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Abstract

Cold Target Recoil Ion Momentum Spectroscopy (COLTRIMS) is a novel momentum space imaging
technique for the investigation of the dynamics of ionizing ion, electron or photon impact reactions with
atoms or molecules. It allows the measurement of the previously undetectable small three dimensional
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momentum vector of the recoiling target ion created in those reactions with high resolution and 4p solid
angle. Combined with novel 4p electron momentum analysers it is a momentum microscope for kinemati-
cally complete scattering experiments. We review the technical development, outline the kinematics of atomic
reactions from the perspective of the recoil ion, and give an overview of the studies performed with this
technique. These studies yield kinematically complete pictures of the correlated motion of the fragments of
atomic and molecular breakup processes, unprecedented in resolution, detail and completeness. The
multiple-dimensional momentum-space images often directly unveil the physical mechanism underlying the
many-particle transitions investigated. The experiments reviewed here include reactions of single and
multiple capture and ionization induced by keV proton to GeV/u U92` impact, electron and antiproton
impact ionization as well as single and double ionization by photoabsorbtion and Compton scattering from
threshold to 100keV. We give an outlook on the exciting future prospects of the method for atomic physics
and other "elds of science. ( 2000 Elsevier Science B.V. All rights reserved.

PACS: 34.50.Fa; 34.70.#e; 32.80.Cy; 31.25.!v; 39.30.#w; 39.90.#d

Keywords: Recoil ion; Ionization; Imaging; Spectroscopy; Ion}atom collisions; Photoionization
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1Despite of its importance, we neglect the spin for the rest of this review. The lack of e$cient spin-sensitive electron
detectors up to today is prohibitive for spin selective many-particle coincidence experiments.

1. Introduction

Stationary systems in which the interaction potential is exactly known, can be described by
quantum mechanics with an extremely high precision. For the energy eigenvalues, the central
stationary observable, nearly perfect agreement between experiment and theory has been obtained
(see, e.g. [1}8]). Dynamical many-body systems on the other hand are still a major challenge for
theory and experiment. Today they are the basic issue of many "elds of physics such as solid state,
nuclear and atomic physics. The last is in the fortunate situation that in atomic systems the
interaction potential is exactly known. Thus all disagreement between theory and experiment in
this "eld can be attributed to the many-body aspects and the dynamics of the problem. This makes
it even more surprising that such apparently simple problems as the emission of a single electron
from an atom by slow charged-particle impact or the emission of two electrons by absorption or
Compton scattering of a single photon still challenge theory and experiment. This puzzling lack of
understanding of the dynamics of many-body systems is in troubling contrast to the importance of
such systems for our everyday world. Structure and evolution of our macroscopic world is to
a large extent determined by the dynamics of many-electron processes. They are responsible for
many solid state e!ects such as superconductivity but most prominently they govern and fuel
chemical reactions and all biological systems.

Atomic and molecular many-particle reactions are characterized by fully di!erential cross-
sections (FDCS), i.e. cross-sections di!erential in all observables of the "nal-state. In an ionization
process this typically corresponds to the vector momenta, spins and internal excitation of all
reaction products. Such FDCS provide the most stringent test for theory. Any integration over
observables often masks important characteristics of the process. In turn, experimental FDCS in
the best case directly unveil mechanisms of the many-particle transition. The lack of experimental
data on such important details of simple and hence fundamental atomic reactions has for long
delayed the development of many-particle collision theory. The goal of Cold Target Recoil Ion
Momentum Spectroscopy COLTRIMS is to provide a tool for kinematically complete studies of
three- and more-particle atomic collision systems. By kinematically complete we mean that the
momenta (and thus angle and energy) of all involved particles are observed in coincidence but the
spin is not determined.1

For electron impact target single ionization (so called (e,2e)-experiments), systematic experi-
mental and theoretical studies of FDCS exist (see [9}11] for reviews). For target double ionization
induced by electron impact so far only very few complete di!erential cross sections (see [11] for
a review and [12}18]) have been published. These data typically view a very small fraction of the
"nal state momentum space. In the "eld of photoionization tremendous progress has been made in
the recent years. Following the pioneering work of Schwarzkopf et al. [19], experimental data for
FDCS for double ionization of He have been obtained by several groups [19}27].

All these data have been measured using traditional electron-spectroscopy techniques. To yield
su$ciently high resolution for the momentum of the ejected electron, the solid angle X of the
electron spectrometer is strongly limited, typically to less than 10~3 of 4p. In a two- or even
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three-electron coincidence experiment the total coincidence e$ciency is thus extremely small
(10~8). This explains why, so far, systematic investigations of FDCS could be performed only for
a few many-particle reactions. In addition, the low counting rate and the geometry of the
experimental setup mostly restricted those studies to speci"c kinematical conditions (e.g. all
emerging particles in one plane). Obtaining a desirable overview over the complete "nal state with
this techniques would in general require hundreds of separate experiments (see [28] for such an
attempt in (e,2e)-experiments).

In this paper we review a rapid development of a new experimental approach, the COLTRIMS-
technique, which overcame many of these problems on a basic level (for earlier reviews on this "eld
see [29}33]). The experimental solution is an imaging technique using a well localized reaction
zone and electromagnetic "elds to guide all charged fragments towards large-area position- and
time-sensitive detectors. From the measurement of the time-of-#ight and the position of impact for
each particle its momentum vector can be determined. Such an imaging technique has "rst been
used for measuring the ion momenta from atomic reactions and has soon been generalized to
electron detection as well.

For an atomic reaction it is for at least three reasons particularly desirable to determine the
vector momentum of the recoiling ion. First, the charge state of the ion gives the multiplicity of the
process. Second, there are many reactions of charged particles or photons with atoms where the
momentum imparted to the ion gives unique information on the dynamical mechanism of the
reaction. The measurement of the ion momentum alone allows, e.g. already the separation of
Compton scattering from photo absorption, the identi"cation of the electron}electron interaction
between two centers or higher-order processes in transfer ionization or the determination of the
"nal state of a capture reaction. These and many more examples of the richness of information
inherent in the ionic momentum will be discussed in detail in Sections 4 and 5. Third, for
a kinematically complete experiment with n particles in the "nal state, it is necessary to measure
3n!3 momentum components (3n!4 if the Q-value is known). The remaining 3(4) momenta can
be inferred from the others by exploiting the momentum- and energy-conservation laws. In fast ion
impact atomic reactions the projectile su!ers typically a very small relative momentum change.
Only for very selective collisions systems this momentum change could be measured [34}36]. For
reactions like 3.6MeV Ni24` on He (see Section 4.2.6) for example the energy loss of the projectile
(*E/E) is in the range of 10~7 and the typical scattering angle leads to a de#ection in the range of
1mm over 1 km (lrad). Thus for such fast heavy particle collisions the coincident detection of ion
and electron momenta gives, via momentum conservation, the only practical access to the
projectile momentum change and thus to a kinematically complete experiment. Historically this
problem of the unmeasurably small projectile momentum change motivated the development of
the "rst spectrometer for measuring transverse momenta of recoil ions [37].

The idea of such a recoil ion momentum measurement has certainly been considered by many
experimental atomic physicists. One immediately recognizes, however, that the target atom at
room temperature has already such a large initial momentum spread that typical momenta of the
recoil ions gained in the collision are largely covered by the target thermal motion at room
temperature (He at room temperature has about 4.6 a.u. mean momentum). This was the reason
why the measurement of the momentum of the recoil ion was for a long time not seriously exploited
as an alternative high-resolution spectroscopy technique in ion-atom collisions [38]. Using existing
techniques for gas target cooling, however, the initial target momentum spread can be reduced
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dramatically. As will be shown below, the target can be cooled to temperatures far below 1 K. With
modern laser-cooling techniques, in particular successful for cooling of the alkali atoms, temper-
atures in the few lK range, i.e. a few neV kinetic energy of the target atoms, are feasible. The use of
such cold trapped atoms for ion momentum measurements is currently explored in several
laboratories. Using supersonic gas target devices for He a few mK has already been obtained,
which is equivalent to a He kinetic energy of below 1leV. In present COLTRIMS devices based on
supersonic gas jet targets a momentum resolution of 0.05}0.2 a.u. for the recoil ion and a detection
e$ciency of about 60% of all ions from a reaction (4p solid angle but 60% detection e$ciency) is
routinely achieved.

Before high-resolution COLTRIMS was developed recoil ion momenta in atomic physics have
been measured already in the sixties for slow or small impact parameter collisions, which lead to
ion energies of 101}103 eV. The momenta of those ions, whose energies in the present context were
extremely high, have been measured for example by Everhard and Kessel [39,40] and Federenko
[41]. For fast charged-particle collisions and photoionization, the recoil ion energies are in the
meV regime or even below. The charge state distribution of such slow ions has been measured in
numerous experiments using a time-of-#ight technique or magnetic de#ection (see [42] for
a review). First attempts on measuring angles and momenta of slow recoil ions were reported
already in the seventies [43}48]. Ullrich and Schmidt-BoK cking [37] succeeded 1987 in the "rst
quantitative measurement of transverse recoil ion momenta in 340 MeV U32` on Ne collisions
[37,49,50]. They used a static room temperature gas target, time-of-#ight measurement in a "eld-
free drift tube and magnetic ion charge state selection. The technical development from this "rst
recoil ion momentum spectrometer to todays most advanced momentum microscopes will be
discussed in detail in Section 3. The momentum resolution of this gas cell spectrometer was
considerably improved using a cooled gas cell (30K) [51,52], and "rst Multiple-DCS have been
measured by coincident detection of recoil ion and projectile transverse momenta [51}61]. Parallel
to this development at University Frankfurt Germany, Cocke and coworkers at Kansas State
University have used warm e!usive gas-jet targets and an electric projection "eld [62,63]. They
measured the "rst recoil ion longitudinal momentum distributions, deducing the Q-value of the
collision. Since 1991 at the University Frankfurt (Germany) [64] and at CIRIL/GANIL (Caen,
France) [65] recoil ion momentum spectrometers based on supersonic gas-jet targets have been
developed. The extremely low internal temperature of such gas-jets (typically below 1 K) yielded
a momentum resolution of 0.2 a.u. and below, more than a factor of 10 better than e!usive or static
target devices. An even colder gas target has been built using precooling of the target gas to 15K
[66,67]. The ionic momentum resolution in these devices was in most cases not limited by the
internal target temperature but by the extension of the target in the ion momentum spectrometer.
Spectrometers with electrostatic lenses today eliminate this problem by focussing in all three spatial
dimensions and yield an ion-momentum resolution of 0.05 a.u. [31,68}70]. Presently at least in
seven laboratories such COLTRIMS devices are in operation (Argonne, GANIL, GSI, Frankfurt,
KSU, LBNL, RIKEN) and many more are in preparation.

