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Abstract. High-resolution recoil-ion momentum spectroscopy (RIMS) is a novel technique to
determine the charge state and the complete final momentum @gtof a recoiling target ion
emerging from an ionizing collision of an atom with any kind of radiation. It offers a unique
combination of superior momentum resolution in all three spatial directionsRyf = 0.07 au

with a large detection solid angle &Qr/47 > 98%. Recently, low-energy electron analysers
based on rigorously new concepts and reaching similar specifications were successfully integrated
into RIM spectrometers yielding so-called ‘reaction microscopes’.

Exploiting these techniques, a large variety of atomic reactions for ion, electron, photon and
antiproton impact have been explored in unprecedented detail and completeness. Among them
kinematically complete experiments on electron capture, single and double ionization in ion—
atom collisions at projectile energies between 5 keV and 1.4 GeV have been carried out. Double
photoionization of He has been investigated at energieslose to the thresholds, = 80 eV)
uptoE, =58 keV. AtE, > 8 keV the contributions to double ionization after photoabsorption
and Compton scattering were separated kinematically for the first time. These and many other
results will be reviewed in this paper. In addition, the experimental technique is described in
some detail and emphasis is given to envisaging the rich future potential of the method in various
fields of atomic collision physics with atoms, molecules and clusters.

1. Introduction

The investigation of the stationary structure of atoms or ions has traditionally been
central to research activities in atomic physics over many decades up to the present day.
Experimentally, precise information on the binding energies of electrons and, thus, on the
atomic structure is obtained by measuring the discrete energy of one emerging photon
or electron as well as by exciting one electron using advanced laser or maser techniques.
Sophisticated high-resolution spectrometers have been developed and a profound theoretical
understanding on the electronic, muonic or antiprotonic level structure has been achieved,
including contributions due to relativistic, quantum electrodynamic, electroweak, nuclear-
size or even quantum chromodynamic effects (see, for example, Kinoshita 1990, Mohr and
Soff 1993, Sbhlkeret al 1993, Werth 1987, Weitet al 1994).

In contrast, one still faces basic problems in the experimental investigation as well
as theoretical description of even the most fundamental dynamical situations in atomic
scattering reactions like the single ionization of hydrogen or helium atoms by low-energy
charged particle or antiparticle impact (see, for example, Ermolaev 1990, Toshima 1993,
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Knudsenet al 1995, Ovchinnikov and Macek 1995, Schudtizal 1996). Severe difficulties

arise for reactions involving two active electrons such as for double ionization of helium
in collisions with photons, ions or electrons (for a recent review see McGuire 1995). The
ab initio quantum mechanical description of the correlated dynamics of true many-electron
systems (more than two active electrons) as well as kinematically complete experiments for
these reactions have been beyond present capabilities. In essence, so far such experiments
have been restricted to photon and electron-impact ionization with not more than two
electrons in the final continuum states; i.e. single ionization after electron impact (for a
review see, e.g., Lahmam-Bennani (1991)) or double ionization as a result of the absorption
of a photon (Schwarzkopdt al 1993, Huetzet al 1994, Lablanquiest al 1995, Dawbelet

al 1995).

The reason for the lack of experimental data is twofold. First, the momentum vectors
of at least two reaction products have to be measured simultaneously in order to completely
determine the kinematics of the simplest three-particle reactions (single ionization of
hydrogen by charged-particle impact or double photoionization of helium). Secondly, these
particles are usually emitted into a broad continuum of final momenta corresponding to
energies ranging from meV to more than keV. Thus, for example, traditional electron
spectrometers, optimized to determine discrete energies of Auger electrons with high
resolution but small detection solid angle are badly adapted to the situation in an atomic
scattering experiment. If two electrons are to be detected, two conventional spectrometers
are needed with a typical product solid angle 8f2ee/4m ~ 1074-10"'. Therefore,
systematic studies scanning all relative emission angles and energies are very time
consuming and investigations have been limited to processes where the cross sections
are not ‘too small'. The simultaneous detection of three electrons yields extremely small
coincidence rates and only two pioneering experiments for favourable kinematics have been
reported in the literature to the best of our knowledge (see, e.g., Lahmam-Beztrani
1989).

For ion impact another problem arises. Since the final momenta of all reaction products
in an ion—atom collision (electrons, photons, recoiling target ion) are typically small, on the
order of a few atomic units and below (1 au is the momentum of a 13.6 eV electron),
the relative momentum change of the fast projectNé®s/Pp is usually undetectably
tiny, ranging between 18 < APp/Pp < 1074 Only a few ion-beam facilities (Park
1978) or storage rings (Bosch 1993) provide beams with a momentum spread as small
as APp/Pp ~ 107°. Thus, the best techniques developed to measure the energy loss or
gain as well as the angular scattering of the ionic projectiles are limited to this level of
precision. Up to now, such an accuracy has only been achieved (at very small solid angle
AQp/4mr ~ 107%) for slow collisions with proton projectiles at energies below 400 keV
(Park 1978, Htweat al 1994, see also, e.g., Mamhal 1982, Cederquistt al 1989, Roncin
et al 1991, Lebius and Huber 1992). Consequently, no kinematically complete experiment
on single ionization in an ion—atom collision has been performed until the advent of recoil-
ion momentum spectroscopy.

Recoil-ion momentum spectroscopy (RIMS) has been developed over more than a
decade in order to overcome these basic experimental problems on a principle level and
to provide an efficient and precise experimental tool to explore the correlated dynamics
of collision-induced atomic many-particle reactions. Apart from early measurements (see,
e.g., Federenko and Afrosimov 1956, Everhart and Kessel 1965, Kessel and Everhart 1966,
McConkeyet al 1972) the recoiling target ion momentum has practically not been accessed
by the experimentalists for a long time, the reason being the extremely small energies
transferred to the target nucleus during most of the atomic reactions for charged particle or



Topical review 2919

photon impact (Puckett and Martin 1976). Due to the large mass of the nucleus compared
with the electron mass recolil energidgs; are typically well below 1 eV ranging into the

ueV and even suleV regime for a majority of atomic reactions. In the late 1980s a few
groups reported successful attempts to detect such ions and obtained information on their
mean energies (Leviet al 1987, Olsonet al 1987, Grandinet al 1988). At the same

time Ullrich and Schmidt-Bcking in Frankfurt were the first to actually measure the recoil-

ion momenta (Ullrich 1987, Ullrich and Schmid®Bking 1987, Ullrichet al 1988b) using

static, spatially extended targets at room temperature with a resolution limited by the thermal
motion at 300 K A Eg =~ 40 meV). Later, in an improved version, a static 30 K target was
developed wittAEr ~ 4 meV (Ddrneret al 1989, Ullrichet al 1991). Recoil-ion momenta
transverse to the incoming projectile momentum were measurable with these concepts, where
the ions drifted in a field-free environment and solid angles of up to a few per cent of 4
were obtained. By exploiting inverse kinematics, scattering angles of heavy projectiles in the
urad regime became indirectly accessible and first experimental investigations of transverse
momentum exchanges for ionization, electron capture and transfer ionization reactions were
performed (Ullrichet al 1988a, b, 1989, 1993a, Olsat al 1987, 1989b, Brner et al

1989, 1991, 1993, Forberiatt al 1991, Gensmantadt al 1992, Lencina®t al 1993).

Rapid progress was initialized by implementing localized gas-jet targets in connection
with ion-projection techniques. Recoil ions created in the interaction volume between the
localized gas target and the ion beam were extracted by an electrostatic field and projected
onto position-sensitive detectors (A&l al 1992, Frohnest al 1993, 1996, Jardiet al 1993,
Jagutzki 1995). By measuring the times of flight and the impact positions of the ions on the
detector, their trajectories can be reconstructed in an unambiguous way and the complete
initial momentum vectors can be calculated. A tremendous increase in solid angle to values
of nearly 100% of 4 was realized using this concept and a similar resolution to that of
cooled static targets was obtained using ‘warm’ effusive jets. Internally cold supersonic
atomic jets paved the way to a dramatic increase in momentum resolution corresponding to
energy resolutions far below 1 meV (Jardinal 1993, 1996, Jagutzki 1995). Precooling of
the target gas before the supersonic expansion pushed the resolulidiz to +30 eV for
helium ions and was termed cold-target recoil-ion momentum spectroscopy (COLTRIMS)
(Mergel 1994, Mergekt al 1995a, Ullrichet al 1994a). Using a focusing geometry and
electrostatic extraction fields (for details see the next section) the development recently
culminated in a superior resolution &fEg ~ +1.2 ueV for He" ions with a solid angle
of 4z for the detection of momenta below 5 au (Mergelal 1995b, Mergel 1996, Brner
et al 1995b). At a larger momentum acceptance of up to 160 au and an energy resolution
of +7 ueV was reported (Moshammet al 1994).

With these spectrometers for the first time the complete momentum vector of one
reaction product, the target ion, emerging from an atomic collision was measurable with
a resolution of a few per cent of an atomic unit and a solid angle of nearly 100% of
47. Experiments became feasible where contributions to the projectile ionization due to
the electron—nucleus or electron—electron interaction were kinematically separéiee(D
et al 1994, Wuet al 1994a). State-selective scattering-angle-dependent studies of single-
and double-electron capture into different shells of the projectile at medium velocities were
performed (Mergel 1994, Mergelt al 1995a, b, Wuet al 1994a, b, 1995, Kambaret al
1995, Abdallahet al 1997, Cassimit al 1996). ‘Transfer ionization’ in proton—helium
collisions (one helium electron is captured by the projectile and the other one is emitted)
was investigated in kinematically complete experiments (Mezgal 1995c, Mergel 1997).

The contributions of photoabsorption and Compton scattering to He double ionization at
high photon energies became separable (Spielbetgar1995, 1996).
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The latest and most important improvement of the instruments was marked by the
combination of a high-resolution recoil-ion momentum spectrometer with a novel low-
energy electron analyser where the basic principles of recoil-ion detection were now applied
in addition to the electrons: they were efficiently projected onto a position-sensitive detector
by a combination of electrostatic and solenoidal magnetic fields (Moshareter1994,
1996b, c, Ullrichet al 1995). In the most recent arrangements the complete momentum
vectors of up to three electrons with energies below 50 eV can be determined simultaneously
(in addition to the recoil ion) using three independent electron detectors (Kokhaé
1996, Ullrichet al 1996). A momentum resolution for the electrons/P, ~ +0.01 au
has been achieved corresponding to an electron energy resolution at zero electron energy
of AE. = +5 meV. Using these or similar ‘reaction microscopes’ kinematically complete
experiments have been performed for single and double ionization of helium after ion impact
(Moshammeret al 1994, 1996a, b, 1997a,dneret al 1996a) as well as for He double
photoionization close to the thresholddideret al 1996c¢, d).

This review deals with ‘recoil-ion momentum spectroscopy’ as far as (pre-cooled)
supersonic jet targets were used and RIMS was combined with the spectroscopy of electrons,
since these techniques benchmark the decisive breakthrough compared with earlier methods.
Previous results using static or effusive targets have been summarized by Ullrich (1994)
and have been partly reviewed by Cocke and Olson (1991). After an outline of the general
concepts of RIMS and some technical details in secfoa short introduction into the
kinematics of recoil-ion production with illustrating examples is given in section 3. The
main emphasis is put on section 4 providing an extended overview on the manifold results
on collision-induced atomic reactions achieved with RIMS for ion, photon and electron
impact. A limited level of detail had to be accepted in order to cover the broad scope of
different processes investigated up to now. This is followed by a short summary of the
current state of the field in section 5.

2. Experimental technique

The experimental part concentrates on reviewing high-resolution RIM spectrometers, i.e.
devices based on (pre-cooled) supersonic jet targets. Technical information on the
various former concepts are found for warm static targets in Ullrich (1987), Ulkich

al (1987,1988b), for effusive targets in Levé al (1987), Grandiret al (1988), for cooled

static targets in Ullrichet al (1991), Ullrich (1994), @rneret al (1991) and for effusive

gas jet targets in Alet al (1992), Frohneet al (1993, 1996), Wuet al (1994a, b, 1995)

(see also the reviews by Cocke and Olson (1991) and Ullrich (1994)).

2.1. General concept

High-resolution recoil-ion momentum spectrometers as well as ‘reaction microscopes’
(coincident with electrons) are both based on well localized inherently cold atomic targets
ensuring a ‘perfect’ preparation of the initial target momentum. Providing a cold target
is essential for the recoil-ion momentum resolution, since the momenta to be measured
are of the order of or even below the typical thermal momentum spread of atoms
at room temperature. In all existing devices (at the University of Frankfurt; CIRIL,
Caen; GSI, Darmstadt; Kansas State University, Manhattan, KS; RIKEN, Wako, Saitama;
LBNL, Berkeley, CA; University of Missouri, Rolla, MO), these targets are realized by
supersonic expansion forming a cold atomic beam which is crossed by any projectile
beam in the presence of well defined electrostatic and, in some designs, magnetic fields.
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In this way, ions (and electrons or ionic fragments) created during the collision are

guided efficiently onto position-sensitive detectors and large detection solid angles are
achieved. From the final positions and their times of flight (TOF) in the apparatus,

the trajectories of ions (and electrons) are reconstructed and their initial momenta are
calculated.

2.2. Recoil-ion spectrometers based on supersonic jet targets

2.2.1. Supersonic expansionln these spectrometers a well localized atomic or molecular
(Moshammetet al 1996c¢) target is generated exploiting the features of quasistatic adiabatic
(i.e. isentropic) supersonic expansion of the target gas. For monoatomic ideal gases the
free enthalpyH of ngo (k is the Boltzmann constant arth the temperature) can be
converted into directed kinetic energy (Bucheraal 1990). After the expansion, atoms

of massMg move in a jet with a momentum afe; = (5kToMR)>?2 which is about 5.9 au

for helium at7p; = 300 K (Ejet = 64 meV) and 1.9 au alp = 30 K. In practice, the
actual quality of the jet is expressed by its speed ratie: (57/2T)%? where T is the
leftover internal jet temperature after the expansion, which approaches zero in the ideal
case. In the various RIM spectrometers the gas expands through a small nozzle (typical
diameters 5-75um) at pressures prior to the expansion of between 0.2 and 30 bar and
temperatures of the gas reservoir between 14 and 300 K. The quality of the jet, its inherent
temperature, depends strongly on the expansion parameters and different values might be
ideal for different experimental situations and targets. The optimum momentum resolution
is achieved by pre-cooling the gas and simultaneously using high pressures before the
expansion. Depending on the gas to be used the ultimate limit is reached if the gas starts
to form dimers, trimers or clusters during expansion (various groups plan to investigate
reactions with cluster targets in the near future). The expanding gas is then skimmed in
one (Mergel 1994, 1997, Moshammetral 1994, 1996¢, Jagutzki 1995), two (Jardihal

1993, 1996, Moshammer 1996a, d) or even four stages (Sclanalt 1997) in order to

form a well defined atomic beam and to guarantee good vacuum conditions in the interaction
chamber.

