
sults are compiled in the polar diagrams of Fig. 11 show
the corresponding angular distributions for the azimut
angles between all ejected reactants.

Exploring the characteristics of the three-particle mom
tum exchange in even more detail, it is instructive to plot
azimuthal angle between recoil ion and electronw re versus
the angle enclosed by recoil ion and projectilew rp calculated
for each single event~Fig. 12!. In this representation the
different collision mechanisms contributing to target sing
ionization can be separated in a simple and illustrative m
ner since the dominance of any possible two-body inter
tion can be assigned to specific regions in this plot. For
occurrence of a direct nucleus-nucleus interaction, where
electron takes up the part of a spectator, recoil ion and p
e
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jectile are emitted back to back into opposite directio
Thus those events are characterized to appear along the
with w rp5180°. Following the same argumentation bina
encounter electron emission, which is a two-body interact
between projectile and electron, shows up along the diago
w rp5180°2w re , whereas a strong coupling of recoil io
and electron, which can be associated with ‘‘photoioniz
tion,’’ appears with the typical angle ofw re5180°. All
events inside these boundary lines experience momentum
change between all participating particles on the basis o
three-body interaction. Thus, the observed pattern cle
demonstrates the importance of the three-body momen
exchange. It also shows, however, that the kinematics
single ionization by fast heavy-ion impact is dominated
electronic dipole transitions where the recoil-ion electr
two-body interaction dominates the three-body moment
exchange.

Many of the discussed features, such as the small mom
tum loss of the projectile, the preferred back to back em
sion of the recoil ion and electron, and the fact that the
served momenta compare well to the internal momenta of
target atom, are inherently included in the simple pictu
where ionization is the result of the interaction with th
equivalent photon field of the passing projectile ion. A
though the Weizsa¨cker-Williams formalism and the first
order Born approximation fail in reproducing, e.g., the to
cross section for the present collision system since they
valid only in the limit of high velocities~at largevp and
small perturbations both formulations are identical!, the as-
sumption that dipole excitations contribute mainly to ioniz
tion is still valid in the present regime of fast collisions wi
large perturbation strengths.

V. CONCLUSIONS

We have performed a kinematically complete experim
for single ionization of helium by charged particle impa
using advanced many particle detection techniques. The
momentum vectors of all participating reactants were m
sured with high resolution and the dynamics of helium sin
ionization by fast heavy ions was explored. The results
our work are manyfold.

First, a fast highly charged projectile is an extreme
‘‘soft’’ and ‘‘sensitive’’ tool to ionize the target. It merely
transfers momentum to the target electrons, acting very m
like a photon field. Moreover, since no momentum or ene
exchange between the two electrons is required to ob
double ionization the final two electron momentum distrib
n
al
-
-

al
m

FIG. 11. The angular distributions betwee
the three outgoing particles in the azimuth
plane perpendicular to the initial projectile direc
tion. Polar representation of the singly differen
tial cross section as function of the azimuth
angleds/dw between the transverse momentu
vectors of the specified particles.
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FIG. 12. ~Color! The azimuthal angle between recoil ion and electron plotted vs that between recoil ion and projectile. Indicated
kinematical lines assuming the specified two-body interactions and considering the third particle as a spectator~see text!. The region below
the diagonal line is forbidden because of simple kinematical reasons.
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tions have been demonstrated to be a sensitive probe o
(e-e) correlation in the ground state as well as during
collision @44#.

Second, the strong and long-ranging potential of the o
going projectile ion causes a considerable forward-backw
asymmetry of the recoil ion and electron. The asymmetry
the electron emission which has been discussed befor
found to be twofold: In addition to being scattered forwa
the electrons are emitted opposite to the recoil ion in
scattering plane. One can easily show that, for the pre
situation, all particles strongly interact in the continuu
which is an ideal situation to investigate the three-body C
lomb continuum. As expected, semiclassical calculations
he
e

t-
rd
f
is

e
nt
,
-
-

herently including all the interactions among the particl
correctly describe the continuum.