The latest step in this rapid development was the combination of such COLTRIMS spectrom-
eters with novel electron projection spectrometers. These electron imaging systems apply the basic
principle of COLTRIMS to electron detection. For very low electron energies (typically (5 eV)
the same electric "eld which projects the positive ions onto one detector guides the negative
electrons towards another detector [71}75]. Moshammer and coworkers have developed an
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electron spectrometer which superimposes a solenoidal magnetic "eld parallel to the electrostatic
"eld. This novel electron analyzer extends the projection technique for electrons towards much
higher electron energies [76,77]. Such electron projection spectrometers achieve high resolution
and 2p}4p solid angle even for zero energy electrons. A resolution of $5 meV at zero energy and
full solid angle up to 300 eV has been reported [77]. In particular the detection of such very
low-energy electrons is extremely di$cult by conventional spectrometers. These projection spec-
trometers can be equipped with fast delayline detectors, capable of handling multiple hits [78].
Thus, all electrons from multi-electron reactions can be analyzed simultaneously [79]. Merging
a high resolution recoil ion with such a multi-electron projection spectrometer creates an extremely
versatile and powerful tool for atomic and molecular collision physics. Kinematically complete
experiments for single ionization in slow, adiabatic collisions, for collisions of fast protons and
antiprotons, for highly charged projectile impact, for relativistic collisions, for electron-impact and
photon-induced double ionization by linearly and circularly polarized light have been performed
already. In pioneering experiments for multiple ionization by fast ion impact, more than two
electrons have been detected together with the recoil ion momentum [80].

This review paper is organized as follows: In Section 2 we present the kinematics of atomic
reactions induced by heavy projectiles, electrons and photons from the perspective of the mo-
mentum transfer to the recoiling ion. The goal is to give guidance for the interpretation of recoil ion
momentum spectra and to illustrate the large amount of information on the reaction which can be
obtained from the momentum of the recoiling ion. This is followed (Section 3) by a review of the
technical development from the "rst recoil ion spectrometers to the most advanced ion-electron
momentum imaging systems, termed reaction microscopes. We complete this experimental section
by a brief discussion of supersonic gas-jet targets and position sensitive detectors, the two most
important ingredients of COLTRIMS. In Section 4 we give an overview on the experimental results
obtained by this technique so far for charged particle impact and in Section 5 for photon impact.
The overview covers most "elds of atomic collision physics, including single capture and single
ionization by ion impact, multiple-electron processes like double capture, transfer ionization and
multiple ionization, electron impact ionization, photon-induced double ionization by linearly and
circularly polarized light, Compton scattering and electron emission from aligned molecules. The
energies of the projectiles range, for charged particles, from a hundred eV electrons to GeV/u bare
uranium and, for photons, from threshold to 100keV. This broad range of topics illustrates the
fruitful and wide impact which the still young technique of COLTRIMS has already had. We
conclude this review with an outline of some of the future perspectives of this technique and by at
least naming some of the possible applications to other "elds of physics.

2. Kinematics of recoil ion production

Independent of the dynamics of the ionization process, the observable momenta of collision
fragments (recoiling ion, electrons and scattered projectile) are interrelated by the conservation
laws of momentum and energy. The "nal state of a reaction with n fragments in the exit channel is
described by 3n momentum components (neglecting the spin) plus internal excitation energies
(Q-value). Due to momentum and energy conservation, however, only 3n!3 of these momenta are
independent. Thus the reaction is kinematically fully determined by (3n!3) linearly independent
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scalars or a (3n!3)-fold di!erential cross section. In the case of complete fragmentation (i.e. no
internal excitation energy) the reaction kinematics is fully determined by 3n!4 scalars. In this
section we give a short outline of these kinematical relations from the perspective of the recoiling
ion.

Throughout this paper we use atomic units (a.u.) with

m
%
,+,e,1 and c,137. (1)

2.1. Ion}atom collisions

The typical momentum transfer in most ion}atom collisions is in the range of a few atomic units.
This is only a small fraction of the initial momentum of the projectile in most collisions. For
example in MeV p on He collisions the momentum exchange will be less than 10~4 of the initial
projectile momentum. Thus observation of momentum transfer in ion}atom collisions by projectile
detection (scattering angle and/or energy gain or loss measurements) is restricted in resolution by
the fact that in the laboratory system a small change of a huge momentum must be resolved. Much
higher resolution can be achieved by measuring quantities like electron or recoil ion momenta since
these reaction products are initially nearly at rest in the laboratory frame. Because any momentum
change of the projectile must be compensated by the sum momentum of the recoiling ion and all
emitted electrons, the complete momentum balance of the reaction can be measured with much
improved resolution by detecting recoil ion and electrons (i.e. by the so called inverse kinematics).

Utilizing relativistic mechanics, the change of the projectile longitudinal momentum *k
,130

for
an ion atom collision in which n

3
target electrons and n

1
projectile electrons are emitted to the

continuum and n
#

target electrons are captured to projectile bound states, is given by

*k
@@130

"

Q
v
130

!

+n3`n1
j/1

Ej
#0/5

v
130

#

n
#
!n

1
1#c~1

v
130

. (2)

Q is the di!erence of the sum of all atomic and ionic binding energies before and after the reaction,
(Q(0 denotes endothermic reactions), Ej

#0/5
is the kinetic energy of electron j which is emitted to

the continuum measured in its parent atom rest frame, v
130

is the projectile velocity and the
relativistic factor c"1/J1!v2

130
/c2. A detailed derivation can be found in [68]. In the nonrelativ-

istic case Eq. (2) is valid if the projectile energy change is small compared to the projectile kinetic
energy. In the ultrarelativistic case, if the energy change is small compared to the relativistic total
energy. Additionally Eq. (2) is only valid if the change of mass of the projectile is small compared to
its relativistic initial mass. Both approximations are well ful"lled in practically all (distant)
ion}atom collisions. From the three terms of the projectile momentum change in Eq. (2) the "rst
and second one re#ect the fact that all kinetic and potential energy delivered to electrons has to
come from the projectile and thus leads to a projectile momentum loss. The third term re#ects the
projectile momentum change due to its change of mass by capturing or losing electrons.

For the recoiling ions the momenta in the transverse and longitudinal directions completely
decouple within the approximation outlined above. For a polar projectile scattering angle
0
130

;1 the recoiling ion momenta in the two directions perpendicular to the beam k
x,y3%#
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are given by:

k
x3%#

"!Am130
v
130

0
130

cos U
130

#

n3`n1
+
j/1

kj
xB ,

k
y3%#

"!Am130
v
130

0
130

sinU
130

#

n3`n1
+
j/1

kj
yB , (3)

where U
130

is the azimuthal scattering angle of the projectile with mass m
130

and kj
x,y

are the
momentum components of electron j. For pure capture reactions where no electron is emitted to
the continuum thus the recoil ion transverse momentum alone re#ects the scattering angle of the
projectile. This allows for extremely precise scattering angle measurements even for fast collisions
where the typical projectile scattering angles are unmeasurably small.

The recoil ion momentum in the longitudinal direction (k
@@3%#

) can be calculated using energy and
momentum conservation to be

k
@@3%#

"k#!1563%
@@3%#

#k*0/*;!5*0/
@@3%#

#k-044
@@3%#

, (4)
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#
v
130
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!

Q
#

v
130

, (5)

k*0/*;!5*0/
@@3%#

"

n3
+
k/1

Ek
"*/$

#Ek
#0/5

v
130

!kk
@@%

, (6)

k-044
@@3%#

"

n1
+
l/1

E-
"*/$

#c~1E-
#0/5

v
130

. (7)

The three terms of the sum originate from contributions of electron transfer to the projectile,
ionization of the target and ionization of the projectile (loss). The initial state binding energies
E
"*/$

of electrons of the projectile or target are taken to be positive. The kinetic energies of the
electrons lost from the projectile E-

#0/5
are measured in the projectile frame (not in the laboratory as

all other quantities in the equation). Eqs. (4)}(7) are valid for relativistic and nonrelativistic
collisions (c"1 for the latter) within the same approximation as above, that the energy and mass
change of the projectile are both small compared to the initial energy and relativistic mass. As can
be seen from Eq. (6) elastic collisions resulting in small scattering angles do not transfer longitudi-
nal momentum to the recoiling ion. Furthermore the transverse and longitudinal momenta of
recoil ion as well as of the projectile are fully decoupled. The recoil ion longitudinal momentum
re#ects the inelasticity of the reaction and the electron longitudinal momenta. We will brie#y
discuss the physical consequences of Eqs. (4)}(7) for capture (Section 2.1.1), target ionization
(Section 2.1.2) and projectile energy loss (Section 2.1.3). A more detailed discussion is given in
Section 4 along with the experimental results.

2.1.1. Kinematics of electron capture reactions
For electron-capture reactions (k*0/*;!5*0/

@@3%#
"k-044

@@3%#
"0) k

@@3%#
has discrete values since the Q-value

of the reaction is quantized. Thus measuring k
@@3%#

is equivalent to traditional translational
spectroscopy, with similar resolution at low projectile velocities but decisive advantages for fast
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collisions or heavy projectiles. The Q-value for single capture reactions is related to the recoil ion
"nal state longitudinal momentum by

Q"!

v2
130

1#c~1
!v

130
k
@@3%#

. (8)

A recoil resolution of 0.05 a.u. results in a Q-value resolution of about 6 eV for a 10 MeV Ne
projectile (*E/E(10~6). This is already more than factor of 10 better than the best resolution
obtainable by projectile energy gain spectroscopy. Even in the slow collision regime the resolution
reachable by COLTRIMS for energy gain measurements is in many cases much superior to even
the best energy gain measurements performed so far. For example, for 5 keV/u Ar projectiles one
reaches a Q-value resolution of 0.6 eV or *E/E"3]10~6. In addition to the Q-value COLTRIMS
studies yield automatically the transverse momentum distribution of the ion for each "nal state.
The recoil ion transverse momentum for pure capture reactions mirrors the projectile scattering
angle (see Eq. (3)). For slow collisions thus the impact parameter can be inferred. Examples of
applications will be discussed in Section 4.1.1.

2.1.2. Kinematics of target ionization
For pure target ionization k

@@3%#
can be obtained from the momenta of all electrons. For multiple

ionization k
@@3%#

re#ects the sum energy and longitudinal momenta of all electrons, allowing for
a detailed check of theories of multiple electron processes without detecting all electrons in
coincidence. For fast collisions and slow electrons the "rst term in Eq. (6) is small and Eq. (6)
simpli"es to

k
@@3%#

"!

nR
+
k/1

kk
@@%

. (9)

The recoil ion longitudinal momentum just mirrors the sum longitudinal momenta of all emitted
electrons. This has been demonstrated and widely used in experiments at GSI (Darmstadt) and
CIRIL/GANIL (Caen) [32,76,77,81,82].

Two illustrations of Eqs. (9) and (6) are given in Figs. 1 and 2. For single ionization of He by
0.5MeV protons (v

130
"4.5 a.u.) the term E

%
/v

130
is, for most events, a small contribution. The main

contribution to the cross section found close to k
@@3%#

"!k
@@%
#E

"*/$
/v

130
(Fig. 1). For smaller

projectile velocities (v
130

"0.77 a.u. in Fig. 2) however, the term E
#0/5

/v
130

cannot be neglected. As
a consequence of this a lower threshold for the recoil ion longitudinal momentum becomes visible.
From Eq. (6) it follows that this lowest kinematically allowed value of k.*/

@@3%#
for ionizing collisions

corresponds to electrons travelling with the projectile in forward direction (electron capture to the
continuum, ECC) [83] with

k.*/
@@3%#

"!

v
130
2

!

E
"*/$

v
130

. (10)

Such electrons are known to produce a singularity in zero degree electron spectra. In the
distribution of k

@@3%#
the ECC shows up as a step instead of a smooth onset of the cross section at

k.*/
@@3%#

[83,84].
Another prominent feature in electron spectra is the binary-encounter (BE) peak at an energy of

E
BE

"2v2
130

cos02
%

for a polar emission angle of 0
%
. Inserting this relation in Eq. (6) leads to

R. Do( rner et al. / Physics Reports 330 (2000) 95}192104



Fig. 1. Correspondence of He1` k
,%

and k
,3%#

for 500 keV proton impact single ionization of He. The distribution has
been integrated over the transverse momenta of all particles. The distribution is shifted forward from the origin by
a momentum of E

"*/$
/v

130
, the E

#0/5
/v

130
is small and yields some broadening of the diagonal (from [84]).