For example, the COLTRIMS set-up developed by Mergel (1994), presently providing
the best momentum resolution, is shown in figure 1. Here, the rare gas (He, Ne, Ar, etc)
is pre-cooled to a temperature of approximately 15 K (for He) at a pressure between 200
and 1000 mbar using a cryogenic cold head. The gas then expands througbna f&fle
forming a supersonic jet. The inner jet fraction passes through a 0.3 mm skimmer into
the scattering chamber, yielding an atomic beam with a diameter of about 1 mm at the
intersection point with the projectile beam. The internal momentum spread of the target
in the direction of the gas jet is determined by the parameters of the expansion and is
typically below £0.05 au. In the direction transverse to the jet expansion an even smaller
momentum spread of betwee®.015 andt0.035 au is achieved by skimming of the atomic
beam. The momentum resolutions finally obtained in the two directions transverse to the jet
expansion £-, y-directions) depend on the-, y-extensions of the interaction volume (the
interaction volume will be defined as the geometrical overlap volume between the atomic
and the projectile beams with a line density of typically up td?l@omgcn?; for details
see Moshammeet al (1996c¢)). Using brilliant photon beams from third-generation light
sources with diameters as small as/g0 extremely smalk-, y-extensions are realized and
momentum resolutions of the order #1023 au have been estimated (Ullrigh al 1996)
in the direction transverse to the expansion.
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Figure 1. Recoil-ion momentum spectrometer developed by Mergel (1997) (see also Mergel

al 1995a). The gas nozzle is cooled to 15-30 K, the supersonic gas jet has a diameter of 1.1 mm
at the intersection with the projectile beam. The extraction field is homogeneously divided down
by a resistor chain betwed; andU> (field 1) as well as betweebiz and U, (field 2). A step

in the potential betweeb/; and Uz generates a simple electrostatic lens focusing all ions with
identical momenta but different starting positions in the plane defined by the ion and atomic
beam directions to the same position on the detector. The geometry has been optimized such
that different starting positions of ions with identical momenta along the extraction field lead to
the same time of flight on the ion detector (‘three-dimensional focusing’). The electron detector
is located on the left-hand side (PSCD: position sensitive channel plate detector).

2.2.2. Extraction of the recoil ions.The atomic beam is intersected by a projectile beam
and target ions are produced in different atomic reactions. Depending on the actual reaction
under investigation an appropriate electrostatic field is applied at the interaction region
(see figure 1) such that all recoil ions with the momenta of interest are projected onto
a multichannel-plate (MCP) detector with a two-dimensional position-sensitive (2DPS)
readout (Martinet al 1981). Different methods of creating precisely controlled electrostatic
extraction fields have been described in the literature. Initially, homogeneous fields
transverse to the projectile beam were used (Jagutzki 1995, Jtrdin1993), carefully
shielded from external potentials. Mergatlal (1995a) wound a 10 m long iZm diameter
carbon fibre around four supporting germanium-coated isolator screws homogeneously
dividing the extraction voltage to ground potential according to the electrostatic resistance of
the fibre. Recently, non-homogeneous, lens-like extraction figlgdshave been developed.
They guide ions which emerge with identical momenta from different positions in the two-
dimensional plane transverse to the extraction field within the interaction volume to the
same position on the channel plate (Cocke 1994). Thus, the momentum resolution in the
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two dimensions perpendicular to the extraction is no longer restricted by the uncertainty of
the starting positions. In all spectrometers a drift region follows the extraction field (see
figure 1). Its length is adapted to the length and formEgf in such a way that the ions
created at different positions along the field within the interaction volume focus to first
order in time of flight at the detector. Combining both concepts, spectrometers which focus
in all three spatial dimensions have become feasible (Mergel 1997) and the momentum
uncertainty due to the finite size of the interaction volume becomes negligibly small.

In another set-up the ions are likewise extracted into the longitudinal direction (along the
projectile beam) generating the extraction field between two ceramic plates (see figure 2).
Each ceramic is plated with two burned-in resistive layers of different resistances in such
a way that any direction of the electrostatic field vector can be generated (in the transverse
or longitudinal or any other direction; details are given in Moshameteal (1996c)).
\oltages can be applied such that position-focusing electrostatic fields are generated for the
transverse momentum components. The longitudinal momentum component containing the
most important information for ion impact (the inelasticity, see section 3) is time focused.
This concept is extremely versatile and turned out to be essential for the combination of a
RIM spectrometer with the magnetic large solid angle electron spectrometer (see the next
section). In addition, the dimensions of this spectrometer are about twice as large as in
other set-ups resulting in a factor of 30 increased dynamic range in the direction of the
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Figure 2. ‘Reaction microscope’ developed by Ullriokt al (1995) and Moshammeet al
(1996¢) (see also Kollmust al 1997). The two-stage supersonic gas jet can be cooled before
expansion and has a diameter of 2.2 mm at the intersection with the projectile beam. lons and
electrons can be extracted in any direction (see text) and longitudinal extraction is illustrated in
the figure. Three (in some set-ups two) 1.5 m diameter Helmholtz coils generate a homogeneous
magnetic field of up to 100 G with its field vector approximately parallel to the electric
field and the projectile propagation. The recoil-ion detector as well as the three independent
electron detectors are positioned in a time-focusing geometry. In this way uncertainties in the
measurement of the longitudinal momenta of ions and electrons resulting from the unknown
starting position within the interaction volume, as defined in the text, can be eliminated to first
order.
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extraction (recoil-ion longitudinal momenta of up Ry, < 150 au are accepted) at very
good momentum resolution in all directions &fPr ~ +0.05 au. This instrument, designed

to be implemented in storage rings, was the first one without potential grids separating the
acceleration from the drift region. In this way, defocusing small-size variations of the
electrostatic field at the meshes of the grid are avoided.

The suitable direction of extraction (transverse or longitudinal) is determined by the
details of the reaction to be investigated, the recoil-ion momenta to be expected and the
resolution required in the different momentum components. As a general rule extraction
should be along the symmetry axis of the collision, i.e. in the longitudinal direction for
charged particle impact (axial symmetry along the beam direction) and in the transverse
direction for linearly polarized photon impact (symmetry along the polarization direction
transverse to the photon beam).

2.3. Coincidences with scattered projectiles

A series of experiments have been reported where the transverse momentum change of the
projectile was measured in coincidence with the transverse momentum of the recoil ion
using RIM spectrometers with static, pre-cooled gas celt&iiBret al 1989, Forbericlet

al 1991, Gensmantadt al 1992, Lencinat al 1993). In this way important information

on the transverse many-particle momentum balance for single and multiple ionization was
obtained. Only one such coincidence experiment has been performed up to now using
a high-resolution spectrometer with a supersonic gas jet to investigate transfer ionization
(Mergel et al 1995c¢, d, Mergel 1997). Since five momentum components were accessible
experimentally, the full final momentum vector of the emitted electron could be calculated
by exploiting conservation laws (see the next section) and kinematically the reaction was
completely determined. Typical resolutions reached in the projectile deflection &pgle

are around 0.1 mrad, the best values achievable might be a factor of 10 better. Due
to the large incoming longitudinal momentum of the projecitle = Mpvp (Mp, vp are

the projectile mass and velocity, respectively) a sufficient absolute transverse momentum
resolutionA Pp; = A%pPp < 1 au can only be obtained at sma, restricting the regime
where this technique is reasonably applicable to velocities below 1 Mé\and to light
projectiles.

2.4. Coincidences with emitted electrons: ‘reaction microscopes’

The particular strengths of RIMS, the open geometry of most spectrometers and the
large recoil-ion detection solid angle makes this technique ideally suited to performing
coincidences with other reaction products, i.e. electrons or photons. The invention of an
extremely efficient and precise new method for the detection of electrons with energies
Ee. < 1 keV and its successful implementation into high-resolution RIM spectrometers
(Moshammeret al 1994) has lead to a decisive extension of the applicability and future
potential of RIMS. These instruments, which have been termed ‘reaction microscopes’ open
completely new windows to explore atomic many-particle reactions and therefore shall be
reviewed in some detail.

In the most recent set-up described by Kollnetsal (1997) (figure 2) longitudinal
extraction of the recaoil ions in the backward direction was applied with a total extraction
voltage of up to+100 V. Thus, all electrons with longitudinal backwards energies of
Eq < 50 eV (potential at the point of interaction @50 V) were accelerated downstream
hitting one out of three 2DPS microchannel plates. The detectors were placed in the forward
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direction in the time-focusing geometry at a total flight path of 33 cm (using the same
principle as described above for the ions). By applying a weak solenoidal magnetic field
(12 G) with its axis approximately along the beam axis all electrons with non-zero transverse
energiesE.,; were forced onto spiral trajectories and projected onto the detectors with a 4
solid angle forEe; < 50 eV. The electron longitudinal momenta were obtained from the
times of flight (TOF), measured in coincidence between each of the electrons, the projectile
and the recoil ion. The position contains information on the transverse momentum and
on the azimuthal emission angle. Thus, the complete momentum vectors of up to three
electrons has been determined simultaneously and a solid angle closevas4eached for

all electrons withE. < 50 eV. By applying larger magnetic fields of up to 100 G (Kollmus
etal 1997) electrons witlEg, Ec; < 1 keV can be projected onto the detectors. The energy
resolution of the most recent apparatus has been discussed by Kollmus and a resolution of
AE. = +1.4 meV corresponding to a momentum resolution/oP, = +1 x 1072 au

for low-energy electronsHe < 5 eV) has been estimated. Very recently, it has been
reported (Ullrichet al 1996) that one of the detectors was equipped with a fast position-
sensitive delay-line readout (Sobottka and Williams 1988itd&ns 1994) and the signals
were recorded using a multi-hit time-to-amplitude converter (TDC). Electronically, up to
16 electrons emerging from one single collision can be accepted using this technique and
for each of them the complete momentum vector can be calculated.

It has been emphasized by Kollmwet al (1997) that unprecedented values for
the electron momentum resolution are achievable in such spectrometers for low-energy
electrons. Due to the smaller mass of the electrons their initial-state momentum uncertainty
resulting from the internal temperature of the supersonic jet is ontyl® 6 au (AEe =
6 x 10719 eV). The focusing geometry and extraction fields can and have been used to
minimize the uncertainty due to the finite interaction volume and realistic resolutions as
small as 10* au or energy resolutions below,&V have been envisaged.

Another concept, well adapted to detecting low-energy electrégs< 10 eV) in
combination with high-resolution RIMS was used byrer et al (1996a, d) placing a
position-sensitive detector for the emitted electrons in the direct vicinity of the interaction
volume opposite to the recoil-ion detector (figure 1). Without a magnetic field@edection
solid angle has been achieved only for electrons with momenta transverse to the extraction
field below 0.9 au. In one of the experimentsdfDeret al 1996a) no resolution has been
obtained along the direction of the electrostatic field due to the missing explicit time-of-
flight measurement for the electrons (recoil-ion—electron coincidence). Assuming a constant
TOF for all the low-energy electrons in the short distance between the interaction volume
and the detector a 6% momentum resolution has been reported for electrons with momenta
along the extraction field below 0.1 au. Performing a recoil-ion—electron-pulse coincidence
in experiments on double photoionization all three electron momentum components have
been determined with this spectromete(bDeret al 1996d).

3. Kinematics

In this section a short summary on the kinematics of the recoiling target ion and the
information which is contained in the recoil momentum will be given which is helpful
for the interpretation and understanding of the experimental results reviewed in section 4.
Details can be found in previous publications (Ullriehal 1988b, Schmidt-Bcking et al

1990, Mergel 1994, 1997, Rdduezet al 1995a, see also Fastrup 1980). Since recoil-
ion momentum spectroscopy has mainly been used in fast ion—atom collisions, emphasis
is given to this specific subject. Throughout this paper atomic units are used where the
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electron massne, the electron charge and Planck’s constarit are taken to be equal to
unity (me=e =h = 1).

3.1. Distant ion—atom collisions

For the overwhelming part of all atomic reactions in ion—atom collisions little momentum,
energy and mass compared to the initial moment#),(energy Ep) and mass Np) of

the incoming projectile are transferred during the encounter. This is true even for small
projectile masses (protons, and in many cases, even for electrons) as well as for comparably
violent collisions where the target atom is multiply ionized in an encounter with a highly
charged ion. Also, the momenta of emitted photons are typically small and can be neglected
in the present discussion. Under these conditions the longitudinal and transverse momentum
balances are decoupled (Ullright al 1988b), contain different information on the collision

and can be calculated separately on the basis of non-relativistic energy and momentum
conservation (relativistic recoil-ion kinematics was discussed by Mergel 1997).

3.1.1. Transverse momentum balancé the transverse direction one obtains for the final
momenta of the recoil-ionKg, ), the projectile £»,) and the electrons)( P:)) in the
laboratory frame (bold denotes vectors):

Pri=—(PpoL + Z P). 1)

The length of the vectoPy, (for all vectors the conventio®, = |P, | is used) is given
by

sz\/(PPL)2+(ZP&)Z—ZPPLZP&COSgo (1a)

where ¢ is the angle between the vectors of the projectile momentum and the electron
sum-momentum in the plane perpendicular to the beam. For reactions with no electrons in
the continuum (pure electron capture) or those wHer®., is small compared with the
heavy particle momenta (i.e. at small impact parameters or for collisions at small projectile
energies), one obtainB, ~ Pp,. In this case the transverse recoil-ion momentum results
from the repulsive inter-nuclear scattering and an impact parameter can be calculated for
a given deflection potential (Ullriclet al 1988a, 1989, Gensmantet al 1992, Dbrner et
al 1996a). For ionization reactions at medium and high projectile velocities the transverse
momenta of all reaction products are usually of the same order of magnitude so that full
many-body momentum exchange has to be considered.

Recently, the full recoil-ion and electron momentum vectors were measured in
coincidence for single ionization of He in collisions witt6MeV u~! S&* (Moshammeet
al 1994, 1996a, 1997a). In this way projectile scattering angles Pp, /Pp of 0.12 urad
were indirectly resolvedR®p, = —Pr, — Pe.), i.€. projectile deflections of 1.2 mm on a
distance of 10 km became observable. In another experiment (Matrgell995d) at lower
projectile energies (0.2-0©MeV p on He) the proton transverse deflection (two momentum
components) was measured directly in coincidence Whthree momentum components)
for transfer ionization (one target electron is captured and the other is emitted). A resolution
of APp, /Pp = +7 x 107° was achieved and the electron momentum vector was completely
determined (for the transverse direction i, = —(Pr; — Ppy) with a resolution of
AP, ~ £0.5 au).
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3.1.2. Longitudinal momentum balancedn the longitudinal direction one obtains

np+nt )
Pry = —(APP + ) Pé) )
i=1
where
nptnt )
APp| = AEp/vp = —Q/vp + 3(ncnp)vp — Z Eg/vp (22)
i=1
denotes the momentum change of the projectile in the longitudinal direction which can be
related to the energy change of the projectil€p at an initial velocityve. np, nt andnc
are the numbers of electrons emitted from the projectile, the target and those transferred
from the target to the projectile, respectively) denotes the change in internal energy
of the projectile and the target, i.e. the energy difference between final and initial bound
electronic state®) = E?" — EP" (exothermic reactions yield negati@-values). E}, is
the continuum energy of thigh electron in the laboratory frame.
Thus, the energy balance of the collision is completely contained in the longitudinal
momentum components and information on thevalue of the reaction as well as on the
mass transfer can be obtained by measuring these components alone.