Third, the attempt to separate the many particle probl
into several two-body interactions shows that for the pres
collision system the strongest correlation occurs between
recoil ion and the electron and not, as might be expec
between the recoil ion and the projectile via nuclear Co
lomb deflection. Thus, and very importantly, it is definite
impossible for the major part of all collisions resulting
single ionization to extract the impact parameter from
observable quantities. This has been demonstrated befor
proton on helium singly ionizing collisions at energies b
tween 0.5 MeV@18# and 3.0 MeV@16,56#, i.e., at consider-
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ably smaller perturbations. As far as theories are concer
many particle interactions between the electrons and the
clei have to be incorporated and the impact-parameter
mulation using a classical trajectory in the~screened! poten-
tial of the target is not adequate for the present situat
Recent experiments and calculations@27# show that such an
approximation may be partly applicable for single ionizati
at very low projectile velocities comparable to orbital velo
ity of outer-shell electrons.

Fourth, the comparisons with results obtained fro
CTMC calculations demonstrate that this semiclass
model is reliably applicable in the present regime of hi
perturbations. In spite of the approximative description
bound many electron atomic states~actually this is also true
for all quantal calculations on bound many electron state! it
clearly predicts the underlying collision dynamics and allo
the extraction of highly differential cross sections. It is t
only model available that includes many particle interactio
and the coupling between electronic and nuclear motion
consistent way. The inclusion of the full (e-e) interaction
during the collision and in the final state was shown to
essential to come to a reasonable agreement with experim
tal data in the case of double ionization@44#.

VI. FUTURE PERSPECTIVES

Since several other experimental groups are now us
similar techniques, in the near future many new experime
will be performed over the wide range of projectile energ
available at different accelerator facilities. As will be d
tailed in a subsequent theoretical paper the characteristic
the three-body collision dynamics undergo dramatic chan
as a function ofvp andqp . Regimes are found where any o
the mutual two-body interactions dominate the three-part
momentum exchange as well as ‘‘true’’ three-body situatio
are present. A flavor of the rich variety to be expected can
obtained by comparing the present results with a similar
periment for 5–15 keV proton impact on helium@57#. There-
fore, it would be most desirable that full three-partic
quantum-mechanical calculations are developed in the
future giving consistent results over the whole range of p
turbations.

Even more, applying our experimental technique, it is
be expected that the complete momentum vectors of u
five continuum electrons emerging from a collision can
determined simultaneously in the near future. The first ki
matically complete experiment on helium double ionizati
d.
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has been already performed@44# and further results will be
published soon. They certainly will be followed by mo
investigations using protons or electrons as projectiles, a
summarized in an upcoming review on the field of recoil-i
momentum spectroscopy@23#.

Recently similar experiments have been performed us
1 GeV/u U921 projectiles from the SIS~heavy-ion synchro-
tron! at GSI extending the investigations to the highest p
sible perturbation in the high velocity limit.~The results will
be published separately in a forthcoming paper.! Then, on
one hand, relativistic effects become important and es
cially the magnetic interaction of the relativistic projecti
with the target might be strong enough to considera
modify the collision dynamics. At the same time, the mo
fication of the electron spectra by the final-state interact
with the receding projectile will be reduced by at least
factor of 5, so that the mapping of the correlated motion
the electrons from the initial to the final state is expected
be less influenced by PCI.

We would like to emphasize that fast GeV/u high
charged ions are a unique, unsurpassed source of light d
ering attosecond (10218 sec), exawatt/cm2 (1018 W/cm2),
and broadband pulses of virtual photons. These features
been exploited in nuclear physics to investigate nucl
structure~halo nuclei, giant resonances, etc.!. Combined with
kinematically complete experiments on double~multiple!
ionization this reveals an ‘‘attosecond microscope’’ for t
investigation of the correlated many-electron motion with
parts of typical revolution times in bound states. In additio
molecules, clusters, or even solids can be used as tar
Thus, one might envisage that this method will become
standard technique for the investigation of bound-st
many-electron correlations in atoms, molecules, clusters,
solids.
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