Fig. 2. Correspondence of k
,%

and He1` k
,3%#

for 15 keV proton impact single ionization of He. The distribution has
been integrated over the transverse momenta of all particles. The threshold at k.*/

,3%#
"0.78 a.u. (dashed dotted line)

corresponding to electrons traveling with the velocity of the projectile (v
130

"0.77 a.u.) is visible (from [90]).
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Fig. 3. Longitudinal momentum distribution of He` ions from 15keV proton impact. The dominant peak is due to
capture to the projectile ground state. The arrow indicates the position of the capture to the projectile continuum (k.*/

,3%#
of

Eq. (10)). The distribution for ionization has been measured separately by detecting an electron in coincidence with the
recoil ion. The momentum resolution is $0.035 a.u., equivalent to an energy gain resolution of $0.7 eV and a recoil ion
energy resolution of $4.5l eV (from [30]).

kBE
@@3%#

"E
"*/$

/v
130

. Thus, if one neglects this binding energy term, the recoil ion indeed remains
a spectator in the production of BE electrons.

The relation between electron momentum vector and recoil ion longitudinal momentum (Eq. (6))
has been used by Tribedi and coworkers [85}87] to obtain recoil ion longitudinal momentum
distributions by high resolution electron spectroscopy.

The features of capture and ionization can be seen in the longitudinal recoil ion momentum
distribution for He1` ions produced by 15 keV protons (Fig. 3). The discrete peaks correspond to
Q-values for capture to excited states of the proton and to capture plus simultaneous excitation of
the target. The Rydberg series of capture to bound projectile states converges from the left side
towards k.*/

,3%#
corresponding to capture to the continuum. It is followed by the continuous

spectrum of ionization.

2.1.3. Kinematics of projectile ionization
For pure projectile ionization the momentum transfer to the target is, in the nonrelativistic limit,

given by (E
"*/$

#E-
#0/5

)/v
130

where the electron energy E-
#0/5

is measured in the projectile system.
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Fig. 4. Distribution of recoil ion longitudinal momenta for the reaction O7`#HePO8`#He1`#2e~(from [88]).

Thus, the recoil ion longitudinal momentum can be transformed directly in an energy spectrum of
loss electrons. As for target ionization, the longitudinal recoil momentum distribution has a lower
threshold. Fig. 4 reported by Wu and coworkers [88,89] shows strong forward emission of the
recoil ion in an electron loss reaction. COLTRIMS requires the production of an ion, thus
projectile ionization can only be investigated if it is accompanied by simultaneous target ioniz-
ation. In this case the momentum transfer to the target can be shared between the recoiling ion and
the target electron. Observing the recoil ion for such reactions gives a unique "ngerprint to
distinguish between projectile ionization by the electron}electron interaction and by the electron-
nuclear interaction (see Section 4.2.3).

2.2. Electron}atom collisions

For electron-impact ionization in general none of the above approximations is valid. The energy
loss of the projectile is in many cases not negligible and the projectile scattering is much more likely
to lead to larger scattering angles. Both e!ects couple the longitudinal and transverse momenta of
the recoil ion to projectile scattering and energy loss. The two components cannot be treated
separately. Eqs. (4)}(7) hold only for fast collisions with small momentum transfer. In this case for
example the binary peak, as it shows up in (e,2e) experiments, corresponds to the binary-encounter
electrons from ion impact discussed in Section 2.1.2.

2.3. Photon}atom collisions

For photon impact we consider the two cases of photoabsorption (Section 2.3.1), and
Compton scattering (Section 2.3.2). In both cases we restrict the discussion to nonrelativistic photo
electrons.
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2.3.1. Kinematics of photoabsorption
For absorption of a photon propagating in z direction leading to emission of a single electron

and a recoiling ion momentum conservation yields

0"k
x,y3%#

#k
x,y%
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combining this with the conservation law of energy one obtains [91]
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If one neglects the (small) photon momentum Ec/c, which is a good approximation in many
cases, this equation describes a sphere in momentum space with radius
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being the di!erence in total binding energies of the atom and ion in the initial and "nal state).
In this approximation electron and recoil ion emerge antiparallel with the above momentum. Due
to the mass of the ion, however, most of the energy is in the electronic motion, only a fraction of
m

%
/(m

%
#m

3%#
) is in the kinetic energy of the recoiling ion. For single ionization of 80 eV photons by

He atoms Fig. 5 shows a two-dimensional slice through the momentum sphere of the ions [92]. The
rings result from He1` ions in di!erent excited states (di!erent Ec!E*

"*/$
#E&

"*/$
). For a more

detailed discussion see Section 5.1.
If one takes the photon momentum into account, two small corrections arise. First, both

momentum spheres, of photo electron and ion, are slightly shifted into the forward direction by the
photon momentum. Due to the electron/recoil ion mass ratio most of this photon momentum
couples to the ionic motion. The ionic momentum sphere given by Eq. (13) is shifted by
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while the respective shift for the electron momentum is smaller by m
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. The second correction is

a shrinking of the momentum sphere of electrons and ions by the term
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This results from the tiny shift of the center of mass of the system by the photon. This correction is
of the range of 10~18 of the momenta and, thus, irrelevant for all practical purposes.

For multiple ionization by photon impact one has to replace the electron momentum in the
above equations by the sum momenta of all emitted electrons. Since these electrons can be emitted
in all directions the ionic momentum for double ionization for example can range from k

3%#
"0 to

a maximum of k
3%#

"2JE
%9#%44

, where E
%9#%44

is the energy of the photon minus the electron
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Fig. 5. (a) Momentum distribution of He1` ions emitted after 80 eV photon impact. The x-axis is the direction of the
polarization axis of the linear polarized light from an undulator (and at the same time the direction of the electric "eld of
the spectrometer), the y-axis is the direction of the gas-jet, perpendicular to the propagation of the light and the
polarization axis. The data represent a slice through a three-dimensional distribution and are integrated over a range of
$0.1 a.u. in the third direction. The outer ring corresponds to ions in the ground state, the inner rings to excited states
(from [90]).

binding energy. The zero value corresponds to equal energy electrons emerging back to back, the
latter to two equal energy electrons emitted to the same direction. For the investigation of multiple
photoionization processes, the recoil ion momentum measurement yields information on the
correlated emission of the electrons. It mirrors the sum momentum of all emitted electrons.

2.3.2. Kinematics of compton scattering
Compton scattering can occur for unbound electrons. The momentum transfer takes place

between the photon and the emitted electron. Momenta and energies are balanced between photon
and electron. The recoil ion momentum re#ects the initial momentum of the bound electron. Thus
contrary to photoabsorption Compton scattering can be expected to create slow recoil ions.
Spielberger and and coworkers have shown this di!erence between photoabsorption and Compton
scattering experimentally [93] (see Section 5.5).

3. Experimental technique

Today's recoil ion momentum spectroscopy is the result of 15 yr of experimental development.
Historically, the "rst recoil ion momentum spectrometers used extended gas targets and a "eld free
drift path for the ions. We will "rst brie#y review these devices (Section 3.1), which were used for
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some of the pioneering experiments in recoil ion momentum spectroscopy. They allowed
a measurement of the transverse recoil ion momentum with a solid angle of a few percent. The
resolution was restricted by the thermal motion of the target and was 4.2 a.u. for He in the "rst
spectrometer operating at room temperature and 1.2 a.u. in the next version operating at 30K.
Similar resolution, but for the "rst time 4p solid angle and information on the longitudinal
momentum, was obtained by using an e!usive gas target and projection "elds (Section 3.2). The key
to today's high-resolution COLTRIMS systems is a combination of a cold localized gas-jet target,
large area position-sensitive detectors for low-energy ion and electron detection and arrangement
of electric and in some cases magnetic "elds to guide the ions and electrons from the target region
to the detectors. We will therefore give a brief description of the supersonic gas-jet used (Section
3.3). This section naturally cannot review the very active "eld of research on and with supersonic
gas-jets but only outline some of the basic properties of such jets which are of importance for their
application in COLTRIMS. Di!erent designs for spectrometers, i.e. for creation of the electric
"elds, are used at di!erent laboratories. In Section 3.4 we will present these di!erent concepts and
will describe the way the momentum information can be obtained from the measured positions and
time of #ights. We will in particular discuss the range of accepted momenta and the momentum
resolution achievable. The imaging concept for ions has been adopted for electron momentum
space imaging as well. We brie#y discuss the concept of such novel electron imaging devices in
Section 3.5.

Large area position-sensitive detectors have to be used for COLTRIMS. Since the ions and
electrons have much too low energies to produce a signal in any kind of detector material or to
penetrate even a very thin detector window or dead layer, e$cient and position sensitive secondary
electron multipliers have to be used. Again we have to refer the reader to special literature on this
subject, e.g. [94}96] for comprehensive information and only give a brief description of the
micro-channel-plate detectors with wedge-and-strip read out and with delay-line read out which
have mostly been applied in the work reviewed here.

3.1. Extended gas-target devices

The goal of the "rst recoil ion momentum spectroscopy (RIMS) experiments was to measure
multiple ionization and capture cross-sections for fast (1.4}5.6MeV/u) heavy-ion-atom collisions
di!erential in projectile scattering angle [37]. Since the projectile scattering in those collisions leads
only to a de#ection of the projectile of a few lm over 10m it cannot be measured directly. Thus, the
"rst RIMS experiments intended to measure the transverse momentum transfer to the projectile by
measuring the transverse momentum of the recoil ion. An extended cylindrical static gas target of
4 cm cylinder length and 1 cm diameter was used. The beam passed along the axis of the cylinder
designed as a Faraday cage &free' of electric "elds. The ions, created along the beam path, drifted
towards the wall of the cylinder in a time *t inverse proportional to their transverse momentum.
The ions left the cylinder through a small aperture, which was a 1mm hole in a "rst setup and a slit
of 20]1mm in a second version of the spectrometer. They were accelerated over 500V, pass
a focussing einzellens and were charge state analyzed by a magnet before they hit a position-
sensitive channel-plate detector. The drift region was shielded from the acceleration "eld by
a woven mesh (similar to the spectrometer shown in Fig. 6). The transverse momentum was
obtained from the time of #ight measured in coincidence with the projectile and the recoil ion
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Fig. 6. Recoil ion spectrometer with cooled static gas cell. The spectrometer is mounted on a cryogenic cold head (from
[53]).

charge state is obtained from the position on the channel-plate detector. In the "rst spectrometer of
this type the gas cell was at room temperature. The momentum distribution from thermal motion
of the target gas before the collision restricted the transverse momentum resolution to 4.2 (8.3) a.u.
for He (Ne) targets. Typical recoil ion time of #ights in such "eld free spectrometers were up to 20ls
[37]. A detailed description of this spectrometer can be found in [97]. To compare the experi-
mental result to theoretical predictions in most cases the theory was folded with the thermal
momentum distribution. The pioneering experiment yielding the transverse momentum distribu-
tion in fast U}Ne collisions are described in Section 4.2.6. A signi"cant improvement in resolution
was achieved by precooling the target gas and operating the gas cell on a temperature of 30K
[51}61]. A sketch of this spectrometer is shown in Fig. 6. The cooling reduced the in#uence of
thermal motion to 1.2 a.u. for He gas, which corresponds to a recoil ion energy of 2.5meV. On this
level great care has to be taken to avoid any contact potential inside the "eld free drift region. The
cylinder was gold plated and a woven copper mesh of 0.12mm by 0.12mm spacing covered the
inside walls and shielded the acceleration "eld from the drift region. Before each experiment the
apparatus was carefully cleaned in a supersonic bath. From the reproducibility of the results the
absolute accuracy of the recoil ion energy measurements was estimated to be $5 meV. A more
detailed discussion of this spectrometer can be found in [98]. The apparatus was used mainly for
coincident measurement of recoil ion transverse momenta with the projectile polar and azimuthal
scattering angle (see Section 4 [51}61]).
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3.2. Ewusive gas targets