3.1.3. Examples. For illustration, two examples for simple reactions are given below:

Electron transfer from the target to the projectile (electron capturdjthere are no electrons
in final continuum states equationaj2reduces to

Pry = Q/vp— %I’lcvp =—APp 3)

and the final longitudinal recoil-ion momentum directly reflects ghealue of the reaction,

i.e. the difference in the binding energies of the electrons in the initial and final state. In this
way electron capture cross sections from He targets have been investigated as a function
of the final state of the captured electron(s). Thus, state-selective cross sections have been
accessible for the first time at large projectile velocities where traditional energy gain or
loss techniques are hardly applicable (&tlial 1992, Mergelet al 1995a). In addition,

Pr, = Pp, is fulfilled exactly since only two particles are in final continuum states and
the projectile scattering is accessible with high accuracy. Also, it was discussed recently
(Moshammeret al 1996¢) that precise energy gain measurements via inverse kinematics
can be used to absolutely determine the 1s binding enEf§yor higher levels) of heavy
one-electron ions from the measured recoil-ion longitudinal momentum, the well known
beam velocity and the first ionization potenta® of helium: E'S = U"® + vpPg + 303.

lonization of the target. For pure target ionization, in the longitudinal direction one obtains
PRH=Q/UP+ZEé/UP—ZPeiH. (4)

The Q-value is given by the sum of the well known sequential ionization potentials of

the emitted electron&; and the excitation energies of the remaining target (and projectile)

electrons E5*° (if non-bare ionic projectiles are used). S@/vp is fixed for a given

beam velocity and final target (and projectile) excitation and the recoil-ion longitudinal

momentum only depends on the energies and longitudinal momenta of the emitted electrons

(for details see Rodlyuez et al (1995a), Wanget al (1996a)). Thus, RIMS has been
considered as an alternative ‘electron spectroscopy’ which is especially well suited to
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investigating the emission of very low-energy electrons and is a unique tool to obtain
information on the collective behaviour of ejected electrons in the case of multiple-target
ionization. Both are extremely difficult to investigate using traditional techniques. For
low-energy continuum electrons at large projectile velocitips the first two terms on

the right-hand side of equation (4) are small. Then, the recoil-ion longitudinal momentum
distribution mirrors the sum-momentum distribution of the emitted electrons along the beam
direction Pgy ~ —_ PéH. Moshammeret al (1996a) have pointed out that equation (4)
describes the longitudinal momentum balance for photoionization in the relativistic limit
where vp approaches the velocity of light — ¢. Neglecting the momentum of the
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Figure 3. Longitudinal momentum distribution of Heions from 15 keV proton impact @ner

et al 1995b). The dominant peak is due to the capture to the projectile ground state. The arrow
indicates the position of the capture to the projectile continuum. The full curve to the right
of the arrow shows the momentum distribution for ionization only which has been measured
separately by detecting an electron in coincidence with the recoil ion. The momentum resolution
is £0.035 au, equivalent to a resolution in energy gaint@.7 eV or in recoil-ion energy of

+4.5 peV.
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photon {p, = E,/c, see the next section) the corresponding photon engygyould be
E, =Y (U + EL+ E).

Both reaction channels, electron capture as well as target ionization, can be observed
simultaneously as demonstrated in figure 3 (taken frammnBret al (1995b)), showing the
Pg distribution of He™ ions created in collisions with 15 keV protons (= 0.77 au). First,
single-electron transfer into different final states of the proton is observed as sharp lines
(the width being given by the experimental resolutiordad.035 au). They were resolved
until » = 2 and unfolded untik = 3. The series limit for single-electron capture into the
continuum (so-called cusp electrons) is reachefkat= U"®/vp—vp indicated in the figure
as PP At the same time, this is the minimu, reachable for single-target ionization.
Thus, the broad continuous distribution on the right-hand side%¥ is due to He single
ionization and reflects a mixture of the emitted electron continuum energy and longitudinal
momentum distributionPr; o< Ee/vp — Pg. The additional line aPr; = 2.06 au is due to
capture of one electron into the hydrogen ground state and simultaneous excitation of the
remaining He electron ta = 2. A small contribution of ionization plus excitation of the
target would result in a continuous distribution above 2.7 au.
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Figure 4. Measured (histogram, Moshamneiral (1994)) and calculated (curves, Raglrezet

al (1995b)) longitudinal sum-momentum distributidly + Pry = —A Pp for single ionization

of He by 36 MeV u! Ni2*. Full (broken) curve, convolution of the theoretical CDW-EIS
results (full curve in the inset) to a Gaussian distribution of width 0.22 au (0.16 au). See also the
comparison with the unfolded theoretical results of CTMC calculations (figure 2 in Moshammer
et al (1994)).

Coincidences with other reaction productsSince APp; = — Y (U; + E®°+ EL) /vp for a
reaction without mass transfer from or to the projectile the projectile momentum (energy)
change can be simply obtained by measuring the longitudinal momentum components
of the emitted electrons and of the recoil ion alon&Pp = —(Pgrj + ZPé”). In

figure 4 the longitudinal sum-momentuff; + P is plotted for helium single ionization

by 36 MeV u! Ni®** impact along with calculations using the CDW-EIS method

by Rodiguez et al (1995b) (continuum distorted wave—eikonal initial state). Excellent
agreement with the experimental data was observed by folding the theoretical result (see



2930 Topical review

inset) with a Gaussian distribution with a width of 0.16 au (full curve) to account for the
experimental resolution. This corresponds to an unprecedented resolution in the projectile
momentum change oA Pp/Pp ~ +6 x 1078, In an earlier publication (Moshammet

al 1994) the experimental results have been compared to the results of classical trajectory
Monte Carlo (CTMC) calculations. (For an early description of this theoretical method
see, for example, Gryzinski (1959), Abrines and Percival (1966) or Olson and Salop
(1977). Later two-electron atoms were modelled in various ways, the implemention of
the dynamical screening ‘dCTMC’ by Montemayor and Schiwietz (1989) being the most
frequently used presently. Finally, the method was extended to the caseleftron atoms
termed nCTMC’ by Olsonet al (1989a)).

In the above-mentioned experiment on transfer ionization by Mergel and co-workers
(Mergel et al 1995b, Mergel 1997) the transverse projectile momentum was measured in
coincidence withPg, yielding the full momentum vector of the emitted electron. Exploiting
momentum conservation one obtains for the longitudinal direction (the transverse direction
was discussed above)

Pe”=vp:|:\/21)|%+2Q—PeZJ_+UPPR”. (5)

3.2. Collisions with photons

Only the gross features of the kinematics of photon—atom collisions are given here. Details
have been given by Vogt (1996).

3.2.1. Absorption of a photon.If a photon is absorbed by an atom practically its entire
energy is deposited into the target electron shell. Thus, for single photoionization, one
electron emerges with an energy @& = E, — EP™ — E®C and a momentum of

Pe = /2E. (the energy of the remaining iofig is negligibly small due to its large mass
ERr/Ee = 11, Wwhereu being the reduced mass of the electron and the ion). This momentum is
compensated by the recoiling target ion resultin@gdistributions on spheres in momentum
space with radiiPr = Pe in the centre-of-mass system depending on the incident photon
energy and the excitation energy of the remaining target electrons. In the laboratory frame
the sphere for the ion is shifted along the photon beam directiof’dpy= P, = E, /c

(the momentum of the incoming photon is mainly transferred to the ion and the electron
momentum sphere is only shifted By, = wP,). The intensity distribution on these spheres
mirror the angular emission characteristics of the emitted photoelectron.

In figure 5 the two-dimensional transverse momentum distribution of recoilingiétes
measured by DPrneret al (1997) is shown for an incident photon energyff = 80.1 eV
integrated over—0.1 au < Pgr; < +0.1 au (note that the whole momentum sphere
was measured simultaneously and only an illustrative subset is shown in figure 5). The
longitudinal shift due to the photon momentum Bf = 0.022 au is negligibly small. The
various kinematic rings observed are due to different final states of the remainingphle
(outer ring, ground state; second ring, first excited state, etc). Since linearly polarized light
(along thex-axis) has been used in this experiment, the intensity distribution on the outer
ring is given by the dipole emission characteristics of the emerging photoelectron (ion).
If the second electron is left in an excited state (via ionization plus excitation or double
excitation in the vicinity of a resonance followed by autoionization), the emitted electron
(recoiling target ion) does not display dipole characteristics which can be efficiently explored
using RIMS.
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Figure 5. Momentum distribution of He ions produced by 80.1 eV photons dier et

al (1997); note that a different notation for the recoil-ion momenta was used in this paper
Pr = Prec). Thex-axis is the direction of the electric field vector of the linearly polarized light.
The y-axis is the direction of the gas jet. The data are integrated over a momentum range of
+0.1 au in thez-direction, which is the direction of the photon beam.

3.2.2. Compton scattering of a photoni-or Compton scattering of the photon dominating

the photoabsorption cross section at laijethe recoil-ion kinematics is very different from

that for photoabsorption. Whereas only a bound electron can absorb a photon (the target
nucleus has to compensate the emitted electron momentum) the scattering of a photon can
occur by free electrons (Compton scattering) where energy and momentum conservation is
fulfilled by the photon and the electron alonBe(= P, — P, and Ee = E, — E, for an
electron initially at rest in the laboratory system). If the electron is initially in a bound state,
the three-body momentum balance has to be considered. For large momentum transfers by
the photon the impulse approximation can be applied assuming the bound electron to be
quasi-free with an initial momentum distribution given by its momentum distribution in the
atom (P with EI' = $(PI")?), i.e. its ‘Compton profile’. This yield®, = P, — P, + P

and from momentum conservation one obtains for single ionization by Compton scattering,

P, + Pye= P, + PR+ Pe (6)
or
Pr=-P) (6)

in the approximation that no momentum exchange with the target nucleus occurs in the exit
channel and that the initial momentum of the helium atBg ~ 0 (both approximations are
usually well fulfilled). Then, for ionization as a result of Compton scattering the target-ion
recoil momentum is a broad distribution even for monoenergetic photon impact and mirrors
the electron initial-state momentum distribution.
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Figure 6. Momentum distribution of Hé ions produced by 8.8 keV photons (Spielbergeal
(1995); note that a different notation for the recoil-ion momenta was used in this publication
Pry,y = px,y). Thex-axis is the direction of the electric field vector of the linearly polarized
light. The y-axis is the direction of the gas jet. The data are integrated over the full momentum
range of+30 au in thez-direction, which is the direction of the photon beam.

Discriminating between ions of small and large momenta, Sames@h (1994) have
exploited the difference in recoil-ion kinematics for Compton scattering and photoabsorption
to measure the photon energy dependence of He single ionization for Compton scattering.
The He - and Hé*-ion momentum distributions for 8.8 keV photon impact were measured
directly for the first time by Spielberget al (1995). In addition to the kinematic sphere for
photoabsorption with a radius of about 30 au, a narrow recoil-ion momentum distribution
was observed centred aroud®k = 0 au with a width of the distribution of about 1 au
resulting from Compton scattering of the photons (figure 6 for He single ionization). In this
way, the contributions of both processes to helium single and double ionization have been
separated in recent experiments (Spielberger 1995, 1996).

Only a few simple examples have been chosen in this section providing an idea of the
wealth of information contained in the final state momentum of a recoiling target ion after
collision-induced atomic reactions.

4. Results

In addition to the unique features offered by RIMS, as the large solid angle with
simultaneously excellent momentum resolution as well as the open geometry of the
spectrometers which is ideal for implementing other detection devices, one further advantage
makes this technique extremely versatile: this is its applicability for all projectile species at
any impact energy as well as the nearly complete independence of the achievable resolution
from the projectile beam energy spread and angular divergence (see also section 2.2.2). This
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is fundamentally different from the situation one faces in conventional (e, 2e) experiments
or projectile energy-loss—gain measurements and has prompted experiments extending over
the whole variety of projectiles and collision energies available. Thus, in this section results
are reviewed for ion—atom collisions with ions fron Ko U5+ at energies between 5 keV

and 1.4 GeV. They are followed by data for photon impact at energies between 80 eV
and 58 keV and by first results for electron impact. Recently, measurements have been
performed with antiproton beams and for ion impact at up to TeV energies.

4.1. lon—atom collisions

Historically, RIMS has been designed with the intention of exploring many-particle
momentum transfers in the field of ion—atom collisions. Therefore, most of the existing
data deal with ions as projectiles. Three basically different reactions might be distinguished:
first the transition of one or more electrons from bound states of the target to bound states
of the projectile électron capture electron transfer from the projectile to the target is
small in most cases). Second, the promotion of target or projectile electrons to excited
energy levelséxcitatior) and third, the transfer of bound target or projectile electrons into
the continuum ipnization). All of these reactions and combinations have been observed
in different experiments using RIMS. Since RIMS is based on the detection of a target
ion, most data, however, have been collected for electron capture and target ionization
(reviewed in the next two subsections). The ionization of the projectile (for simultaneous
target ionization) has been investigated in detail and therefore is summarized separately.
Excitation of the target or the projectile in combination with target ionization has been
observed in RIMS experiments (see, for example, figure 3) but has not yet been discussed
in the literature.

4.1.1. Electron capture. The capture of a target electron might proceed ‘kinematically’ (the
target nucleus is needed to satisfy the conservation laws), radiatively under the emission of
a photon (REC, ‘radiative electron capture’ which is the time-reversed photoeffect) or in an
energy-resonant process (RTE, ‘resonant transfer and excitation’ which is the time-reversed
Auger effect). Experimental information about the final electronic state populated in the
projectile after a capture reaction can be obtained by detecting either the decay products of
excited states (electrons, photons) or by analysing@helue of the reaction.