Frohne et al. [62] and Ali et al. [63] measured recoil ion momenta using an e!usive gas jet target.
The directed gas #ow was achieved by a multi-capillary array. The collimated projectile beam
passed only few mm above this gas outlet. The ions created in this region were extracted by an
electric "eld onto a position-sensitive channel-plate detector. The gas-jet was directed onto this
detector. The momentum resolution achieved with this technique for a Ne target was about 6 a.u. in
the direction transverse to the jet and 8}10 a.u. in the longitudinal direction [99,63], comparable to
what was achieved with the cooled gas cell for Ne [60,61]. The collimation of the gas #ow in the
channels of the capillary array lead to this e!ective cooling. With this device for the "rst time
a measurement of the longitudinal recoil ion momentum could be performed. In addition these
devices were the "rst to yield a 4p solid angle for all ions. The recoil ion charge state was
determined from the mean time of #ight in the spectrometer, the momentum from the position on
the channel plate and the deviation of the time of #ight from the center of the TOF distribution for
a given charge to mass ratio. This will be described in more detail in the next section. Wu and
coworkers reported on a much improved longitudinal momentum resolution achieved by collimat-
ing the e!usive jet with a skimmer leading to a resolution of 1.5 a.u. [100].

3.3. Supersonic gas-jet targets

A decisive step forward in resolution for recoil ion momentum measurement became possible
with the use of supersonic gas-jet targets. Such jets provide a dense (local target pressures of more
than 10~4 mbar can be achieved with standard pumps), well localized and internally cold gas target
which makes them ideally suited for recoil ion momentum measurements. They are used in many
"elds of physics, for example for providing mono energetic projectiles for atom}atom scattering
experiments. A detailed description of free jet sources can be found in [101]. Fig. 7 shows for
comparison the momentum distribution of ions from room temperature gas and ions from
a supersonic gas jet.

If the gas expands through a nozzle and the ratio of pressures on the two sides is larger than
typically 2 [101] the #ow reaches supersonic speed. In the ideal case of an adiabatic isochore
expansion of an ideal gas, the internal energy (3

2
k¹

0
, with the Boltzmann constant k and the gas

temperature ¹
0

before the expansion) and the compressional energy are converted to kinetic
energy of the gas atoms. For mono-atomic gases the compressional energy is k¹

0
. Thus under ideal

conditions the directed motion of the atoms after supersonic expansion tends towards an asymp-
totic momentum of

k
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0
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with the mass m of the target gas. For He at room temperature we have k
+%5

"5.8 a.u. The width of
the velocity distribution around this mean velocity is described by the speed ratio S of the
expansion. With the internal temperature ¹ of the jet the speed ratio for an ideal mono atomic gas
is de"ned as
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Fig. 7. Time-of-#ight distribution of recoil ions from room temperature gas (dots) compared to ions from a supersonic
gas jet (histogram). The deviation of the TOF from the mean value is proportional to the momentum of the ions in the
direction of the electric "eld. The full line shows the thermal momentum distribution (from [65]).

Fig. 8. Speed ratio of a He gas-jet for di!erent temperatures (¹
0
) of the nozzle (from [103]).

The speed ratio of an expansion depends on the intra jet scattering cross-sections and, thus,
the gas species, the gas temperature and on the product of driving pressure p

0
and nozzle diameter

d. The speed ratio for He at various temperatures is shown in Fig. 8 as a function of p
0
d (see

also [102]).
The region in front of the nozzle where the expansion is still supersonic is called the zone

of silence. A typical value for the spatial extension x
s

of this region beyond the aperture is
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given by [101]

x
s
"
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3S

p
0

p
s

d (16)

with p
s

being the pressure downstream of the nozzle. To achieve a real supersonic gas beam
a skimmer must be placed inside the zone of silence. The transmitted gas beam follows an
unperturbed motion in the high vacuum environment of the scattering chamber.

The gas #ow through the nozzle a nd thus the load to the pump is proportional to p
0
d2J¹

0
. For

the practical application in COLTRIMS one aims to achieve high density, narrow collimation
(typically 1}2mm at the intersection with the beam, in a distance of 3}5 cm from the nozzle) and
narrow internal momentum distribution in jet direction as well as perpendicular to the jet. The width
of the momentum distribution in the jet direction is the product of the jet velocity and the inverse
speed ratio, both of which improve with cooling the gas. Perpendicular to the jet the momentum
distribution is determined by the jet velocity, skimmer diameter and skimmer}nozzle distance.

As examples we list three versions of gas jets which have been successfully used in COLTRIMS
setups. All are operating with a nozzle diameter of 0.03mm. Smaller nozzles would improve the
speed ratio for a given pumping speed, but are less practical since they tend to get clogged by dust
particles. Jagutzki and coworkers [64,93,104,105] used a single stage gas jet with a 8000 l/s
oil-di!usion pump backed by a 500m3/h roots pump and a 120m3/h roughing pump. Due to the
large pumping speed this jet can be operated at room temperature still having a good speed ratio
and high target density (local target pressure at the beam intersection is several 10~4 mbar). Mergel
and coworkers used a cryogenic cold head to cool the nozzle to 14K. This allowed to operate the
single stage jet with only one 360 l/s turbomolecular pump. The trade-o! for the small pumping
speed is a much lower target density (several 10~5mbar). With the cooling, however, the internal
temperature improves in all three dimensions. In particular useful for ion}atom collisions is the low
momentum spread in the direction perpendicular to the jet. With the same geometry the cooling
improves also the resolution in this direction due to the lower jet velocity. A further advantage of
a smaller velocity is a reduced gas load for the same target density. This is of particular interest for
the implementation of such jets in the ultra-high vacuum of a storage ring as it is in preparation for
the CRYRING (Stockholm) [106]. A third concept of a two-stage jet has been used by Mosham-
mer and coworkers [77] and others. The region between the nozzle and the "rst skimmer is in this
system pumped by a 250m3/h roots pump. It can operate at higher pressures than most turbo-
pumps and thus take a higher gas load at a smaller pumping speed. The driving pressure is
comparable to the one-stage device with a large di!usion pump but it is much smaller in size. For
this setup a second stage with a skimmer (typical skimmer}skimmer distance: 2 cm), pumped by
a turbopump is required for two reasons. First the high background pressure of only 10~1 mbar
leads to a di!usion of warm background He gas through the "rst skimmer. Second the pressure
condition achieved with the roots pump leads to a small zone of silence (see Eq. (16)) and thus
requires a small nozzle}skimmer distance of typically 2}4mm resulting in a large divergence of the
jet. A two stage jet can additionally by cooled to further improve the jet quality but some thermal
shielding is necessary in the "rst stage.

In all the setups discussed the gas jet leaves the scattering chamber through an opening of typical
1 cm into a jet dump, pumped by a separate turbo pump. For UHV applications more than one
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stage of jet dump pumping is necessary to reduce back streaming of gas from the jet dump to the
chamber [106].

The internal momentum distribution and, thus, the resolution obtainable is di!erent in the three
spatial directions. In the direction of the jet it is de"ned by the ratio of mean jet velocity and speed
ratio. Typical momentum resolution values in jet direction range in 0.01}0.07 a.u. [102]. In the
direction of the projectile beam the resolution is to "rst approximation given by the collimation
geometry of the skimmer system and can thus be varied (this also changes the target density).
However, as outlined in [101] there is a small non-Gaussian tail extending to large transverse
momenta. A typical value for the resolution achieved perpendicular to the jet in beam direction for
a cooled jet is 0.05 a.u. In the third direction perpendicular to the jet and the projectile beam the
latter is often narrower than the jet which improves the resolution. This can be an important
further improvement of resolution for well collimated ion beams (0.1mm) or well focussed light
from third generation synchrotron radiation sources where a focus of below 0.05mm can be
achieved. For a 30K cooled jet a 0.05mm focus would correspond to a resolution of 0.002 a.u. or an
ion energy of 0.006leV.

3.4. Projection spectrometers for slow ions

All COLTRIMS spectrometers used with supersonic gas-jet targets apply a projection tech-
nique. An electric "eld guides the ions from the small overlap volume of the gas jet with the
projectile beam (i.e. ion, electron or photon beam) onto a position-sensitive detector. From the
position of impact on the detector and the ion time of #ight the starting momentum can be
calculated.

The various spectrometers used so far di!er in the details of the "eld geometry and "eld
direction. An example for the simplest con"guration is shown in Fig. 9. The ions are accelerated
over 3 cm by a weak homogeneous static electric "eld (typically 0.3}10V/cm). They pass a woven
mesh (typical wire spacing of 0.25mm) and enter a "eld free drift region of 6 cm length. After
passing a second grid (typically 0.1mm wires spacing) they are postaccelerated over 2000}3000V
onto a channel-plate detector. The exact ratio of 1 to 2 between the length of acceleration and drift
region assures that ions starting at slightly di!erent positions (i.e. potentials) along the electric "eld
lines arrive at the same time at the detector [107]. Such McLaren focussing geometry is indispens-
able since one wants to resolve recoil ion energy di!erences of far below 1meV, where the typical
width of the target of 1 mm would already corresponds to 30mV di!erence in the starting potential.
In the McLaren geometry di!erent starting momenta in direction of the "eld result in di!erent time
of #ights. Varying starting momenta in the two directions perpendicular to the electric "eld yields
di!erent displacement on the channel-plate detector. Care has to be taken to assure proper "eld
conditions in the spectrometer area.

In the spectrometer shown in Fig. 9 the extraction region is shielded from external potentials by
a carbon "ber (not visible on the "gure). One "ber of 7 lm diameter and 10m length is wound in
a spiral with 1 mm spacing around the four supporting germanium coated insulator screws. The
"ber de"nes a very well controlled "eld in the extraction region [108,67,66]. All grids and the inside
of the drift tube are germanium coated. Instead of the carbon "ber in other setups wires or rings of
thin sheet metal, which are connected by resistors, have been used successfully [64,89,109,110].
Fig. 10 shows a typical time-of-#ight spectrum obtained with such a spectrometer. The width of the
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Fig. 9. COLTRIMSpectrometer. The nozzle is cooled to 14K. Carbon "bers (not visible in the "gure) are wound around
the four rods to create a homogeneous extraction "eld (from [108]).

Fig. 10. Time-of-#ight distribution of He ions from 250 keV/u He2` on He collisions, coincident with charge exchanged
ejectiles. The width of the peaks re#ects the starting momentum of the ions (from [111]).

time peaks re#ects the di!erent starting momenta in "eld direction. The position distribution of
counts on the channel-plate detector is shown in Fig. 11. The narrow peak results from ions created
in the overlap of jet and ion beam. The small ridge in front of the peak results from residual gas ions
which are created along the ion beam. The width of this band re#ects mainly the thermal
momentum distribution of the residual gas before the ionization. It is displaced from the peak ions
due to the directed velocity of the jet.

R. Do( rner et al. / Physics Reports 330 (2000) 95}192116



Fig. 11. Image of He ions created by ionization by a fast heavy ion beam. The electric "eld is perpendicular to the ion
beam and the surface of the detector. The small ridge results from warm residual gas ionized along the beam, the peak
results from the interaction with the gas jet (from [77]).

To obtain the recoil ion momentum in "eld direction k
x3%#

from the time of #ight (t) it turns out
that it is for all practical purposes su$ciently accurate to account only for the linear term:

k
x3%#

"

;q
s

(t
0
!t) , (17)

where q is the ionic charge, ;/s is the "eld in the spectrometer and t
0

is the time of #ight of ions
starting with momentum k

x3%#
"0. Physically, this approximation assumes that the time focussing

is ideal, i.e. that the time of #ight of zero momentum ions is exactly independent of the starting
position in the "eld. With an extraction region of 3 cm and a "eld of 0.33V/cm Eq. (17) is at
a momentum of 10 a.u. accurate within 1.6%.

For the two directions perpendicular to the extraction "eld there is no force acting on the ions,
thus the y and z momenta are simply given by
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where *y, z is the displacement of the recoil ion from the position where an ion with zero
momentum transfer would hit. The jet velocity results in a displacement of the zero point. In
practice the zero point in the direction of the jet is simply given by the center of the peak, since the
momentum distribution is rotationally symmetric around the ion beam. In the direction of the ion
beam (longitudinal momentum) there is no intrinsic symmetry of the ionization process providing
the zero point. In principal this zero could be found by varying the extraction "eld. This is,

117R. Do( rner et al. / Physics Reports 330 (2000) 95}192



Fig. 12. Field geometry with three-dimensional focussing properties. The three groups of trajectories result from ions
starting with di!erent momenta in the direction perpendicular to the "eld (from [68,70]). In such focussing spectrometers
the momentum resolution becomes independent of the size of the target.

however, in most cases not accurate enough. Thus, one can either use reference data or calibrate the
spectrometer with capture reactions which result in lines of known longitudinal momenta. Electron
impact is well suited for a reference measurement, since an electron gun can be easily implemented
in a collision chamber and fast (e.g. 5 keV) electrons yield a maximum in the recoil ion distribution
very close to zero [105,64]. For such a calibration measurement no coincidence is necessary, since
the time of #ight is not needed. One can simply use the position distribution and a mean time of
#ight estimated from the voltages at the spectrometer. An example for a calibration of a spectrom-
eter using di!erent capture reactions can be found in [112].

In spectrometers which exploit homogeneous electric "elds only, the momentum resolution in
the two dimensions perpendicular to the electric "eld is determined by the extension of the
interaction volume and the ion time of #ight. For a typical time of #ight of 15ls for He1` ions
a diameter of the gas jet of 1mm results in a momentum resolution of 0.2 a.u.. Mergel and
coworkers have reported a resolution of 0.26 a.u. FWHM in the direction of the projectile beam
obtained with the spectrometer shown in Fig. 1 of [108]. To circumvent these restrictions of the
extended reaction volume, electrostatic focussing lenses in the extraction "eld can be used. If the
detector is placed in the focal point, ions created at slightly di!erent positions but with the same
momentum vector hit the detector at the same position. The "eld geometry of one the "rst
three-dimensional focussing spectrometer designed by Mergel following a suggestion by Cocke
[68] is shown in Fig. 12. With this "eld geometry the displacement on the detector is still
proportional to the starting momentum. The implementation of a lens in the extraction "eld
changes, however, the focussing properties in the third, the time-of-#ight direction. Thus, lens and
length of the drift tube have to be adjusted such, that the focus length for the time of #ight and the
spacial focussing by the lens coincide. In general the implementation of a lens requires a longer drift
tube compared to a spectrometer with homogeneous "elds. The spectrometer shown in Fig. 12
focuses an extended target region of 5 mm to a focus spot of below 0.25mm on the detector. With
such focussing spectrometers "nally the grid which shields the "eld free drift region from the high
postacceleration "eld (typically 1 kV/mm) in front of the ion detector becomes crucial. The
individual pores of the mesh act as strong lenses restricting the achievable position resolution for
such low-energy ions to the mesh width. A stack of several meshes produces signi"cant Moire
patterns; therefore the use of one narrow grid (typically 100lm mesh width) is preferable to a stack
of wider meshes [70]. The use of electrostatic lenses for imaging of photoelectrons and photofrag-
ment ions has recently been reported by Eppkin and Parker [113] who investigated photodissoci-
ation of molecular oxygen.

Instead of perpendicular to the gas jet and to the projectile beam the ions can alternatively be
extracted almost parallel to the beam. This extraction geometry has been widely used by the group
at GSI [77] (Fig. 13). In the extremely #exible spectrometer developed there the extraction "eld is
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Fig. 13. Combined recoil ion electron spectrometer with extraction (almost) parallel to the beam. The electric "eld is
generated by resistive plates. A solenoidal magnetic "eld is superimposed to the electric "eld to guide the electrons to the
electron detector (from [77]).

generated by two ceramic plates with resistive layers. By adjusting the potentials at the four corners
of each plate the ions can be easily steered to any direction. Thus, the extraction can be switched
from parallel to perpendicular to the beam without breaking the vacuum. As a further advantage of
this con"guration the o!set velocity of the ions from the gas jet can easily be compensated by
steering the ions back to the center of the channel-plate detector.

Whether perpendicular or parallel extraction of the ions is preferable strongly depends on the
physical process to be investigated. In many cases it is advantageous to have extraction parallel to
a symmetry axis of the physical process (like the polarization axis for photoionization studies or the
beam axis for ion impact).

3.5. Projection spectrometers for electrons

Electrons can be detected by a projection technique analogous to the one discussed for ions. The
method has "rst been applied to image photoelectrons formed in intense laser "elds [114]. In
a COLTRIMS setup the same electric "eld which guides the positively charged ions to one
direction accelerates the electrons in the opposite one. The mass di!erence between ions and
electrons has, however, some severe consequences for projection techniques. The "rst di!erence is
given by the physics of the ionization process; in many ionizing atomic reactions the fragments (e.g.
ions and electrons) have momenta of the same order of magnitude. Thus, typical electron energies
are of the order of m

%
/m

3%#
times the recoil ion energies. While the ion energies are mostly small

compared to the energy the ions gain in the electric "eld of the spectrometer this approximation is
not valid for most of the electrons. Therefore 4p collection e$ciency is harder to achieve for
electrons than for ions. The second important di!erence in ion and electron imaging is that for the
motion in a homogeneous electric "eld for low-energetic particles the total time-of-#ight scales with
Jm while the measured displacement on the detector for a given momentum scales linearly with
the mass. As a consequence spectrometers which use homogenous electrostatic "elds are much
shorter on the electron side than on the recoil side, to achieve large electron detection solid angle.
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Fig. 14. Radial de#ection of electrons on the electron detector in the spectrometer shown in Fig. 13 versus electron time
of #ight, for 3.6MeV/u Ni24` impact on He. The frequency of the nodes is given by the cyclotron frequency of the
magnetic "eld (from [77]).

Such combined electron-ion-projection spectrometers based on electric "elds only have been used
with great success in photoionization studies close to threshold [70,115}117] and for imaging of
electron emission in slow ion atom collisions [31,71}75] and fast proton and antiproton}helium
collisions [84,118,119].

To extend this 4p electron imaging to higher electron energies a novel spectrometer type has
been developed and extensively applied at GSI (see Fig. 13). In this extremely versatile spectrometer
a solenoidal magnetic "eld is superimposed parallel to the electric "eld. The electrons travel on
spiral trajectories from the reaction volume to the detector. From the two position informations
and the measured time of #ight, this trajectory, and the three initial momentum components, can be
reconstructed, in most cases uniquely. For illustration Fig. 14 shows the radius on the channel plate
versus the measured time of #ight. If the electron time of #ight is an integer multiple of the inverse
of the cyclotron frequency in the two dimensions perpendicular to the magnetic "eld all electrons
(independent of the momentum in this plane) return to their starting point which leads to the nodes
visible in Fig. 14. Therefore in these nodes the information on the momenta perpendicular to the
"eld is lost. The resolution is best in the center between the nodes. The existence of these nodes,
however, gives a very good control of the experimental conditions. For example the cyclotron
frequency and thus the magnetic "eld is measured very precisely via these nodes. Thus, the
magnetic "eld is known very well. Details on this spectrometer can be found in [77,120]. The main
advantage of this solenoidal magnetic "eld spectrometer is the quasi decoupling of the motion
perpendicular and parallel to the "elds. Therefore the electric "eld can be optimized for good
resolution in the time-of-#ight direction for electrons and ions. The electron detector can be placed
at any distance from the interaction zone to achieve good resolution even for higher energetic
electrons which have short time of #ights. The magnetic "eld can be adjusted independently to
con"ne electrons up to a certain momentum perpendicular to the "eld. Typical operating condi-
tions are for example a magnetic "eld of 15G. This "eld results in a revolution time of 24 ns. With
an active detector area of 8 cm diameter the spectrometer yields 4p solid angle for electrons up to
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an energy of about 100 eV. Since the recoil ions are accelerated to a very high momentum by the
electric "eld the magnetic "eld has only a small in#uence on their trajectories. In most cases it is
su$cient to account for this in a global way by rotating the position distribution of the ions on
their detector by a few degrees.

The GSI spectrometer has been used for kinematically complete measurements of the single and
multiple ionization process in fast highly charged ion atom collisions [76,121,122] and (e,3e)
studies [17]. A similar setup has been used for investigation of photo double ionization of He
[123]. The full solid angle makes such electron spectrometers especially well suited for coincident
detection of many electrons from multiple ionization processes. They can be equipped with
a multi-hit capable detector and there is no restriction on the number of electrons which can be
detected from one single event. Moshammer et al. succeeded in the "rst kinematically complete
study of double ionization by fast ion impact [79,81] using the spectrometer shown in Fig. 13 and
detecting both electrons. An alternative approach using non-homogeneous electrostatic "elds
instead of the magnetic "eld has recently been proposed by Mergel and coworkers [124] for
imaging of electrons emitted from surfaces.

3.6. Position-sensitive detectors

For recoil ion and electron momentum imaging large-area position-sensitive detectors which
combine good position resolution (typically 0.1mm) with good time resolution (below 1 ns) are
essential. Channel-plate detectors with wedge-and-strip or with delay line position encoding have
been most widely used for this purpose. For a more complete overview on such detectors see
[124,78], for wedge and strip readout see [125]. Channel-plate detectors have a typical detection
e$ciency for charged particles of about 60% given by the open area. For imaging purposes
chevron (two plates) or z-stack (3 plates) con"gurations of 48mm or 86 mm diameter are used. The
ions are typically accelerated by 2000V onto the surface of the channel plate. For electrons,
maximum e$ciency is reached at about 200}300 eV. A typical pulse height distribution from
a channel-plate z-stack and the detection e$ciency of He1` ions as function of the acceleration
voltage is shown in Figs. 15 and 16.