Zero-degree Auger spectroscopy Yyields superior energy resolution and many
experimental investigations have been devoted to the investigation of kinematic capture
into doubly excited states (see, e.g., Stolterfoht (1987), Stoltedbht (1990), for new
electron detection techniques see Kragisal (1996)) and to RTE processes (for a recent
review see Zouros (1996)). Using traditional electron spectroscopy the electron capture to
the continuum (ECC) leading to a sharp, cusp-shaped peak in the electron spectra under
forward emission angles, has been explored in numerous studies (for details see, for example,
Breinig et al (1982)). The coincident detection of an Auger electron with the polar and
azimuthal projectile scattering angle of the projectile allows us to access the relative phases
of doubly excited populated states (Khemliateal 1995). Sbhlkeret al (1997) were able
to extract state-selective electron capture cross sections using x-ray—projectile coincidence
techniques. Similar information has been obtained recently by measuring the scattered
projectile in coincidence with the polarization or angular distribution of emitted photons
(see, e.g., Hoekstrat al 1989, Ronciret al 1994).

The Q-value of a capture reaction is accessible by observing the longitudinal momentum
change of the projectile (translational spectroscopy). The simultaneous determination of the
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projectile deflection and of the projectile energy changés yields angle-dependent state-
selective scattering cross sections. Using this method numerous experiments have been
performed which were limited, however, to the regime of low projectile energies (see, e.g.,
Mann et al 1982, Ohtaniet al 1982, Schmeissest al 1984, Cederquiset al 1989, 1995,
Roncinet al 1991, Baratet al 1992, Lebius and Huber 1992). This limitation results from

the restricted achievable resolution in the determination of the projectile energy change of
AEp/Ep ~ 10~* and scattering angle okdp ~ 10~ rad (Parket al 1978, Schuctlet al

1988, Htweet al 1994).

For the case where no target electrons are in final continuum states (see the discussion
in section 3.1) or if the final momenta of such electrons are measured, e.g. by using reaction
microscopes, RIMS opens the unique possibility to ext@hdalue measurements to even
the highestEp and to the study of REC or RTE. High-resolution RIM spectrometers are
even competitive with translational spectroscopy at small velocitigsn@ et al 1995b,
Cassimiet al 1996). Until now, kinematic electron capture and ‘transfer ionization’ (one
target electron is captured, the other is ionized) have been explored by this technique.
Experiments to investigate REC and RTE are under preparation at storage rings.

Pioneering experiments on the longitudinal momentum transfer to recoil ions after
kinematic electron capture were performed for low-energy highly charged ion impact (Ali
et al 1992, Wuet al 1993, 1994b, Raphaeliagt al 1995) as well as at larger projectile
velocities (Frohneet al 1993, Wuet al 1994a, 1995). With a resolution of the pinhole-
collimated effusive jet oft11 au in the directions transverse to the atomic beam propagation
Frohne and co-workers were able for the first time to observe the backward scattering of the
recoil ion as a function of the number of captured electran$ollowing from the electron
translation faCtor%I’lCUp (equation (3)). TheQ-value of the reaction was not accessible
in this experiment due to the uncontrolled momenta of the emitted electrons but has been
investigated later for single capture and transfer ionization collisions with a helium target
(Wu et al 19944a, 1995). Using an improved experimental arrangement with a resolution of
about+0.75 au, Wu and co-workers were able to separate capture into the projectile K from
L and higher shells. Due to the limited scope of this review, these first experiments cannot be
described in detail and emphasis will be given to recent high-resolution studies. Also, results
on electron capture reactions obtained with the above-mentioned traditional techniques
cannot be reviewed and the reader has to be referred to the references given above.

Single-electron capture at different velocitiesiVith the implementation of supersonic jets

into RIM spectrometers, high-resolution state-selective scattering angle-dependent studies
became feasible and were first reported for fast*Hen He collisions (Mergelet al
1995a, b) reaching a resolution @& Pr; = +0.13 au andAPr; = £0.02 au. At

1 MeV and no electron in a final continuum statd Hr, = Pp,) this corresponds to
AEp/Ep =422 x 10% (AEp =22 eV) andAvp ~ APg,/Pp = £1 x 107 rad which is

hardly achievable with translational spectroscopy. In figure PHjedistributions are shown

for single-electron capture at two different projectile velocities. According to equation (3)
the recoil-ion longitudinal momentum can be decomposed into the mass transfe%term (

full arrow in the figure) and into a contribution depending on the inelasticity of the reaction
(Q/vp, broken arrows). Different peaks are resolved corresponding to capture into the
K- and L-shells of the projectile. As in translational spectroscopy for symmetric collision
systems, the experiment cannot distinguish whether the projectile or the target is in a final
excited state (final target, projectile states are indicated by the first and second number in
parentheses).
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Figure 7. Recoil-ion longitudinal momentum distributions for single-electron capture by
0.25 MeV and 1 MeV H&" impact on helium (Mergegt al 1995a). The peaks correspond to
the different states of the projectile and target as indicated in the figure (see text).

Summation over all final states and integration over all transverse momenta yielded
total electron capture cross sections as a function of the projectile energy. The RIMS results
were found to be in good agreement with earlier experimental data (Shah and Gilbody 1985,
Pivovaret al 1982, DuBois 1987) and were reasonably reproduced by several theoretical
models as continuum distorted-wave (CDW, Belkic and Gayet 1977), coupled-channel
(Gramlichet al 1989, Shingal and Lin 1991), molecular-orbital (Kimura 1988) and eikonal
distorted-wave calculations (De&b al 1984). However, experimental state-selective cross
sections had not been reported until that time and quantum mechanical calculations which
are partly in good agreement with the total capture data were only available for ground-
state capture. Recent dCTMC calculations (‘dynamical screening CTMC’; Mxtrey
(1993)) are found to describe the cross sections for all final states reasonably. In the



2936 Topical review

dCTMC model the mutual dynamical screening of the two electrons is considered, in that
the strength of the helium nuclear potential for each electron depends on the position of the
second electron during the encounter (see also Montemayor and Schiwietz 1989). Scattering
angle () dependent state-selective capture cross sections for the same collision system at
different energies have been measured by Meegeall (1995b) using RIMS. It was found

that the maximum in thé® dependence of ground- and excited-state capture occurred at
¥ ~ 40 urad. In addition, oscillations were observed in the ratios between capture into the
ground state and into excited states as a function of the recoil-ion transverse momentum
(projectile scattering angle) which has been identified as being due to resonant K-K transfer
processes. Single-electron capture by 200-400 keV protons in collisions with He has been
investigated by Mergel (1994).

At larger projectile charge states and still moderate energies, only one measurement has
been reported in the literature so far (Kambataal 1995, 1997) using high-resolution
RIMS where the capture into various final states was observed .forM&V O’ on
helium collisions (similar experiments have been performed by Abdaitadl (1997) for
1-15 MeV u! F** on He). Two complications arise at higher velocitigs and high
projectile charge stateBp. First, the cross sectionga, decrease strongly with increasing
vp (0cap v{,lz in the high-energy limit) and the capture takes place at smaller impact
parameters. In particular, for largés this results in large transverse recoil-ion momenta
Pr.. These are hard to handle with present set-ups if the longitudinal momentum transfers
are small at the same time and if a godg, resolution is required (see the discussion
in Moshammeret al (1996¢)). Secondly, for the sam@y; resolution of a spectrometer
the Q-value resolution decreases linearly with the velocity (equation (3)). As illustrated
in figure 8, the resolution achieved in that experimentdf5 au (only slightly better
than the one reported by Wat al (1994a, 1995)) was not sufficient to separate capture into

1000 @ T l T | .
i Longitudinai ]
) - n=2 34 -
*g’ L [ t?kl _
L & .
3 500¢ & ® Resolution -
L .i !‘! }______{ -
w"‘—i."- L 1 "‘I'-.. | . 1
O " 2 0 2
p/,"R (a.U.)
1500 r T T T T T T T 7
;(b) Longitudinal N
£1000F n=2 37 -
§ E DC+</3LI {P: ilﬁiﬁiﬁir -
500F .
- ._." l-..--- 4
‘--"-'T | ' | i l L WL L)
Og -z 20 2
PR (@.u.)

Figure 8. Recaoil-ion longitudinal momentum distributions for pure single-electron capa)re (
and for transfer ionizatiorb) by 8.7 MeV O+ impact on helium (Kambarat al 1995). Principal
guantum numbers are indicated in the figures. -D8IP denotes double-electron capture plus
autoionization of the projectile.
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different shells of the projectile. It was reported that pure single-electron capture dominantly
populated: = 4 and higher states which was found to be in agreement with the prediction of
the simple classical overbarrier (COB) charge-exchange model (Ryefuddul 980). Single
capture accompanied by the ionization of the target electron (transfer ionization), however,
mainly proceeded inte = 2—4 states. This has also been explained by the authors within
the COB model, assuming the ionization and capture processes to be independent and the
ionization to precede the capture of the electron. Then, the second electron in singly charged
He" is more tightly bound yielding a lower potential barrier so thatnavalue of about
three was predicted by the COB model. The experimental data were also compared with
semiclassical close-coupling calculations (Kimura and Lane 1989).

Earlier experiments for single-electron capture have been performed tet 8¥/(1994a,
1995) and are shown on the left-hand side of figure 20 for different projectile energies
ranging from 20-40 MeV & on helium. At these higher velocities capture is observed
to proceed mainly into the L and higher shells at 20 MeV and significant indications for
K-shell capture are only found for collision energies of 36 and 40 MeV.

Longitudinal momentum in a.u.

Ar'® + He > Ar'7* + He'*
i L 1 i 1 i " 1 L

0 2 4 6 8 10 12 14

Transverse momentum in a.u.

Figure 9. Experimental recoil-ion momentum distributions of longitudinal versus transverse
momenta for the single-capture reaction from He la) 6.82 keV ul Nel® and p)

6.75 keV ul Arl8t. Broken lines, calculated position of electron capture to spegifievels
(Cassimiet al 1996).
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Superior energy-gain resolutiong) Ep, of the order of a few eV or even lower
(AEp = £0.7 eV, see figure 3) as well a8-resolutions of a fewurad have been
achieved at low projectile velocities {neret al 1995b, Cassimet al 1996). For highly
charged ion-impact capture into final principal number quantum statas-o#, 5,6 and
n = 6,7,8,9 have been identified for.82 keV u! Ne'® and 675 keV u? Ar'® on
He collisions, respectively, by Cassimt al (1996). In figure 9 the recoil-ion transverse
momentum is plotted versus the longitudinal momentum, in essence representing the
scattering angle-dependemt (Pr, ) State-selectivet Pg;) cross sections for both collision
systems. Two features are obvious: first, capture into highstates occurs at smaller
transverse momentum transfePg,. UsingnCTMC (‘n-body CTMC’; see, e.g., Olsoat
al (1989a)) calculations it was shown that a close correspondence befieeand the
impact parameter is obtained at these low velocities and typical impact parameters extracted
from the transverse momenta were found to be consistent with curve-crossing arguments.
In thenCTMC model alln target electrons are modelled in the atom’s initial state in such a
way that the individual electrons are bound with the sequential ionization potentials of the
atom. Thus, the total electronic binding energy of the ‘classical atom’ is correct and part of
the electron—electron interaction is considered in the ground state. However, the electrons
are not indistinguishable and the dynamical electron—electron interaction is not implemented
as in the dCTMC approximation. Secondly, one observes Fhatis independent of the
transverse momentum transfer for given inelasticiBrvalue) of the reaction. Thus, the
momentum components are decoupled and yield completely different information, as has
been discussed in section 3.

Double-electron capture. At collision velocities between 0.06 and1® MeV u! state-
selective scattering angle-dependent double-electron capture cross sections were measured
by Dorneret al (1996b) for H&* on He collisions (experimental data are unpublished up to
now). In agreement with recent theoretical result$k@si and Hock 1996) it was found that

the resonant ground-state capture is the dominant channel and capture into non-autoionizing
excited states only contributes up to 17%. Thus, RIMS provides the unique possibility to
investigate capture into the ground state of the projectile which might even be neutral in the
exit channel. In previous experiments the-{4 3) line emission (Folkertet al 1993) or

Auger decay of doubly excited states (Zourtsal 1987) of the projectile was investigated
making only excited final states observable.

Transfer excitation and ionization.The capture of one target electron by the projectile and
the simultaneous ionization of a second one has been investigated using an effusive gas jet by
Wu et al (1995) for 20-66 MeV E- and O+ on helium collisions. Capture plus excitation of

a target electron as well as transfer ionization has recently been observed in high-resolution
RIMS experiments (see figure 3 for transfer excitatiorriir et al 1995b)). Mergelet

al (1995c, d) briefly reported on the first kinematically complete experiments on transfer
ionization for 0.15-1.4 MeV proton on helium collisions which were performed with the goal

of identifying different mechanisms contributing to transfer ionization (all the experimental
results have been published very recently by Mergel 1997). Since three particles are in
final continuum states (nine final momentum components) five have to be determined
in order to control the reaction kinematics completely (the remaining four momentum
components can be deduced from momentum and energy conservation). Experimentally this
was accomplished by measuring all three momentum components of the recoiling target ion
in addition to the transverse scattering of the projectile (see section 3). Two different reaction
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mechanisms showing different kinematic signatures were observed for 1 MeV proton impact
(figure 10) by projecting the nine-dimensional momentum space onto”heKx,) plane

for fixed projectile deflection into the-direction of 045 mrad < ¢ < 0.65 mrad (the
incoming beam direction is along the positigeaxis). One is the first-order kinematic
capture of one target electron leading Ba, = Pg; = 2.8 au according to equation (3)
accompanied by the simultaneous but independent emission of the second target electron
(see the lower peak on the dashed line in figure 10). The other mechanism is a second-
order process pioneered experimentally by Horsdall (1986) and Blinkas et al (1989)

and predicted by Thomas (1927) on the basis of classical arguments to be the dominant
contribution at large velocities. Here, in a first projectile—electron interaction one target
electron is scattered under “4leading to a projectile deflection for protons of 0.55 mrad
independent of the projectile energy. This electron, having a velocity@fp hits the
second target electron such that it is emitted undéri®@@he laboratory frame whereas the

first one emerges witlye = vp and subsequently can be captured by the projectile. In this
reaction, momentum and energy conservation are fulfilled by the projectile and the electrons
alone. The doubly ionized He target is left as a spectator without momentum transfer leading
to a final momentum distribution centred arouRgl = Pr, ~ 0 which is broadened by the
two-electron initial-state Compton profile (see the upper peak in figure 10).

As mentioned at the beginning of this subsection RIMS has only started to be used
as an instrument to explore various electron capture mechanisms at a few laboratories
and the experiments reviewed give a flavour of what will be possible in the near future.
With the implementation of RIM spectrometers into storage rings scheduled for 1997 (ESR;
CRYRING, Schmidet al (1997)), the improvement of the transverse momentum acceptance
of present devices and the implementation of large solid-angle high-resolution electron
spectrometers, kinematically complete investigations of REC, RTE and various higher-order
kinematic capture mechanisms as well as coincidences with emitted photons should become
feasible.