A detector with wedge-and-strip read out is shown in Fig. 17. The electron cloud of about
105}106 electrons created by avalanche ampli"cation in the channels are accelerated onto a high-
resistivity Ge layer evaporated on a 1.5mm ceramic plate (see [126]). The image charge is picked
up on the backside of the ceramic plate by the three areas of the wedge-and-strip structure. The
area of the wedges and stripes grows linearly with the x and y position, respectively. A proper
adjustment of the resistivity and the thickness of the ceramic plate assures that the image charge
covers more than one structure. This is essential to allow for a determination of the centroid of the
charge cloud. The typical period of the structure is 1.4mm. The charge signals of the wedge, strip
and meander structures are ampli"ed by charge-sensitive preampli"ers and main ampli"ers and
recorded by analog to digital converters. By normalizing the wedge and the strip signal to the total
pulse height one obtains the position of the centroid of the charge cloud. For a 5 cm diameter anode
a position resolution of 0.05mm can be achieved. The position resolution is mainly determined by
the signal to noise ratio of the three signals. Therefore a good pulse-height resolution and high gain
is desirable. The timing information is picked up either from the front or the back side of the
channel-plate stack. Time resolution of 400 ps has been obtained this way [123].
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Fig. 15. Pulse height distribution for He1` and He2` ions on a z-stack channel-plate detector (i.e. three plates). The ions
hit the detector with an energy of 3000 eV]q (from [92]).

Fig. 16. Relative detection e$ciency of a z-stack of channel plates for He1` ions as a function of the acceleration voltage
to the surface. At 3000 eV the curve is arbitrarily normalized to 1 (from [68]).

A delayline position read out for channel-plate detectors has been suggested by Sobottka [127].
For one dimension a pair of wires is wound around a supporting structure. The spacing between
the wires is 0.5mm. By a potential di!erence of 50V between the two wires the electrons are
collected by only one of the wires (see Fig. 18). The wire pair acts as a Lecher cable. At both ends of
the double wire spiral the signals are processed by a di!erential ampli"er. Both wires pick up the
same capacitively coupled noise, but their signals di!er by the real electrons from the charge cloud
collected by the more positively biased wire. These di!erential ampli"ers yield extremely low noise
signals. The time di!erences between a start signal, picked at front or back of the channel plate and
the two signals from both ends of the wire pair is measured with two time-to-digital converters. The
time di!erence is proportional to the position in the respective direction. For the position
information in the perpendicular direction a second pair of wires is wound perpendicular
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Fig. 17. Channel-plate detector with wedge-and-strip read out (from [124]).

Fig. 18. Delay-line anode for multi channel-plate position read out (from [127]). The inner and outer winding pair are for
x and y encoding. The two wires of each pair are on di!erent potential such that the electrons are collected on one of
them.

to the "rst one. Depending on the TDC used a position resolution of better than 0.1mm can be
achieved.

Compared to position encoding by charge division (as in a wedge-and-strip or resistive anode),
the delay-line read out has many advantages. Since only fast timing electronics (fast ampli"ers,
constant fraction discriminators and TDCs) is used it is much faster, allowing for much higher rates
(MHz). Furthermore, the absolute position resolution is constant, thus larger detectors with better
relative resolution can be build easily. The position resolution does not directly depend on the gain
but stays rather constant, once su$cient gain is achieved. The most important advantage for ion
and electron imaging is the capability to handle multiple hits in ns time intervals. The dead time is
mainly determined by the electronics. In practice 10}20 ns dead time between double hits has been
achieved [79,128,129]. This dead time, however, is no principal limitation for up to two hits. The
main reason is that in each spatial direction the arrival time of the signal is measured on both ends
of the delay line. To obtain the position information only the arrival time on one of the ends is
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needed. For more than two hits arriving within the delay time of the detector anode, which is
30}100 ns, depending on the size of the detector, some information is lost. Such multi-hit delay-line
detectors have been used for detection of two and more electrons from a multiple ionizing collision
[79] and for detection of ionic fragments from molecular coulomb explosion [128,129].

4. Experimental results for charged particle impact

4.1. One-electron processes

Two types of one-electron processes have been investigated with COLTRIMS: First the transfer
of one electron from a bound state of the target to a bound state of the projectile and second the
emission of one target electron to the continuum. A third possible one-electron process, target
excitation, does not result in a charged recoil ion and is thus in most cases impossible to detect by
COLTRIMS. The same is true for projectile ionization or excitation in a one-electron process, since
these reactions do not result in a charged target ion either. We will "rst discuss single capture. It is
the simplest process from the point of view of the "nal momenta since there are only two particles
in the "nal state. We will then deal with single ionization which is more complex due to the three
particles in the "nal state. Both processes are most important in ion-atom collisions: electron
capture is by far the dominant process at low impact energies, while at high velocities target
ionization dominates.

4.1.1. Single capture
For single capture the quantized nature of the Q-value (i.e. discrete values for the projectile

energy loss or gain) leads to discrete values of k
@@3%#

. Thus, as outlined in Section 2 the measurement
of k

@@3%#
is equivalent to energy loss or gain spectroscopy and gives information about the "nal state

to which the electron is captured. The simultaneous determination of k
M3%#

gives the information on
the projectile scattering angle (i.e. on the impact-parameter dependence of the process). While in
principle the measurement of the recoil ion momentum is, for single capture, equivalent to
measuring the change of momentum (energy gain and scattering angle) of the projectile there are
many practical advantages in detecting the recoil ion momentum. Detecting the projectile it is
necessary to measure a very small change of a large incoming momentum. For the traditional
projectile energy gain measurement this restricts the experiments to relatively low impact energies
(keV/u). Typical resolutions are *E/E'10~4. For the scattering angle measurement, depending
on how well the incoming beam is collimated, *0

130
'10~5 is a practical limit for the resolution

(for energy gain spectroscopy see, e.g. [130] and references therein). The recoil ion momentum
measurement, however, is almost independent on the preparation of the incoming beam. Therefore
it allows a high resolution energy gain measurement even for MeV impact energies, and very high
resolution scattering angle measurement without a well collimated beam.

Mergel and co-workers have applied COLTRIMS to study the capture reaction

0.25!1 MeV He2`#HePHe1`#He1` . (19)

The distribution of k
@@3%#

for 0.25MeV is shown in Fig. 19.
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Fig. 19. Longitudinal momentum distribution for He1` recoil ions from 0.25MeV He2`PHe single capture collisions.
The di!erent lines correspond to capture to di!erent "nal state con"gurations of target (n) or projectile (n@). The full
arrow shows the momentum of !v

130
/2 due to the mass transfer and the dashed arrow the Q-value e!ect with !Q/v

130
(K- and L-shell) (see Eq. (5)) (from [108]).

The left peak is due to capture to the He1` ground state, the right peaks to capture to excited
states. The experimental resolution of *k

@@3%#
"0.26 a.u. was achieved with a spectrometer with

extraction perpendicular to the ionic beam. This spectrometer had no electrostatic lens and a "eld
of 0.33V/cm at the target was applied (Fig. 9). Therefore, the limited resolution re#ects approxim-
ately the diameter of the gas jet of 1.1mm. This corresponds to an energy gain or loss resolution of
the projectile of about *E/E

p
"1]10~5. The full arrow indicates the backward momentum shift

resulting from the mass transfer of the electron (v
130

/2) while the energy gain (for capture to the
K shell) or energy loss (for capture to excited states) lead to momentum transfers shown by the
dashed arrows. At about 0.5MeV capture to the K and L is about equally likely. As can be
expected from the consideration of velocity matching between electron and projectile, increasing
projectile velocity results in a relative increase of K-capture compared to capture to excited states.
Fig. 20 shows the recoil ion transverse momentum distribution dp/dk

M3%#
separated for capture to

the K shell and to excited states. The resolution in the transverse direction is much better than in
the longitudinal direction, because the source volume in this direction is given by the very well
collimated beam (0.1mm). Thus, a resolution of a few lrad can be achieved, much superior to any
direct scattering angle measurement. The L-capture shows a smooth decrease while the K-capture
exhibits an oscillatory structure which is well known for K-K vacancy transfer at lower impact
energies [131]. Mergel and coworkers found these K-K interference structure up to a projectile
velocity of about 2.5 a.u. [132,108].

Wu and coworkers [88] and Kambara and coworkers [133] have employed COLTRIMS to
study single electron capture by 0.5}3.7MeV/u O7` and F9` on He collisions. They could separate
capture to the projectile K-shell from capture to higher excited states (see Fig. 21). In later studies
this group achieved even much higher resolution [134] by using supersonic gas and focussing
spectrometers. At the lowest velocity of 0.5MeV/u capture to n"4 and higher dominates by far.
K-shell capture plays an increasing role at higher impact energies. The measured ratio of K-capture
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Fig. 20. Recoil ion transverse momentum transfer (i.e. scattering angle) distribution for 0.25MeV He2`#HeP
He1`#He1` for di!erent "nal states of the capture process (from [108]).

to capture to excited states is well described by the Oppenheimer, Brinkmann Cramers theory.
Thus, the projectile tends to capture to states which have mean orbital velocities similar to the
projectile velocity.

At 8.7MeV/u Kambara and coworkers reported also the transverse momentum distribution of
the recoil ions. They found a maximum at around k

M3%#
"1 a.u. but could not con"rm oscillations

in the di!erential cross-section predicted by close coupling calculations [133].
For slow (6.8 keV/u) bare Ne and Ar on He collisions Cassimi and coworkers [109] have studied

state selective cross-sections for single capture. With a recoil ion momentum resolution of 0.4 a.u.
they obtained a resolution of 5 eV for the Q-value measurements. This allowed to separate capture
to the n"4 and n"5 which was found to be the main channel for Ne10` impact and n"7 and
n"8 for Ar18` impact. Their data con"rm the predictions of the over-the-barrier model for the
scaling of the average quantum number of the electron capture. In addition to k

@@3%#
they measured

the transverse momentum, too (see Fig. 22).
nCTMC (n-body classical trajectory Monte Carlo, see, e.g. [135,136]) calculation for this process

reproduce the "nal-state distributions very well. The results of these calculations were also used to
convert the measured transverse momenta to impact parameters. For Ne10` impact the maxima in
Fig. 22 correspond to impact parameters of 6.5 and 4.5 a.u. This is consistent with quantum
mechanical curve crossing calculations. In a subsequent study by the same group Flechard et al.
[110] have extended this study to double electron capture. In this work a major improvement in
resolution by using a focussing lens was achieved.

Single capture for in the comparable collision system of Ar8` on He has been investigated by
Abdallah and coworkers [137]. They "nd that as the projectile velocity is raised from 0.2 to 1.0 a.u.
the reaction window spreads and higher n and l values become the favored capture channels.

4.1.2. Target single ionization
The study of the reaction dynamics of single ionization has concentrated mostly on He targets. It

is experimentally the easiest accessible target for COLTRIMS, allowing for the highest resolution.
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Fig. 21. Q-value spectra for single capture in O7` He collisions. The spectra are obtained from the recoil ion longitudinal
momentum. The location of expected Q-values for capture to K,L and M shells is indicated. The lines show Lorentzian "t
for capture to K and L-and-higher shells (from [88]).

In general the collision dynamics for single ionization is almost una!ected by electron}electron
correlation e!ects.

In general single ionization is a three-body momentum exchange process. One can approximate
it by splitting it in three separate two-body momentum exchange processes, projectile}electron,
projectile}ion and electron}ion. Although all three pairwise interactions are always present, there
are paradigmatic cases where one of the three dominates. The fully di!erential studies of single
ionization for di!erent collision systems and studies performed in the CTMC model for the "rst
time gave complete descriptions of the "nal momentum space of ionizing ion}atom collisions.