4.1.2. lonization of the target.Over a long time the experimental investigation of target
single or multiple ionization by fast ion impact has been limited to total charge production
measurements and to the determination of total cross sections as a function of the final
target and projectile charge (for a review see Cocke and Olson (1991)). A huge amount of
systematic experimental data on double-differential cross sections for the electron emission
(differential in the emission angle and energy of one outgoing electron) has been reported
over more than three decades revealing detailed information on the various ionization
processes (for reviews see, e.g., Rudd and Macek (1972), Rudd (1976, 1992),
Stolterfoht (1978), Stolterfohét al (1997)). Subsequently, experiments were performed
which were differential in the transverse momentum chand®, of the projectile (see,

e.g., Giese and Horsdal 1988, Kambetral 1988, Kelbchet al 1988, 1989, Schuch

et al 1988, Kristensen and Horsdal-Pedersen 1990) or as a function of the transverse
momentum transfeiP», to the recoil ion (see, e.g., Ullrich and Schmidbdking 1987,
Ullrich et al 1988a, 1989, Frohnet al 1993, 1996). The energy loss of low-energy
light projectiles and their scattering angle distribution was investigated by Hiwel

(1994) and Schiwietzt al (1994a). Few coincidence experiments have been performed
where only one of the reaction products was momentum analysed: these were double-
differential electron-emission cross sections (Schiwaital 1994b) or energy loss spectra

of the projectile (Schuctet al 1988) as a function of the target-ion charge state. A new
insight into the ionization collision dynamics was provided by coincidence experiments
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accessing differential information on two reaction partners: double-differential cross sections
for the emission of an electron were recorded as a function of the polar projectile scattering
angle (see, e.g., Schiwietz 1988, Schiwietzal 1987, 1988) and transverse recoil-ion
momenta were measured for defined polar and azimuthal projectile deflectiémse(D

et al 1989, 1991, Forberictet al 1991, Gensmantedt al 1992, Lencinaset al 1993).

Many of these measurements, however, suffered from a limited momentum resolution
for the heavy collision partners (projectile and recoil ion), prohibiting the investigation
of the ionization collision dynamics at very small momentum transfers on the order of
a few atomic units or below, where the majority of ionizing reactions take place. Most
importantly, no kinematically complete experiment for even single ionization of the target
by ion impact that would be comparable to (e, 2e) investigations had been performed until
recently.

With the design of high-resolution RIM spectrometers and especially with the
development of ‘reaction microscopes’ the simultaneous determination of the complete
momentum vectors of up to four reaction products (the recoil ion and three emitted electrons)
became feasible for the first time. Achieving a resolution of the order of 0.1 auatal#l
angle for all of the particles (see section 2.4) a new generation of experiments on target
single, double and multiple ionization by ion impact, which are unprecedented in resolution
and completeness have been performed and are reviewed in this subsection.

Single ionization of the target at different collision velocitie®\ pioneering kinematically
complete experiment on target single ionization in an ion—atom collision was reported for
3.6 MeV u! Ni?** on helium collisions (Moshammet al 1994, Ullrichet al 1995). Using

a ‘reaction microscope’ (Moshammetal (1996c¢), Ullrichet al (1996) and section 2.4) the
recoil-ion and electron momentum vectors were measured in coincidence and, thus, the nine-
dimensional final state momentum space (exploiting energy and momentum conservation)
was determined. A momentum acceptance for both spectrometers of @ &4, <

2 au enabled the simultaneous detection of more than 90% of all the ejected ions and
electrons. At the same time a superior momentum resolution in the longitudinal direction of
A Pg; = £0.08 au for the recoil ion and ok Py = £0.1 au for the electron was achieved
corresponding to a recoil-ion energy resolution dEg;, = £12 ueV and an electron
energy resolution oA Eg; = 130 meV at zero energies, respectively. The electron energy
resolution in the transverse direction was a function of the electron time of flight with an
optimum resolution ofAEe, = [(0.13 eV)/Ee]*? and a mean total energy resolution of
AEs < 400 meV was achieved. Thus, the complete electron-emission characteristics was
accessible for all low-energy electrons, including those with zero emission velocities as a
function of the measured recoil-ion momenta and final charge states of the projectile and of
the target.

In figure 11 the single-differential electron-emission cross sections (integrated over all
electron-emission angles and all recoil-ion momenta) for helium single ionization are shown
(full circles) in comparison with recent results of CDW-EIS (‘continuum distorted wave—
eikonal initial state’) calculations (chain curve, Rigflrezet al (1995b)) and results obtained
from a first Born approximation (broken curve). The experimental data were found to be
in good agreement with the CDW-EIS results whereas the first Born approximation is
not applicable in this regime of strong perturbatioggve = 2) as expected.nCTMC
calculations (full curve, Moshammet al (1994)) underestimate the total cross section by
about a factor of 1.6 which in essence is a result of the initialization where the electrons
are distinguishable and bound with the sequential ionization potentials. The shape of
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the single-differential electron-emission cross sections is well reproduced. The complete
electron-emission characteristics integrated over all final recoil-ion momenta is shown in
figure 12 in aP., versusPy representation (Moshammet al 1996b) demonstrating that
about 93% of all low-energy electrons were emitted into the forward hemisphere (positive
longitudinal electron momenta) with mean energies in this direction of about 2.5 eV. The
forward emission of the electrons was found to be well reproduceddiMC calculations
(right-hand part of figure 12). The width of the electron momentum distribution differed,
however, in that the longitudinal momentum distribution was observed to be smaller and
the transverse wider than the experimental one.

It has been pointed out by Srezet al (1993) that such cross sections are extremely
difficult to obtain by applying conventional detection techniques and that large discrepancies
have been found between different measurements for electron energies below 2@z (Su
et al (1993) and references therein). In fact, the data shown in figures 11-13 were the first
absolute single- and double-differential electron-emission spectra from ion—atom collisions
reported in the literature where all soft electrons have been detected for controlled final
charge states of the heavy particles. One other study on absalyt:gd has been
published for low-energy proton impact without control of the final target charge state
and without information on the double-differential cross sections (Pieksivad 1994).

Very recently, Kravis and co-workers (Kravig al 1996) reported single-differential cross
sections d*/dPg for low-energy electrons for defined final charge states of the target
and the projectile (see also Waegal 1996a). In this experiment all soft electrons were
projected onto a 2DPS MCP by a strong electrostatic field. Two momentum components
were accessible with this technique but no electron energy distributiens/ddk.) were
obtained due to the missing third electron momentum component.

Projecting the two-dimensional distribution (figure 12) onto thg-axis the strong
forward—backward asymmetry of the soft electron ejection by the highly charged projectile
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Figure 11. Single-differential cross section for the emission of an electron as a function of the
electron energyF, for single ionization of He by B MeV u~! Ni?#* impact. Experimental
points (full circles) are from Moshammet al (1994). TheorynCTMC (full curve, Moshammer

et al (1994)) multiplied by a factor of 1.6 (see text); first Born approximation (broken curve,
Rodiiguezet al (1995b)); CDW-EIS (chain curve, Rdduezet al (1995b)).
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Figure 13. Longitudinal momentum distributions (single-differential cross sectians/dp)

of the electron (full circles) and of the recoil ion (open circles) for single ionization of He by
3.6 MeV u! Ni?* impact (Moshammeet al 1994). TheorypCTMC (full curves, Moshammer

et al (1994)) multiplied by a factor of 1.6 (see figure 11); CDW-EIS (broken curves, iBoelz

et al (1995b)). For theory also see O’'Rourke and Crothers (1997a, b).

was made more evident in figure 13. The asymmetry as well as the width oP¢he
distribution was well reproduced byCTMC and CDW-EIS calculations. The forward
emission of the electrons was interpreted as being due to the post-collision interaction
(PCI) of the emerging highly charged projectile with the low-energy electron in essence
‘pulling’ it behind. This interpretation was supported by recent calculations in the dCTMC
approach with 100 keV antiprotons as projectiles (Wood and Olson 1996) yielding backward
emission of the electrons in the repulsive potential of the emerging antiproton. At the same
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time forward ejection of the recoil ions was observed. Forward emission of soft electrons
for single-target ionization has also been observed recently in 30-140 keV p®indnC
He collisions (Kraviset al 1996, Wanget al 1996a).

The interaction of continuum (and Auger) electrons with the nuclear charges of
the projectile and of the target has been investigated in many experimental as well
as theoretical studies under the synonyms ‘two-centre phenomena’ or ‘post-collision
interaction’, respectively (for recent overviews on the field see, for example, Fainstein
et al (1991), Stolterfohet al (1997) and references therein). Up to now, mostly energetic
electrons were considered in the region of the electron capture to the continuum. Enhanced
forward emission of soft electrons was observed early on (see, e.g., Pdatednl 987,
Pederseret al 1990 and references therein) as well as more recently (see, eagez8tial
(1993) and Stolterfohet al (1995), for a recent theoretical discussion see e.g. Colavecchia
et al (1995) and references therein).

Investigating the complete three-body longitudinal momentum transfer for & bin
the He collision system (figure 13) it was found tifa is not balanced by the projectile (see
figure 4) but by the recoiling target ion which is scattered into the backward direction (see
also Moshammeet al 1996a). The projectile momentum transfer, calculated for each single
collision from the measured final longitudinal momenta of the electron and of the recoil-ion
APp; = —(Pr + Pe)) = —(Q/vp+ E¢/vp) Was observed to be extremely small. Formally,
this is evident from the above equation (see also equation (4)) for spraklues and
small emitted electron energié% at large projectile velocitiesp. In the limit of projectile
velocities approaching the speed of light the longitudinal momentum transfer of the highly
charged projectile becomes as small as the momentum transfer by a photon of equivalent
energy. Therefore, the fast highly charged projectile was interpreted recently (Moshammer
et al 1996a, 1997a, Kollmust al 1997) to act like an ultra-short, intense and broadband
virtual photon field, dissociating the atom. It has been pointed out (Moshaetraéfi 994)
that the simultaneous measurementPgf and Pr allows one to determine the energy loss
of the Q2 GeV N#* projectile experimentally in a single collision with an accuracy of
AEp/Ep = 3.4 x 1077 which is orders of magnitude better than that achievable in any
energy gain or loss measurement using conventional techniques. Since the electron energy
was measured simultaneously, tidevalue, i.e. the He ionization potential was directly
accessible. It was emphasized that this method, i.e. the direct measurement of the inelasticity
of a collision by performing a kinematically complete experiment, might be applicable
to determine absolute binding energies of heavy few-electron systefis, RIFY, etc)
circulating in the GSI heavy ion storage ring (ESR) with a resolution of 10 eV (FWHM).

In a recent study, the longitudinal and transverse recoil-ion momentum distributions
were measured for 0.25-1 MeV proton on helium singly ionizing collisions and compared
with theoretical calculations in theCTMC (‘n-body CTMC’; Ddrneret al (1995a)) and
CDW-EIS approach (Wangt al 1996a). Inspecting equation (4) it is obvious that the
recoil-ion longitudinal momentum distribution only depends on the energies and longitudinal
momenta of the emitted electrons and therefore can be deduced from doubly differential
electron-emission cross sections. Thus, RIMS has been considered as being complementary
to the conventional electron spectroscopy (Rgdezet al 1995a) well suited to explore low-
energy electrons and the ionization collision dynamics. In figure 14PHedistribution is
shown for 0.25-1 MeV p on He single ionization. In these collision systems the perturbation
is about one order of magnitude smallgy{pr < 0.32) than for the previous Ni collisions.
Therefore, the PCl has been found to be strongly reduced, the distribution was nearly
centred aroundPr; = 0 and the results of the first Born approximation were found to
be close to the experimental data (Waeigal 1996a). Reasonable agreement between
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experiment anddCTMC as well as CDW-EIS results was obtained for all collision energies
investigated (Brneret al 1995a, Wanget al 1996a). ThePg-distributions were found to
become substantially broader with increasing transverse momentum transfer in qualitative
agreement with theoretical predictions of both models. As a possible explanation it was
suggested that largetz , correspond, on average, to collisions at smaller impact parameters
leading to the preferential removal of electrons with increased initial-state momenta. Thus,
an increasingly hot ion is left behind mirroring the fraction of the initial-state electron
momentum distribution transferred to continuum states during the collision. It is interesting
to compare thePg, distributions at different projectile velocities. At large (figure 13)

the longitudinal recoil-ion momentum mainly mirrors the longitudinal momentum(a) of the
emitted electron(sPr; ~ —ZP(;'H, since the other contributions in equation (4) become
small. With decreasingp (figure 3) on the other hangd’ Péu becomes increasingly
unimportant resulting in an essential change of character oPghespectra, now basically
reflecting the energy loss of the projectiteEp = (1/vp) A Pp (See also equation (2) in
section 3).
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Figure 15. Projection of the velocity distribution of electrons for single ionization in 15 keV
p—He collisions onto the scattering plane, defined by the beam gxan(l the momentum of

the target ion, recoiling into the negatiwxedirection (Dorneret al 1996a). The target centre is

at (0, 0) and the projectile at (1, 0). Experiment for different transverse momenta, i.e. impact
parameter,d)—(d); nCTMC calculations, €)—(h).

Very recently, a second set of highly differential experiments on single ionization
was performed for 5-15 keV proton impact on heliumdfBer et al 1996a). Using an
experimental set-up as described in the last paragraph of section 2.4, the two-dimensional
momentum distribution of very low-energy continuum electroiig (< 13 eV) was
determined for defined impact paramet®g () and orientation of the scattering plane. In
figure 15 the measured electron-emission characteristics projected onto the collision plane is
shown along witmCTMC results for different transverse momentum transfers to the recoil
ion. The coordinate system was chosen such that the projectile initially travels along the
positivez-axis and the recoil ions’ transverse momentum is along the negateerdinate.

The velocities of the emitted electrons are given in units of the projectile velocity. From the
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magnitude of the recoil-ion transverse momenta compared to those of the emitted electrons
it was concluded that at these slow collisioAs, is mainly compensated by, being
deflected in the direction of the-x-axis (see the discussion bybbneret al (1996a) and

figure 3 in this paper). This conclusion was found to be in agreement with the results of
classical calculations showing a close relationship between the internuclear impact parameter
and the recoil-ion (or projectile) transverse momentum. At low collision energies the heavy
particle’s transverse deflections are dominated by their internuclear repulsion (therefore
an impact parameter as well as the collision plane can be obtained from the recoil-ion
scattering).

This feature is substantially different from the situation at larger At small
perturbations and large velocities it was found that the projectile is mainly scattered off
the target electron for projectile scattering angles below 0.55 mrad (see the discussions in
Kamberet al (1988), Dbrneret al (1989, 1991), Horbatsch (1989a, b), Olsstral (1989b),

Salin (1989), Fang and Reading (1991), Fukwdaal (1991), Gensmantedt al (1992),
Moshammeret al (1996a), Rodguez (1996)). Going to large perturbations/{p > 2) at

large velocities the characteristics of the three-particle dynamics changes again significantly:
now the two-body recoil-ion—electron interaction dominates the three-particle interaction
which is obvious from figures 13 and 16. The details of the two-centre collision dynamics
and its characteristic variation as a function of the perturbation strength and velocity has
recently been discussed systematically on the basis of CTMC calculations by @labn
(1997) (see also forthcoming paper by Moshameteal (1997b).