127R. Do( rner et al. / Physics Reports 330 (2000) 95}192



Fig. 22. Momentum distribution of recoil ions from single capture by 6.8 keV/u Ne10` (a) and Ar18` (b) projectiles. The
dashed lines give the positions of capture to speci"c n states according to Eq. (5) (from [109]).

These multi-dimensional images unveil directly which of the momentum exchange processes is
most important for the reaction. These studies reach for ion impact the same level of detail as has
been reached for (e,2e) reactions using traditional coincident electron spectroscopy (see [9}11] for
reviews). They go beyond (e,2e) studies by covering the full "nal state momentum space. Where
traditional (e,2e) experiments result in angular distributions for "xed momentum transfer the fully
di!erential ion impact studies discussed here give a complete overview in momentum space and
therefore highlight the processes which contribute most to the total ionization cross-section (see
[17,138,139]).

Figs. 23}25 demonstrate three paradigmatic collision systems. For slow p on He collisions the
momentum exchange between projectile and target nucleus is by far the dominating one (Fig. 23),
for fast proton on He collisions the projectile}electron momentum exchange becomes important
(Fig. 24) and for very fast highly charged ion impact the electron-recoil ion momentum exchange
dominates (Fig. 25). Each of these momentum exchange patterns suggest simple models for the
ionization mechanism. We will group our discussion of target single ionization along this line and
discuss single ionization in slow collision in Section 4.1.2.1, in fast proton and antiproton on He
collisions in Section 4.1.2.2 and fast highly charged ion collisions in Section 4.1.2.3. For all three
collision systems the recoil ion and electron momentum vector has been measured in coincidence
event by event. Therefore knowing k

3%#
and k

%
for each event Dk

130
"!(k

3%#
#k

3%#
) can be

calculated.
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Fig. 23. Projection of the momentum transfer vectors of recoil ion (upper) electron (middle) and projectile (lower) in the
"nal state onto the plane de"ned by the projectile beam and the momentum vector of the recoil ion for 10 keV/u
p#HePHe1`#e~#p. The #p

z
axis is parallel to the incoming projectile direction, the #p

y
axis is parallel to the

"nal transverse momentum component of the recoil ion. The grey scale represents the corresponding doubly di!erential
cross section d2p/(dk

x
dk

@@
) on a linear scale (similar to [31]). A blowup of the electron distribution is shown in Fig. 26.

Fig. 24. 0.5MeV/u p#HePHe1`#e~#p. Projection of the momentum transfer vectors of recoil ion (upper) electron
(middle) and projectile (lower) in the "nal state onto the plane de"ned by the projectile beam and the scattered projectile
(not by the recoil ion as Figs. 23 and 25). The #p

z
axis is parallel to the incoming projectile direction, the #p

y
axis point

in the direction of the scattered projectile. The grey scale represents the corresponding doubly di!erential cross section
d2p/(dk

x
dk
,
) on linear scale. The circular arc in the middle "gure shows the location of the binary encounter ridge for

electrons (from [84]).

4.1.2.1. Slow collisions. In slow collisions, i.e. if the projectile velocity is smaller than the mean
electron velocity in a Bohr orbit, promotion of an electron to the continuum is typically less likely
then capture to a projectile bound state (see, for example, Fig. 3). The question of which mechanism
is responsible for electron emission in such slow collisions is far from answered. The momentum
exchange between projectile and target nucleus is generally much larger than the momentum
transfer to the emitted electrons in such slow collisions (see Fig. 23). In the transverse direction
recoil ion and projectile are scattered oppositely as a result of the internuclear repulsion. From this
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Fig. 25. 1GeV/u U92`#HePHe1`#e~#U92`. Projection in momentum transfer components of electron and
recoil ion in the "nal state onto the plane de"ned by the recoil ion and the beam (as in Fig. 23). The p

,
axis is parallel to

the incoming projectile direction, the !p
x

axis is parallel to the "nal transverse momentum component of the recoil ion.
The momentum change of the relativistic heavy ion is much smaller than the electron and ion momenta. It is not shown,
since it re#ects mainly the experimental resolution. The cluster size represents the corresponding doubly di!erential cross
section d2p/(dk

x
dk

,
) on logarithmic scale (from [81]). Compare also Fig. 36.

transverse momentum exchange the impact parameter can be inferred, if the e!ective potential is
known. The scattering plane is de"ned by the beam direction and the "nal state recoil ion
momentum vector. In the longitudinal direction the recoil ions are emitted strongly in forward
direction. This large longitudinal momentum transfer to the recoil ion requires a strong coupling of
the ionic core to the forward motion of the slow projectile. In the intermediate quasimolecular
system the electrons act as a &glue' which allows the recoil ion to follow the forward motion of the
projectile. As can be seen in Fig. 3, in most of the cases the electron in the quasimolecular orbital is,
however, not emitted to the continuum but captured to projectile orbital (see also [140]). Those few
electrons released to the continuum are found mostly with very little momentum in between target
and projectile frame (see Fig. 23).

Thus in terms of mechanisms (i.e. dynamics) the forward emission of the recoil ions in slow
collisions can be seen as a manifestation of the molecular character of the ionization process. From
the perspective of kinematics this forward emission follows directly from Eq. (6). E.g. at 10keV/u
impact energy the momentum exchange resulting from the energy transfer of the He target binding
energy is already E

"*/$
/v

130
"1.4 a.u.

To investigate the mechanism of ionization in slow collisions it is helpful to look for the details of
the electron momentum distribution. DoK rner and coworkers [73] have used a spectrometer as
shown in Fig. 12. For the reaction

5!15 keVp#HePp#He1`#e~ (20)

they have mapped the square of the continuum wave function of the emitted electron in momentum
space for fully controlled motion of the nuclei. Figs. 26(a)}(c) show the two-dimensional velocity
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Fig. 26. Projection of the velocity distribution of electrons for single ionization in 5 (a), 10 (b) and 15 (c) keV p}He
collisions onto the scattering plane, de"ned by the incoming projectile axis (z) and the "nal momentum vector of the
recoil ion, emerging to the -x direction. The target center is at (0,0) the projectile at (1,0) and the saddle at (0.5,0) The data
for 10 keV are for a transverse momentum transfer in the interval k

M3%#
"1}5 a.u.. For the other energies this momentum

range is scaled by 1/v
130

in order to sample approximately the same range of impact parameters. (d) sideview to (b), i.e.
projection onto the y}z plane perpendicular to the x}z scattering plane (from [73]).

distribution of the electrons from reaction 20 projected onto the scattering plane, de"ned by the
beam and the recoil ion momentum vector. The horizontal z-axis is the direction of the incoming
projectile. The y-axis points to the direction of the scattered projectile transverse momentum, while
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the recoil ion is emitted into direction-y in Figs. 26(a)}(c). The x-axis in "gure (d) is perpendicular to
the beam and the recoil ion momentum. Velocities are scaled to the projectile velocity. Target
centered electrons are located at (0,0) while electrons captured to the projectile continuum (ECC)
could show up at (1,0). The saddle point of the potential is located at (0.5,0). A sideview onto the
distribution of (b) is shown in (d), i.e. a projection onto the y, z plane. The electron momentum
distributions shown in Fig. 26 for 10 keV are in coincidence with recoil ions within
1(k

M3%#
(5 a.u. This is the region where most of the ionization cross-sections results from. For all

projectile velocities shown the electrons are strongly forward emitted. While for 5 keV the electrons
are emitted preferentially onto the side where the projectile passes by, at 15 keV they are emitted to
the direction of the recoiling ion. At 10 keV even a horseshoe-shaped emission pattern is observed.
All these distributions are very di!erent from the well-known structures in the electron spectra at
high energies. They are a result of quasimolecular promotion via di!erent series of transitions
[141}144]. The part of the structure at 10 keV around the saddle point indicates a n state in the
continuum on the saddle point. It can be populated via a rotational coupling from the 1s ground
state (T001 series of transitions [141]). Such promotion patterns have been predicted by the theory
of hidden crossings [141,142]. Recently, Macek and Ovchinnikov showed that an interference
between sigma and pi components of the electronic wave function can give rise to the observed
rapid oscillation in the electron emission as a function of projectile velocity [145].

On grounds of classical mechanics Olson and coworkers have suggested the mechanism of
promotion of the electron on the saddle of the internuclear potential [146}148]. For 15 keV impact
energy CTMC calculations yielded very good agreement with the observed k

M3%#
distributions for

ionization and were able to reproduce the main features of the electron emission [73]. The "nal
state momentum distribution from these calculations was very sensitive to the initial state
momentum and spatial distribution, for which a Wigner distribution of 10 initial binding energies
had to be used. This reproduces the quantum mechanical radial distribution very well over 4 orders
of magnitude.

Abdallah and coworkers reported a study of the electron emission Ne1` on Ne [75] collisions
and He1` and He2` on He collisions [75]. Their continuum structures for the Ne and He case
di!er signi"cantly. The authors conclude that the continuum momentum distribution of the
electrons is determined by the "nal molecular orbit the electron occupied. For He on He collisions
the continuum shows n structure similar to the p on He case shown in Fig. 26 while for Ne1` on Ne
a spiral electron distribution is found together with the fact that ionization occurs in a small impact
parameter window. This indicates a promotion of the electron through the 4fp

u
MO.

4.1.2.2. Fast p and p6 on He collisions. For fast p-on-He collisions (v
130

several a.u.) the target
electrons do not have enough time to adiabaticlly adapt to the rapidly changing two-center
potential. On the other hand, now the projectile is fast enough that even a pure two-body
collision with the target electron can transmit su$cient energy to ionize the electron. Fig. 24
suggests that in most of the collision this projectile-electron momentum exchange is important.
(Note that in Fig. 24 the scattering plane is de"ned by the incoming and scattered projectile
momentum vector.)

This has been "rst suggested by measurements of the projectile scattering angle dependence
(dp/d0

130
) for single ionization [149}153] at much larger momentum transfer. The details, however,

could only be unveiled in coincidence experiments which measured the projectile scattering (polar
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Fig. 27. Di!erential cross section for 3MeV p#HePp#He1`#e~ as function of the transverse momentum transfer
to the projectile k

M130
(equivalent to the projectile scattering angle) and to the recoil ion k

M3%#
. Full circles: experiment

k
M130

[59], open circles: experiment k
M130

[149], diamonds: experiment k
M3%#

[59]. Lines: nCTMC (from [59]).

and azimuthal angle) in coincidence with the transverse momentum of the recoiling ions
[51}59,98,154,155].

For scattering from an electron at rest the maximum projectile scattering angle 0
#3*5

is given by
arctan 0

#3*5
"m

e
/m

p
(0

#3*5
"0.55mrad for protons). Kamber and coworkers [149,150] have found

a shoulder at this critical angle in the di!erential cross section dp/d0
p

for ionizing collision of 3 and
6MeV p on He (see Fig. 27). They showed that for scattering angles between 0.2 and 0.55mrad, the
cross-section could be well described by a Rutherford scattering process from a free electron. Over
this angular range the transverse momentum exchange would thus be dominated by a hard binary
encounter between projectile and target electron. These collisions are dominated by large impact
parameters with respect to the target nucleus, but small impact parameters between projectile and
emitted electron. Gensmantel and coworkers [59,54] could experimentally manifest this interpreta-
tion by measuring the transverse momentum distribution of the recoiling ions dp/dk

M3%#
(Fig. 27)

with a cooled target gas cell (see Fig. 6). They found, as expected from the above interpretation,
a smooth dp/dk

M3%#
with no shoulder.