In figure 15, a dramatic change in the electron-emission characteristics was observed
with varying Pg,. At small transverse momenta the electron-emission mainly proceeds
into the forward direction with a broad maximum centred arougd= ve; = vpy, i.e.
at the velocity of the saddle point of the internuclear potential {Hdérection is identical
to the ||-direction). The existence of these ‘saddle-point electrons’ has been predicted in
early and recent classical calculations (Olson 1983, 1986, Bandarage and Parson 1990,
Wood and Olson 1996) and has been discussed in various quantum mechanical approaches
(see, e.g., Winter and Lin 1984, Solovev 1990, Barany and Ovchinnikov 1993, éanev
al 1994, Macek and Ovchinnikov 1994, Pieksragal 1994, Ovchinnikov and Macek
1995). The potential between the projectile and the residual target ion has one point, the
saddle point, where no force acts on an electron. As the projectile and target separate
the saddle potential rises and electrons moving with the longitudinal velocity of the saddle
point during the collision are finally left stranded in the continuum. In terms of quantum
mechanical molecular orbital (MO) calculations this process has been described qualitatively
and has been termed the TOO or TO1 mechanism where the electron is promoted into the
continuum via hidden crossings between the molecular orbitals (Macek and Ovchinnikov
1994, Pieksmaet al 1994, Ovchinnikov and Macek 1995). At intermedidtg, a distinct
asymmetry was observed in that the electrons are mainly emitted to the side of the emerging
projectile, opposite to the recoil ion. At 10 keV a ‘horseshoe’-like pattern was found with
a minimum at the saddle point changing to an asymmetry in the direction of the recoiling
target ion at 5 keV. It was suggested that the strong velocity dependence of the emission
characteristics might be explained qualitatively as an interference between TO0O and TO1
promotion amplitudes. Finally, at largBg, and close collisions, the electron-emission
essentially becomes target centred with considerably increased electron momenta in the
continuum. All the observations at 15 keV were found to be in reasonable agreement with
the results of further developed CTMC calculations where the electrons are initialized in a
model potential determined from quantal variational calculations (lower part of figure 15).
Here, the usual microcanonical initial distribution was improved by applying a Wigner
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distribution (see also Eichenauet al 1981) of 10 initial binding energies so that the
guantum mechanical radial probability distribution was reproduced over four orders of
magnitude. For antiproton collisions at 100 keV a strong backwards emission of the
electrons opposite to the direction of the emerging recoil ion was predicted (Wood and Olson
1996). Very recently, the time-dependent Salinger equation for the electronic motion

in the field of the two nuclei moving on classical trajectories was solved numerically by
discretization using a Cartesian mesh (Horbatsch 1996, Chassid and Horbatsch 1995, 1997;
see also Schultet al 1996). The calculations were performed for proton on hydrogen
collisions at a projectile velocity of 1 au. It was found that the ionization process in this
velocity regime populates electron continuum states with small transverse momenta to the
beam axis and longitudinal momenta around the saddle-point region.

To summarize, combined high-resolution recoil-ion electron momentum spectrometers
have, for the first time, enabled kinematically complete experiments on target single
ionization in ion—atom collisions. A rich structure in the emitted electron spectra sensitively
depending on the magnitude of the recoil-ion final momenta has been observed in very
different regimes of projectile charge states and velocities. The three-particle momentum
exchange has been explored in great detail and it was shown that the differential cross section
as a function of the recoil-ion longitudinal momentum is directly related to the doubly
differential electron-emission cross section. Thus, recoil-ion momentum spectroscopy alone
can be understood as being complementary to electron spectroscopy, being ideally suited
to investigating the emission characteristics of very low-energy electrons. Certainly, these
first experimental investigations will be the starting point for further systematic studies,
presently anticipated in different laboratories using positrons, antiprotons or fast heavy ions
as projectiles.

Double ionization of the target. Double ionization of helium in collisions with bare
projectiles is the simplest charged-particle-induced multiple-ionization reaction. Its
investigation is fundamental for the understanding of the role of static and dynamic
electron—electron correlation in multi-electron transitions and therefore has been central
to many experimental and theoretical ion—atom research activities. Despite its outstanding
importance mainly total cross section measurements were performed (for an overview see
McGuire (1991), McGuireet al (1995), Ullrich et al (1993b, 1994b)) and only a few
investigations on the differential momentum of one of the emitted particles have been
reported in the literature (Giese and Horsdal (198&)rraret al (1991), Kristensen and
Horsdal-Pedersen (1990), Skogvall and Schiwietz (1990, 1992), Salin (1991), élehg
(1993), Schiwietzt al (1994a), Ullrichet al (1994b), for an overview see Ullrich (1994)).

No kinematically complete measurements have been feasible up to now due to the enormous
difficulties in analysing the final momenta of three emerging particles in coincidence and
applying conventional spectroscopy for the electrons and the ions.

Using the reaction microscope with three independent electron detectors as shown in
figure 2 and described in section 2.4, a pioneering kinematically complete experiment on
helium double ionization by .8 MeV u! S&® impact has been performed recently
(Moshammeret al 1996d). In figure 16 the longitudinal momentum balances, along the
beam direction, for helium double ionization are shown. Two important features were
discussed in close analogy with single ionization by*Ni First, the momentum transfer
by the projectile in each individual ionization reaction was again found (see figures 4 and 13
for single ionization) to be negligibly small compared with the measured final momenta of
the recoil-ion ¢g;) and the electrons)( Pé”). These recoil-ion and electron momenta
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projectile for He double ionization (Moshammetral 1996d). CurvespCTMC calculations on
an absolute scale.

consequently have been considered to result from the bound-state electron momentum
distribution of the helium atom in the initial state. Both, therefore, should closely reflect
the correlated longitudinal sum-momentum distribution of the electrons in the initial state,
i.e. the two-electron Compton profile. Since the total momentum of the helium atom is
zero in the initial state it follows tha}_ Py ~ —Pgj, a feature which is visible in the

data. As for single ionization the fast projectile was observed to deliver energy but only
litte momentum. Secondly, electrons were found with positive momenta emitted into the
forward direction, whereas recoil ions were emerging backwards. Classical calculations
demonstrated the PCI between the target fragments and the projectile to be responsible for
this behaviour.

Both observations were well described by classical calculations (curves in figure 16)
where two independent, distinguishable and classical electrons were initialized on different
Kepler orbits bound with the sequential experimental binding energi@$NIC, Olsonet
al 1989a). Surprisingly, explicit quantum mechanical features like the spatial (momentum)
correlation of the electrons due to the symmetry of the wavefunction (Fermi statistics) or the
direct (e—e) interaction due to the'r, potential between the two electrons did not have
to be included to describe the longitudinal sum-momenta of the emitted electrons. This
changed dramatically when the correlated two-electron emission was explored in detail as
shown in figure 17 where the longitudinal momenta of both electrgg {ersuspPey) are
plotted integrated over all recoil-ion transverse and longitudinal momenta (upper left-hand
figure). A distinct pattern was found: if one electron is slow the other one will most likely
be fast. This feature was even more pronounced for neon double and triple ionization (lower
part of the figure). In a series of classical model calculations the authors demonstrated that
a reasonable, but still not perfect description of the experimental result was only obtained
when the ¥r1, electron—electron interaction was explicitly included after both electrons had
a positive energy relative to the target nucleus (double ionization).

The fact that no substantial momentum is transferred by the projectile during the collision
supports the assumption that the observed patterns might be essentially a result of the initial-
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state electron correlation. The authors therefore used a correlated helium wavefunction
(Regier and Thakkar 1984) to calculate the ground-state probability distribution of the two
electrons in the longitudinal momentum space, i.e. in Hag versusPey plane. For a
gualitative comparison with the experimental data the electron—projectile PCIl was estimated
from the classical calculations and approximately accounted for by shifting the whole
distribution by Peyy + Peyy = 0.6 au (upper right-hand corner of figure 17). Surprisingly,
the shape of the experimental distribution was well reproduced again, supporting the
conclusion that the measured patterns strongly reflect the initial-state correlated two-electron
wavefunction. For neon double and triple ionization (figure 17) similar, even more
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Figure 17. pey versuspez of the two electrons emitted for double ionization of helium (upper
left-hand corner), Ne double (lower left-hand part) and Ne triple ionization (lower right-hand
part) for 36 MeV u~! S&8t impact (Moshammeet al 1996d). Different box sizes represent

the cross sections’ad?* /dpey dpegy in 1.0 x 10-6 cn? au? (largest box) on a linear scale for
helium. Results for neon are scaled on the maximum differential cross sections, respectively.
Upper right-hand part, projection of a 16-parameter correlated two-electron momentum space
wavefunction (Regier and Thakkar 1984) onto the —pez; plane (see text). The contour lines

are on a linear scale.
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pronounced patterns were observed. Since only two out of three electrons are detected for
Ne** production, which means effectively integrating over all momenta of the unobserved
electron, it was concluded that such a pattern can only occur if all three electrons in the
continuum are strongly correlated.

Finally, these results were interpreted (Moshamreeral 1996a) by viewing the
attosecond {1078 s), extremely intense~(10'® W cm~?) electromagnetic pulse which is
generated by the passing highly charged projectile as a field of virtual quanta éders
Williams formulation for the ionization by relativistic projectiles). In this picture each
one of both the (three) He(Ne) electrons is independently ‘photoionized’ by absorbing
one virtual photon with an energy corresponding to the individual electron momentum at
the instant of ionization. A negligibly small momentum is transferred and no significant
momentum exchange between the electrons themselves or between each electron and the
helium nucleus may take place since the collision time is short compared with the electron
revolution frequency in the bound state. Thus, it was concluded that the initial-state
correlation evolves in a dynamically correlated way into the continuum and is finally
observed in the strongly correlated two-(three-)electron continuum. Recently, systematic
guantum mechanical calculations have been performed on the basis of these considerations
(Keller 1997) for He double ionization by.@MeV u! S&® and 2 GeV u! U%* impact.

An interesting parallel can be found in nuclear physics: in recent experiments the
‘equivalent photon method’ (also termed the ‘Heisenberg microscope’) has been exploited
to extract information on the short-time angular correlation between the two halo neutrons
in the ground state of'Li (leki et al 1996). It was concluded that the ground-state n—n
correlation is accessible without the need for an elaborate theory if two requirements are
met. First, the momentum of the absorbed virtual photon has to be small compared to the
momenta of the core and each of the neutrons in the initial state. Secondly, the absorption
process should be so fast that the positions of the three constituents are not significantly
changed. Both requirements have been fulfilled in both experiments.

Again, these first kinematically complete measurements of double ionization in an ion—
atom collision underline the substantial experimental improvement initialized by recoil-ion
momentum spectroscopy. In this case, the successful and consequent transfer of techniques
being developed to efficiently analyse the recoil-ion momentum, i.e. the projection of
reaction products onto position-sensitive detectors by appropriate external fields finally
enabled these new generation experiments. Due to the large solid angles reached for all
of the patrticles leading to quadruple detection efficiencies of the order of a few per cent
and to coincidence rates for double ionization of up to 108 sxperiments of this kind
are feasible and are presently prepared for a broad range of projectile perturbations and for
various projectile species.

Multiple ionization of the target. The experimental investigation of multiple target
ionization in ion—atom collisions might be considered to be rudimentary and too complex
to yield specific information on the collision dynamics and initial-state correlation of the
electrons. Indeed, so far mostly total charge production cross sections or total cross sections
for defined final charge states of the projectile and the target have been measured (for
an overview see Cocke and Olson (1991)). Data which are differential in the projectile
deflection for particular projectile and target charge states (Keltdchl 1988, 1989)

or experiments differential in the projectile energy (Schethal 1988) mostly suffered

from the fact that the scattering angles of interest, contributing dominantly to multiple
ionization, were barely accessible experimentally. Experiments performed using early
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RIM spectrometers with a gas cell target significantly improved this situation. Transverse
momenta corresponding tarad projectile deflection angles became observable (Ullrich
1987, Ullrich and Schmidt-8cking 1987, Ullrichet al 1988a, b, 1989, 1991, 1993a,b)
and were partly measured in coincidence with the projectile scattering angtedizt al

1989, 1991, Forbericlet al 1991, Gensmantadt al 1992, Lencinast al 1993a, b). Still,
however, many interesting questions on the dynamics of many-electron transitions to the
continuum, on the energy loss of the projectile, on the deflection of the projectile or the
momentum balance of all the particles involved were not yet accessible due to limited
resolution. Kinematically complete experiments for multiple ionization were definitely
beyond the experimental capabilities.

Again, this situation changed with the development of the newest generation RIM
spectrometers and reaction microscopes. The resolution now achieved is generally sufficient
to provide conclusive proof of theoretical predictions provided by semiclassical@RIC
(n-body CTMC) calculations (Olsoat al 1987, 1989a, Horbatsch 1989b, 1992, Ullrieh
al 1989). A strongly collective emission of the electrons for multiple ionization by heavy
ion impact was calculated where the electrons are scattered to the side of the incoming
projectile into the forward direction and opposite to the recoiling target ion. Accordingly,
the recoil ion compensating most of the emitted electron sum-momentum was found to be
backward scattered and the projectile should be deflected to ‘negative’ scattering angles, i.e.
to the recoil-ion side for most of the ionizing collisions.

Two recent experimental studies on multiple-target ionization for\BeV u~* U+ on
Ne (Unverzaget al 1996) and for 6 MeV u~! Xe*** on Ar collisions (Jardiret al 1996)
were performed to investigate these features exploiting recoil-ion momentum spectroscopy.
The resolutions achieved were around 0.7 au for Ne, 0.25 au foraAd 9 au for AF
corresponding to a projectile scattering angle resolution between 0.1 amad5 In both
of the experiments the recoiling target ions were found to be scattered into the backward
direction with increasingly negativ®g; for increasing final charge states as illustrated in
figure 18 for Xe on Ar collisions. Due to the large projectile velocities of about 15 and
20 au, respectively, the recoil-ion longitudinal momentum mirrors the longitudinal sum-
momentum of the emitted electrons. To a good approximation one olfajrs — ) PéH
(see equation (4) and the discussion in section 3.1). Thus, for the first time two experiments
have independently provided information on the collective behaviour of electrons emitted
in multiple-ionization events and verified the theoretical prediction that the electrons are
emitted predominantly into the forward direction. The resulting electron energy distributions
were estimated from the recoil-ion data by Jardin and co-workers. Similar results were
found by Unverzaget al who obtained a mean electron longitudinal sum energy fér*Ne
production of 1.1 keV which is in quantitative agreement with the estimated value for Ar
of about 1.4 keV.

Moreover, an excellent agreement in shape and absolute magnitude between the
measured differential cross sections as a function of the longitudinal and transverse recoil-
ion momenta for the different Ne charge states and the resultsCOGMC calculations
was found (Unverzaget al 1996). This is illustrated in figure 19 forodt/dPg,. It
has been pointed out by Unverzagt and co-workers that the recoil-ion transverse momenta
(which were also measured by Jardih al) are not unambiguously connected with the
emission characteristics of the electrons. The balance between the nuclear and the
electronic momentum exchange has to be considered which may change with increasing
number of electrons emitted. Therefore, the transverse momentum distributions for the
different recoil-ion charge states sensitively monitor the full dynamics of the collision
where the interplay of all active particles has to be taken into account. The excellent
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Figure 18. Measured longitudinal recoil-ion momentum distributions for Ar multiple ionization
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Figure 19. Experimental (full circles) and absolute theoreticaCTMC, curves) transverse
momentum distributions of the recoil-ions farfold ionization of Ne in collisions with
5.9 MeV u~! UB5t impact (Unverzaget al 1996).

agreement of the experiment&k, distributions with the theoretical results demonstrates
the validity of thenCTMC approach in the regime of strongly non-perturbative collisions.
Moreover, it provides a strong hint that the theoretical prediction of ‘negative’ projectile
scattering angles, which could not be verified directly in these initial experiments is
correct.

From the discussion of the previous results of He single and double ionizationor Ni
and Sé&% impact two other conclusions might be drawn here. First, the forward emission of
the electrons can most probably be considered to be due to the PCI not only for single and
double but also for multiple ionization. The agreement of the data with theory demonstrates
the ability of any classical calculation to accurately treat the many-body Coulomb continuum,
still being an unsolved problem of quantum mechanical calculations even for only three
particles in final continuum states (see also Rost 1994a, b, 1995). Furthermore, the direct
momentum transfer from the projectile to the electrons can be estimated to be much smaller
than the width of the observedlz, distributions even for multiple ionization. As for
He double ionization, this leads to the second important conclusion that the widths of
the distributions are then closely related to the many-electron correlated sum-momentum
distributions in the bound initial state of the atom. Thus, the many-electron classical ground
state modelled in theCTMC approach by initializing the individual independent electrons
on Kepler orbits with the sequential experimental ionization potentials seems to correctly
account for the bound-state many-electron sum-momentum distribution, a statement which
is far from trivial.

It has been emphasized (Kollmasal 1997) that the momenta of at least five electrons
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emerging from a single multiple-ionization event will be simultaneously measurable in the
near future by exploiting the full capabilities of reaction microscopes. This will provide
the first information on the many-electron final- and initial-state correlation along the lines
discussed for He double and Ne triple ionization. Furthermore, from the measurement
of the longitudinal electron momentum components alone it will be possible to extract
the projectile energy loss in a single ion—atom collision with a resolutidty/ Pr on the

order of 107-10"° for relativistic projectiles. This is orders of magnitude better than the
precision achievable with conventional energy-loss spectroscopy for single (Sehath
1988) or multiple collisions at relativistic energies 8P/ Pp = 4 x 10~7 (Scheidenberger

et al 1994). Finally, the transverse scattering of the projectile will be directly deducible
from the measured transverse momenta of the recoil ion and the electrons with a resolution
which can be expected to be sufficient to test the theoretical prediction of negative projectile
deflection angles.

4.1.3. lonization of the projectile. The ionization of a non-bare projectile in an ion—atom
collision may proceed via an interaction of the projectile electron with an electron (e—e) or
the nucleus (e—n) of the target. This has been pointed out early on and calculated within the
first Born approximation by Bates and Griffing (1953, 1954, 1955). In general, the role of
(e—e) or (e—n) interactions in various reactions like the resonant (RTE) and radiative (REC)
electron capture or the emission of a binary-encounter electron have been studied in great
detail as analogous processes to the corresponding free-electron ion interactions, namely
dielectronic recombination (DR), radiative recombination (RR) and the elastic scattering of
a free electron at an ion. In the past, all of these latter processes were clearly identified in
ion—atom collisions due to their unique signatures which are the resonant behaviour (RTE),
the emission of photons with a characteristic energy distribution (REC) or the occurrence of a
well separated peak in the electron-emission spectra (for a recent revidResembination

of Atomic lons(Grahamet al 1992)).

Excitation of projectile electrons by an (e—e) interaction with one of the target electrons
has been identified using high-resolution zero-degree electron spectroscopy by &oairos
(1989), by Leeet al (1992) and by Hvelplunét al (1994) (for a recent overview see Zouros
(1996)). The experimental signatures unique to the (e—e) interaction in projectile ionization
have proved to be much less clear (McGuateal 1981, Anholt 1986, Montenegro and
Meyerhof 1991, 1992, Montenegeet al 1992). Experimental evidence was reported by
Hulskotteret al (1989, 1991) who observed a shoulder in the total projectile ionization cross
section as a function of the projectile energy just above the threshold for the (e—e) reaction.
The threshold was broadened by the target electron Compton profile. Similar studies were
performed by Montenegret al (1992) at high projectile velocities where the (e—e) reaction
dominates target ionization. Attempts were made to separate both processes kinematically
by exploiting predicted differences in the projectile deflection angles, but the results suffered
strongly from the limited angular resolution in fast ion—atom collisions (Monteneta
1993).

Two recent experiments (@neret al 1994, Wuet al 1994a) were able to clearly separate
contributions from both processes to projectile ionization by investigating the longitudinal
and transverse momentum transfer to the target ion by means of RIMS. As discussed by
Dorner et al (1994), the momentum loss of the projectil& #sy = —Q/vp — Ee/vp) IS
compensated by the recoil ion in the case of the (e—n) interaction scattering the recoil ion
into the forward direction. In contrast, the ion can be considered as a spedid@gr 4 0)
in the case of the (e—e) interaction where the active, quasi-free target electron balances
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APpy. This kinematic difference has been observed in 0.5-2 MeV bte He (Drneret

al 1994) as well as in 20—40 MeV 'O on He collisions (Wet al 1994a) and is illustrated

in figure 20 for the oxygen projectile. Above threshold for the (e—e) reaction, which is
at 25.6 MeV for G*, a second, well separated peak occurgat: 0. With increasing
energy this peak becomes increasingly important and will dominate at high energies since
the (e—e) interaction is a first-order process for the target ionization (Monteategir©992),
whereas the (e—n) mechanism for simultaneous ionization of the projectile and of the target
is a second-order process. This was investigated in detail by Wu and collaboratoes §Vu
1994a) by plotting the ratio of both cross sections as a function of the projectile energy. Good
agreement of the experimental data was obtained with the results of a model calculation
where the (e—n) cross section was obtained from a plane-wave Born calculation and the (e—e)
contribution was calculated by folding the free-electron ionization cross section (Coulomb—
Born exchange calculation) into the Hartree—Fock Compton profile of He using the impulse
approximation. In both experiments the transverse recoil-ion momentum was inspected
simultaneously and the separation becomes even more evident in the two-dimeRgjenal

Pr. plane. For the He on He collision system the transverse as well as the longitudinal
recoil-ion momentum distributions were found to be in good agreement with the results
of ‘two-centren-body CTMC’ calculations. Here, the He target is initialized in the usual
nCTMC approach (see, for example, the previous section on ‘multiple ionization of the
target’) and the He projectile, i.e. the second centre, is equipped with one electron on a
classical Kepler orbit and a binding energy according to the ionization potential bf He
During the encounter all mutual interactions between the active particles (both nuclei with
each other, both nuclei with all of the electrons, the target electrons with the projectile
electron) are taken into account. Replacing the Igeojectile by an equal velocity electron
beam Drneret al (1994) showed that the recoil-ion momentum distribution peaked at the
samePg; and Pg, for free-electron impact as observed before for the bound electron impact
of the helium target. This is an other example as pointed out by Wu and co-workers (Wu
et al 1994a) where ‘the results reveal the power of recoil-ion momentum spectroscopy to
separate mechanisms which are difficult to distinguish by other methods’.

4.2. Photon—atom collisions

A further, important and rapidly developing field of atomic collision physics where recoil-
ion momentum spectroscopy has enabled a new generation of experiments with respect to
completeness, selectivity and energy range that can be covered, is the ionizing interaction of
photons with target atoms. Especially at large photon energies or close to multiple-ionization
thresholds the ionization cross sections are quite small, for instance, of the order of barns
for helium single ionization by keV photon impact. Thus, in these regimes the investigation
of multiple photoionization or Compton scattering on gas targets are facing tremendous
difficulties if conventional techniques are applied. Even at intermediate photon energies
electron—electron coincidence experiments are barely feasible and only a few studies have
been reported recently with coincidence rates as small as about 1000/day for electrons being
detected under very favourable and, thus, restricted geometrical conditions.

Up to now RIMS has been used to explore double ionization of helium using photons
with energies from about the double-ionization threshold at 80 eV to 58 keV, i.e. over
the whole energy range available at modern synchrotron radiation facilities. Due to its
fundamental nature, as the simplest collision-induced multiple-ionization reaction and the
extreme sensitivity of the cross sections to the details of the electron—electron interaction,
double photoionization of helium has been the subject of outstanding intense experimental
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and theoretical research activities during the last few years. Numerous experimental
investigations provided systematic data for the comparison with a large number of theoretical
models, many of them being developed very recently.

Mapping the complete momentum vector of the recoiling target ion after photoionization
at high y energies allowed us, for the first time, to separate contributions from Compton
scattering and photoabsorption to helium single and double ionization (see section 3.2)
which is reviewed in the next subsection. At low and medium energies the complete
measurement of the ionization kinematics enabled unprecedented accuracy in measurements
of total cross section ratios by integrating of over all recoil-ion momenta. Moreover, a
kinematically complete), 2e) experiment on helium double ionization by 80 eV photons
was performed recently visualizing the entire final nine-dimensional momentum space
without any restrictions in relative emission angles and energies of the emerging three
particles. These experiments on photoabsorption at low and medium photon energies are
discussed in the second subsection. Only a short, admittedly selective outline on very recent
helium photoionization experiments, seen in the light of recoil-ion momentum spectroscopy,
can be given in this review. For a detailed overview of the field the reader is referred to
the work of Schmidt (1992).

4.2.1. Double ionization of helium by Compton scatterinGompton scattering and
photoabsorption are the two fundamental ionizing interactions of a photon with an atom.
While Compton scattering can occur at a free electron where the momentum and energy
conservation is fulfilled by the emerging photon and electron alone, a third particle is
needed in the final channel for photoabsorption to balance the momentum of the emitted
electron. Since the mutual Coulomb interaction between all three particles in the initial
as well as in the final state are of comparable strength, the ratio of double to single-
ionization cross section®, = o%t/o* depends sensitively on the details of the e—e
correlation and is a challenging testing ground for theories. Due to the intrinsic differences
of Compton scattering and photoabsorption this ratio has been predicted to be different for
both mechanisms even in the asymptotic limit of high photon energies.

Experimentally, it has not been possible to separate between both processes having
about the same cross sections for a helium target at a photon energy of 6 keV by only
detecting the ion charge state (Lewghal 1991, 1993, 1996, Sagurt@t al 1996). As was
discussed by Samsaet al (1994) (see section 3.2) and was demonstrated experimentally
(figure 6) large recoil-ion momenta are present in the case of photoabsorption since the
emerging electron momentum is compensated by the recoiling target ion wherea®small
dominate for Compton scattering. In this way Spielbergeal (1995) were able for the
first time to separate both processes even for double ionization as is illustrated in figure 21,
providing the most accurate experimental value so far for the asymptotic high-energy limit
for the photoabsorption cross section ratioRph = (1.72£0.12)% at E, ~ 8.8 keV. This
result is in close agreement with various theoretical predictions (Byron and Joachain 1967,
Aberg 1970, Ishiharat al 1991, Dalgarno and Sadeghpour 1992, Andersson and Brdegd
1993, Hinoet al 1994) and is in accordance with other experimental results which did not
separate between both processes (Letial 1991, 1996).

The theoretical situation is much less clear ¢, the cross section ratio for double
to single ionization after Compton scattering of the photon, which was summarized in
figure 22 by Spielbergeet al (1996). Results of several recent calculations are available
in the E, regime between 4 and 20 keV (Andersson and Baorfgd 1994, Suricet al
1994, Bergstim et al 1995) predicting substantially different energy dependencies as well
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as absolute values dfc. Also, the calculations for the asymptotic high-energy valu® ef

differ by nearly a factor of two between the predictions of Amusia and Mikhailov (1995a,

b) on one side withRc = 1.68% and Andersson and Buityder (1994) as well as Suric

et al (1994) on the other side with aboRt = 0.8%. Experimental data with the smallest
error bars in the ratio have again been achieved using RIMS at 7.0 and 58 keV establishing
a high-energy value of abol®c = 0.84% and suggesting an energy dependence supporting
the calculations by Andersson and Bubgiegr. It is still unclear whether the asymptotic

limit has already been reached at 58 keV energy and experiments are anticipdigd at
between 50 and 150 keV at the Advanced Photon Source (APS) at the Argonne National
Laboratory. Some other experimental data are available at energies between 10 and 20 keV
(Levin et al 1996, Sagurtoret al 1996, Samsoret al 1996, Wehlitzet al 1996) which

did not actively discriminate against photoabsorption. In principle, this is not crucial for

a measurement akc in this E, regime since the relative contribution of photoabsorption

is less than 1% at energies above 15 keV. Due to the extremely small cross sections for
He double ionization of about 10 mbarn, however, and the limited photon flux available
at present photon sources, the recoil-ion momentum measurement has turned out to be
essential for the suppression of the background and the clean identification of the Compton
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Figure 21. Momentum distributions of He and Hét ions produced by 8.8 keV photons
(Spielbergeret al 1995). Thex-axis is the direction of the electric field vector of the linearly
polarized light (projection of figure 6 onto thedirection).
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events.

Presently, further measurements are under way in order to establish an experimental
energy dependence of the ratio which can decide between the results of the different
calculations. The first experiments briefly reviewed here applying RIMS can only be
considered as a starting point for more systematic studies. Using reaction microscopes
in the near future even kinematically complete measurements of double ionization after
Compton scattering of high-energy photons can be envisaged.

4.2.2. Double ionization of helium by photoabsorptionhile theoretical predictions on
Rpa in the high-energy asymptotic limit were shown to be largely in agreement with each
other, substantial disagreement on this fundamental number can be observed in figores 23(
and €) at lower photon energies where the ratio reaches its maximum at between 150 and
250 eV. Also, the fluctuations in the experimental data available up to now (figuag)23(
were too large to clearly support either theoretical prediction. In general, it was believed
that the data with a maximum value of the ratio of about 5% were the most accurate ones
discarding the earliest measurements of Carlson (1967).

Recoil-ion momentum spectroscopy was used byrrier et al (1996c, d) to map
the full momentum vector of the recoiling photoionized helium target (see figure 5 for
E, = 80.1 eV) in order to eliminate all possible sources of systematic errors discussed
in the literature (Levinet al 1991, 1993, Berralet al 1993). These are contributions of
low-energy stray light or higher-order harmonic light, contributions due to ionization by
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Figure 22. Ratios of double to single ionizatio®c, after Compton scattering as a function of
the photon energy (Spielbergetal 1996). Experimental data: open circle (RIMS), Spielberger
et al (1996); full circle (RIMS), Spielbergeet al (1995); open triangles, Leviet al (1996);
open diamond, Sagurtat al (1996). Theoretical results, broken curve, Ber@stet al (1995);

full curve, Andersson and Burgder (1994); chain curve, Suriet al (1994). The arrows
indicate the predicted asymptotic rati®s = 1.68% (Amu) of Amusia and Mikhailov (1995a,
b) and Rc = 0.8% (And, Sur) of Andersson and Buriyder (1994) and Suriet al (1994).
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photoelectrons created in the vicinity of the reaction volume, contaminationg dfaiing

the same time of flight as Ke or an enhanced detection solid angle for’Héons due

to an enhanced acceleration in the electrostatic field. Surprisingly the data obtained using
RIMS were found to be on average about 20% lower than all the older data except the first
measurement of Carlson (1967) which has, however, a very different energy dependence.
The data of @rner et al strongly support the theoretical results of Pont and Shakeshaft
(1995) and of Tang and Shimamura (1995) the latter representing the wavefunctions in
hyperspherical coordinates to represent the bound states and the continuum yielding nearly
identical results in the length and acceleration form.

Using a reaction microscope as described at the end of section @dei@t al (1996d)
were able to perform kinematically complete @e) experiments at 1-80 eV above threshold
to explore the three-body break-up of a bound system, which is one of the most fundamental
and still intriguing problems of atomic collision physics (see, e.g., Maulbetsch and Briggs
1993a, b, 1995, Teng and Shakeshaft 1994, Pont and Shakeshaft 1995, Kazanski and
Ostrovsky 1995). The vector momenta of all three escaping particles were determined
simultaneously thus sampling the entire five-dimensional momentum space. At an excess
energy of 1 eV above threshold ar4solid angle was reached for all possible relative
momentum partitions between the emerging two electrons and tké la. This is
substantially different from previous experiments applying electron—electron coincidence
techniques (Schwarzkogtt al 1993, 1994, 1995, Huetet al 1994, Lablanquiest al 1995,
Dawber et al 1995) where only subsets have been measured in coplanar geometry (the
momentum vectors of the two electrokg, k, are in one plane). The effective data
collection efficiency with the recoil-ion technique was orders of magnitude higher than
those reached in the latter experiments.

To elucidate the mechanisms of the three-body break-up 1 eV above the double-
ionization threshold Drner and co-workers choose Jacobian momentum coordinates, i.e.
k; = k1+k, andkg = %(kl—kz) of the electron centre-of-mass motion and the electron-pair
motion, respectively. Neglecting the incoming photon momentum, the measured recoil-ion
momentum is equal te-k; and the electrostatic dipole operatogisr with » = %(r1+r2).

In figure 24 the momentum distributions fky (the motion of the recoil ion)k; (the motion

of either electron) and fokg (the relative motion of the two electrons) are projected onto
the y— plane for—0.1 au< k, < +0.1 au wherez is along the photon polarization vector
andy is perpendicular t& and to the direction of the incoming photon propagation along
x. The Hé&" recoil-ion distribution qualitatively displayed a dipole distribution, whereas
such a behaviour was found to be completely washed out in the momentum distribution of
either electron due to the strong interaction of both electrons in the final state. As mentioned
by the authors, this feature has been observed before by Wehktiz(1991) and Dawber

et al (1995). The relative motion of the two electrons (figure%(however, showed a
distinct pattern indicating that the pair preferentially separates perpendicularly to the photon
polarization axis and, thus, to the recoil-ion motion.

The discussion and clear interpretation of the experimental data in terms of Jacobian
momentum coordinates highlights a further advantage of experiments performed using
reaction microscopes. Since the full solid angle is covered for all of the fragments in
kinematically complete experiments this allows, for the first time, a transformation of the
experimental data to any set of suitable collective coordinates. Such coordinates quite often
elucidate the characteristics of the correlated many-body motion in a much more natural,
intuitive and better adapted way as has been demonstrated frequently in nuclear, molecular
or solid state physics.

The Jacobi coordinates also illustrate the partition of the excess energy, i.e. the incoming



Topical review 2963

&
38
TTTT

=1
TIE R

y momentum (a.u.)

S
|38
llll

EREREERES]

~

a Y -
nnluluuin-u—l—urﬁ||nlnunn

(b

&
)

<

llIlillIltll|llllllllllllllll_‘lIIlllIIlllIlll|lllllllllll|lll|lll|

y momentum (a.u.)

e
o

llllllllllllllllllllllllllllllllllll

(©)
kR .

S
o

Yy momentum (a.u.)
=]

S
o

€

IlllllllllllllllllIIIIlIIII'IIIIIIll

0.2 0 0.2
z momentum (a.u.)

SEEEEREN]

Figure 24. Density plots of projections of the momentum spectra from double ionization of
He by 80.1 eV photons (@mner et al 1996d, see text). The- and y-components of the
momentum are plotted on the horizontal and vertical axes, respectively, the polarization vector
of the photons is in the-direction and the photon propagates in thelirection. Only events

with —0.1 au < k, < 0.1 au are projected onto the plana) (The H&*t recoil-ion (or —k;)
momentum distribution. The outer circle indicates the maximum possible recoil-ion momentum
and the inner circle is the locus of events for which khenotion has half of the excess energy.

(b) The distribution of single-electron momenty (or k2). The circle locates the momentum

of an electron which carries the full excess energyg) The relative electron momentum (or

kr = %(kl — kp)) distribution. The circle identifies the maximum possible valuekigr

photon energy minus the He double-ionization threshold energy, between the electronic
motion alongk, (motion the electron centre of mass) and alépgrelative motion between
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the two electrons). This is shown in figure 25, where the fraction of the excess energy
is plotted versus energy-differential double-ionization cross sections for both motions at
different incoming photon energies above threshold. At threshold most of the excess energy
drives thekg motion whereas at 80 eV above threshold the energy partition between both
motions was found to be about identical in good agreement with the results of a fourth-
order Wannier theory (Feagin 1995, 1996). A close inspection of the recoil-ion emission
characteristics revealed a substantial deviation from an exact dipole-like characteristics at
1 eV above threshold approaching such a pattern with increasing photon energy. The most
recentab initio calculations on the Hé& ion momentum and angular distribution by Pont

and Shakeshaft (1995) show almost perfect agreement with the experiment at 20 eV above
threshold in shape and absolute magnitude. These authors discuss in detail the connection
of the ion momentum with the traditional fivefold differential cross sections emerging from
electron coincidence studies.

In conclusion, applying recoil-ion momentum spectroscopy for the investigation of
ionizing photon—atom interactions has provided the most precise data on the ratio of
double to single-ionization cross sections for helium and, in addition, enabled the first
separate measurement of this ratio for photoabsorption and Compton scattering at high
photon energies. These data serve as benchmarks for recent theories. Moreover, a first
set of kinematically complete experiments on helium double-ionization close to threshold
have been reviewed delivering experimental information with unprecedented completeness
on the full nine-dimensional momentum space for the three-body Coulomb break-up of
helium. Experiments to extend such investigations to higher photon energies and to other
target species are presently being performed at the Advanced Light Source (ALS) of the
Lawrence Berkely National Laboratory (LBNL).

4.3. Electron—atom collisions

A tremendous amount of experimental data has been collected on collisions of electrons
with atoms, among them for a long time the most precise and complete measurements on
single-target ionization in atomic collision physics. In these so-called (e, 2e) experiments
the momenta of two outgoing electrons were measured simultaneously sometimes even
using spin-polarized electrons as projectiles (for reviews see, e.g., Emiaadit(1986),
Weigold and McCarthy (1978), Lahmam-Bennani (1991)). However, due to experimental
difficulties mostly coplanar final electron momenta have been investigated and only two
(e, 3e) measurements, i.e. kinematically complete studies on double ionization of Ar by
electron impact, have been reported in literature to the best of our knowledge (Lahmam-
Bennaniet al 1989, 1992). (e, 3e) experiments are extremely difficult to perform if
conventional spectrometers are used to detect the three outgoing electrons and no such
investigation on the fundamental He target, where the cross sections are considerably
smaller, has been feasible up to now.

Using high-resolution recoil-ion momentum spectroscopy one experiment has been
reported recently (Jagutzldt al 1996) on single and double ionization of He for 270—
3200 eV electron impact. In the study of Jagutzki and co-workers differential, but
still not kinematically complete, information on He double ionization was obtained. In
figure 26 differential cross sectionsr(Pr as a function of the recoil-ion momentum
(Pr = (P2, + Péy + Péz)l/z) are shown for two different impact energies in comparison
with experimental data from (e, 2e) experiments (Ogtadl 1972, Oda 1975) and classical
calculations (broken curve). Similarly to single ionization of He b§ 8leV u™! Ni%*
impact the nCTMC result does not correctly predict the total cross section and was
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multiplied by a factor of 2.9 by the authors for a better comparison with the shape of
the experimental data. From the (e, 2e) results, derived from absodyigEd it can

be concluded that the momentum transfer from the projectile to the ionized electron
Kk = |P — Pi| is typically very small withk < 0.3 au for more than 90% of

the singly ionizing collisions BJ"' are the final and initial electron momentum vectors,
respectively). Under these conditions it was shown by the authorsRhatr — PS5,

i.e. the final recoil-ion momentum mirrors the momentum of the slowly emerging ionized
electron, a behaviour that was found for single ionization in fast ion—atom collisions.
Since the experimental recoil-ion momentum distributions were observed to be in good
agreement with the low-energy part (representing the momentum distribution of the slowly
emitted electron) of the results derived from (e, 2e) data for 500 and 2000 eV it was
concluded by Jagutzki and co-workers that the above assumption was correct. Moreover,
for fast collisions, where the final state interaction between the two emerging electrons
is typically small it can be expected that the measured recoil-ion momentum distribution
should directly reflect the emitted electron bound-state Compton profi i projected

r 1 T T T T g
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i Eo = 500 eV ;]
- pPo = 6 a.w I
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= . ]
© k . ]
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Figure 26. Single-differential ionization cross sectiomw ipne for the recoil ion (full curve,
Jagutzkiet al (1996); broken curveuCTMC calculations) for 500 eV (2000 eV) electrons on
He. The dots show electron-emission cross sectioffsl g calculated from (e, 2e) data of Opal
et al (1972) and Oda (1975).
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onto one axis. Jagutzkeét al were able to show that the projected/dPgr, were
indeed in good agreement with the He Compton profile with some deviation at small
momenta.

In figure 27 experimental (lower part) as well as theoretical (upper part) two-dimensional
momentum distributions in th&z, —Pg plane are shown for the ke 3e)He?* reaction at
an incoming electron energy of 500 eV. The curves in the figures indicate the kinematic
circles for a pure inelastic collision between the electron and the He nucleus. A much
broader distribution in both directions was observed fof ‘Hecoil ions in agreement with
the nCTMC results. This was attributed in the first instance to the broader two-electron
Compton profile. The maximum of this distribution is essentially following the kinematic
circle which has been interpreted to be a clear signature of the incoming electron—nucleus
scattering (Ullrichet al 1994a). Since the kinematics of the three-electron continuum is
much more complex no detailed further conclusions could be extracted from the present
doubly differential data.

The authors emphasized, that these first recoil-ion experiments for electron impact can
only be considered as a first step in the direction of complete (e, 3e) investigations which
are in preparation. It was realized that such measurements will become feasible if two
electrons are observed in coincidence with the recoiling target ion which can be achieved
using reaction microscopes of the type described in section 2.4.

5. Summary

Recoil-ion momentum spectroscopy, the determination of the charge state and of the
momentum of a recoiling target ion emerging from an ionizing collision of an atom with
any kind of radiation, is a technique that has been developed over more than a decade
from the first successful experiments to present high-resolution ‘reaction microscopes’. A
decisive breakthrough was marked by the implementation of (pre-cooled) supersonic jet

(@) T T T (b) T I T T

pl[u.u.]

Py [a.u.]

Figure 27. Double-differential cross section%d/dp”dm for recoil ions emerging from 500 eV

e~ on He collisions (Jagutzldt al 1996). The spacing of the contour lines is linea) {CTMC

single ionization. 1§) nCTMC double ionization. ) and @) experimental data for single and
double ionization, respectively. The full curves represent the pure two-body collision kinematics.
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targets yielding superior recoil-ion momentum resolution atradétection solid angle for
target ions emerging from a large variety of collision-induced atomic reactions. Recently, a
further substantial improvement was achieved by the invention of rigorously new projection
techniques for the detection of electrons and the implementation of such analysers into
high-resolution RIM spectrometers. The newest instruments of this kind, termed ‘reaction
microscopes’ enable us to determine the momentum vectors of up to four reaction products
(the recoil ion and three emitted electrons) with solid angles exceeding those of conventional
methods by many orders of magnitude.

In essence, these two technical innovations have initiated a new generation of atomic
collision experiments which are unprecedented in resolution, completeness and broadness,
covering the entire range of different projectiles (ions, photons, electrons and antiparticles)
and collision velocities available at advanced accelerator and synchrotron radiation facilities.
Outstanding examples are: (i) The first kinematically complete experiments for single
and double ionization of atoms by ion impact at GeV energies. (ii) The mapping of the
two-dimensional final electron momentum space in low-energy (5-15 keV) proton—helium
collisions for a defined internuclear impact parameter and collision plane. (iii) The imaging
of the complete nine-dimensional momentum space after double photoionization of helium
at energies close to threshold. (iv) The first experimental separation of the contributions of
Compton scattering and photoabsorption to helium double ionization at keV photon energies.

As the most advanced reaction microscopes have only been in operation for about
two years, the experimental results reviewed in this paper can certainly be considered
as just being the fascinating starting point of a large series of kinematically complete
experiments to be performed in the near future. One might envisage a variety of exciting
results on the dynamics of many-electron transitions and of the electron—electron correlation
in atomic collisions, and also its impact on neighbouring fields like atomic structure
investigations for heavy few-electron systems, multi-photon ionization in strong laser fields
or the collision-induced disintegration of molecules. It has been pointed out (Ulitich
al 1994a, Moshammeet al 1996c¢) that the techniqgue might even be profitable for the
investigation of the electroweak interaction: kinematically complgtdecay experiments
should enable high-precision electron—neutrino angular correlation measurements and, in
the far future, a precise neutrino mass determination.
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