At a projectile scattering polar angle of 0.73mrad they found two peaks in the transverse recoil
ion momentum distribution, which could be associated with the scattering of the projectile at the
target nucleus (leading to large recoil momenta) and at the electron (leading to small recoil
momenta), respectively (see Fig. 2 in [59]). More recently DeHaven and coworkers [156] con-
"rmed these "ndings. For 6MeV p-on-He collisions they measured the scattering angle of the
projectile in coincidence with the recoil ion momentum component in the direction of the projectile
scattering and found two clear cut ridges originating from projectile scattering at the nucleus and at
the electron (see Fig. 28).

At smaller impact energies the shoulder in the dp/d0
130

washes out due to the momentum
distribution of the electrons in the initial state [151,153]. For 0.5MeV p}He collisions DoK rner and
coworkers [51] measured the transverse recoil ion energy as a function for the projectile scattering
angle (see Fig. 29). They distinguished three regions of projectile scattering. At large scattering
angles (0

130
'0.9mrad) the projectile scattering is determined by the interaction between the two
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Fig. 28. Single ionization in 6MeV p-on-helium collisions. The horizontal axis is the recoil ion momentum component
transverse to the beam and in the plane de"ned by the scattered projectile (0.39 a.u./channel). The vertical axis show the
projectile transverse momentum (0.21 a.u./channel). The cuto! for small scattering angles results from a beam block on
the projectile detector. The dashed line locates a projectile scattering angle of 0.55mrad. The loci of events corresponding
to projectile}nucleus and projectile}electron scattering are indicated by full lines (compare also Fig. 2 of [59]).

Fig. 29. Mean transverse energy of He1` ions from 0.5MeV p}He collisions as a function of the projectile scattering
angle. Symbols: di!erent experiments (partly from [51,58]). The scatter in the data represents the systematical error due
to uncontrolled electric "elds in the cooled gas cell used in this experiment. Dashed line: two-body scattering of the
projectile at the target nucleus, full line: nCTMC calculation [98] (see also [58]), these results are di!erent from the
nCTMC results in [51], which were found to be in error (see [54]), dotted line: nCTMC folded with the target thermal
motion at 30 K, dashed dotted line: Eikonal distorted wave calculation [157,158] (from [53]). Recent experiments with
a supersonic gas-jet target by Weber et al. [84] give evidence that the saturation energy of 10$5meV at small scattering
angles is at the upper limit of the error bart including the shift to higher energies due to the target thermal motion. They
measured energies down to 1meV.
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nuclei. At these close collisions the recoil ion energy is given by the nuclear}nuclear two-body
collision kinematics and the He` and the proton are emitted back to back [55]. At scattering
angles around 0.55mrad, the recoil ion energy is much smaller than expected from a nuclear two
body scattering, giving evidence that the projectile de#ection is mainly caused by a hard collision
with the emitted electron. As a consequence the recoil ion and projectile are no longer emitted back
to back (see [55]).

At small scattering angles the recoil energy becomes independent of the projectile scattering. In
this regime the electron}recoil ion momentum exchange dominates. These transverse momentum
exchange processes are well described by nCTMC calculations [51,58,159,160] as well as by
quantum mechanical calculations in the Continuum Distorted Wave approach [157,158,161,162].

In these early RIMS studies the transverse momenta of the He1` ions was measured in
coincidence with the projectile scattering angle. Recently Weber et al. [84] investigated the same
collision system measuring the three-dimensional momentum vector of the electron and the ion in
coincidence using a spectrometer as shown in Fig. 12. They succeeded in imaging the complete
9 dimensional "nal-state momentum space with a resolution of about 0.2 a.u. (see Fig. 24). The high
resolution allows to focus on the region of small momentum exchange, which yields by far the
dominant contribution to the total cross-section. In this recent study they found transverse recoil
ion energies as low as 1 meV for projectile scattering angles below 0.1mrad. Thus, one can
conclude, that the early results from static gas target devices shown in Fig. 29 give a much too high
&saturation' energy for the ions at small projectile scattering angles.

As outlined above, the coincident recoil ion electron momentum space imaging with todays
COLTRIMS systems yields for single ionization the momentum vectors of all particles for each
registered event. This multi-dimensional array of data can be looked at from many di!erent
perspectives. One perspective on such data for He single ionization by fast projectiles has already
been discussed with Fig. 24. Here the three-body momentum distributions are projected onto the
plane de"ned by the incoming projectile (z) and the scattered projectile (x). As a second useful
perspective at the same data is a projection onto the plane perpendicular to the projectile beam (xy
plane) (Fig. 30). For this projection one is free to choose one axis along the transverse momentum
of one of the particles and than display the momenta of the others in this coordinate frame. In Fig.
30(a) the vertical axis is given by the transverse momentum vector of the recoil ion (k

M3%#
) (the

direction of the recoil ion is indicated by the arrow). The horizontal axis is perpendicular to the
beam and k

M3%#
. The momentum distributions of the projectile is plotted. Fig. 30(b) shows the

electron momentum distribution in the same coordinate system. In Fig. 30(c) again the electron
momenta are shown, but now in a coordinate system where the vertical axis is given by the
transverse momentum of the scattered projectile (arrow). The distributions show that the projectile
is scattered at both the target nucleus and the electron, and that there are a large number of events
where the electron and recoil ion emerge to opposite sides. A more complete view on these data in
di!erent coordinate systems can be found in [84].

It is obvious from Fig. 30 that the projectile}electron momentum exchange is important in most
of the ionizing collisions. This is supported by Fig. 31 which shows the azimuthal angles between
the three transverse momenta. One "nds strong contributions with back-to-back emission between
electron and projectile.

Moshammer and coworkers have "rst used the azimuthal angular plot of Fig. 31 to illustrate the
ionization mechanism in fast highly charged ion}atom collisions (see Section 4.1.2.3 and Fig. 37).
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Fig. 30. 0.5MeV p#HePp#He1`#e~ All three panels show the momentum plane perpendicular to the incoming
projectile, which moves into the plane of the paper. (a) shows the momentum distribution of the projectile, the vertical
axis (labelled *P

xp
) is along the transverse momentum of the recoil ion. (b) shows the momentum distributions of the

electrons in the same coordinate frame as (a), in (c) the vertical axis is the direction of the transverse momentum of the
scattered projectile, the electron momenta are shown (see text) (from [84]).

They pointed out that the three borders of the triangle have a direct connection to a particular
ionization mechanism. The diagonal line /

130v3%#
#/

%v3%#
"180"/

%v130
"1803 corresponds to

a binary-encounter between projectile and electron, /
130v3%#

"1803 to a pure nuclear}nuclear
de#ection as observed for slow collisions (see Section 4.1.2.1) and /

%v3%#
"180 is the kinematics

equivalent to photoionization (see Sections 4.1.2.3 and 5).
We now focus on the longitudinal momentum balance in fast p}He collisions. For single

ionization by fast heavy particle impact the recoil ion longitudinal momentum k
,3%#

for each
collision can be calculated from the electron ejection angle (0

%
) and the electron energy (Eq. (6)).

Thus, the information about the electron spectra can be obtained from the k
,3%#

distributions and
vice versa. As a consequence of this there are simple formulas to connect di!erential cross sections
for electron emission and those for k

,3%#
[83]

dp
dk

,3%#

"P
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Fig. 31. 0.5MeV p#HePp#He1`#e~ Azimuthal angle between recoil ion and electron plotted versus that between
recoil ion and projectile. Indicated are the kinematical lines assuming the speci"ed two body interaction and considering
the third particle as a spectator. The region below is kinematically forbidden. (from [84]) (compare to same presentation
for fast highly charged ion impact, Fig. 37).

Tribedi and coworkers have used these relations to calculate recoil ion longitudinal momentum
distributions from measured doubly di!erential electron spectra [85]. From this perspective the
advantage of measuring k

@@3%#
is that it always samples all electrons (at all angles and energies),

which is di$cult with traditional electron spectroscopy. And even more important, since k
M3%#

is
simultaneously measured, the detection of only one particle, provides information about electron
emission di!erential in the transverse momentum exchange (i.e. for closer collisions the impact
parameter).

Besides from its kinematical connection to electron emission, the k
@@3%#

distribution can be, and
has always been, discussed in terms of forces which act on the nucleus and mechanisms which
dominate the ionization process. For 0.25}1MeV p and He2` impact on He DoK rner and coworkers
[112] have measured the k

@@3%#
distribution. They observed very similar recoil ion longitudinal

momentum distribution dp/dk
@@3%#

for these projectile velocities and charge states. The mean value
of the k

@@3%#
distribution is only slightly shifted backward from 0. At 0.5MeV impact energy it is very

close to the Compton pro"le of the He (see Fig. 32). Thus the "nal state momentum distribution
re#ects closely the momentum in the initial state. Only for close collisions, i.e. large k

M3%#
the

k
@@3%#

distribution gets much broader, indicating faster electrons and more coupling between the
projectile, electron and ionic motion. The data are in reasonable agreement with nCTMC
calculations which implicitly include the interaction between ion, emerging electron and projectile
to all orders. Rodriguez and coworkers have shown [83] that in a quantum mechanical treatment
one has to go beyond the Plane Wave Born Approximation to describe the distribution at
0.25MeV while at 1MeV a "rst-order treatment gives very good results. They employed the
Continuum Distorted Wave Eikonal Initial State (CDW-EIS) approximation to include a post
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Fig. 32. Longitudinal recoil ion momentum distribution for single ionization in 0.5MeV p}He collision. Open circles:
experiment, full line: nCMTC, histogram: nCTMC (from [112]).

collision interaction. Including these higher-order e!ects results in a backward shift of the
calculated distribution in agreement with the experiment.

Wang and coworkers [163] illustrated the correspondence between the d2p/dE
%
d0

%
and

dp/dk
@@3%#

by looking at recoil ion momentum distributions for "xed electron emission angle 0
%
"0.

They emphasize that electrons in the binary-encounter peak of the electron spectrum lead to recoil
ions with a momentum distribution given by approximately the Compton pro"le, centered at
k
@@3%#

"0.
Weber et al. [84] and Khayyat et al. [118,119] have measured the longitudinal momentum

distribution of electrons and recoil ions for single ionization by fast protons and antiprotons. For
1MeV impact energy they "nd almost identical longitudinal electron and ion momentum distribu-
tions for proton and antiproton impact (see Fig. 33). This is in good agreement with CDW-EIS and
CTMC calculations at this impact energy. The ionic momentum distributions found in these
studies for proton impact are in agreement with the earlier work shown in Fig. 32 [112]. For
smaller impact velocities a post-collision e!ect is expected, which separates electrons and ions in
momentum space. Two experiments con"rm this prediction and observed a signi"cant forward
emission of electrons from proton impact at velocities of 2}4 a.u. [84,71]. A detailed analysis of the
charge state dependence of these momentum exchange patterns at an impact velocity of 100keV/u
within the nCTMC approach can be found in Ref. [164]. This post-collision e!ect is much stronger
for highly charged ion impact, as illustrated in the following section (see, e.g. [76]).

4.1.2.3. Fast highly charged ion collisions. For collisions of fast highly charged ions with He the
momentum exchange patterns are very di!erent from those by fast proton impact (see Fig. 25).
Moshammer and coworkers have investigated 1 GeV/u U92` impact on He [81]. They found that
for relativistic collisions the momentum exchange between recoil ion and emitted electron by far
dominates over the momentum exchange with the projectile. The projectile carrying 0.24TeV of
energy induces an &explosion' of the atom by delivering only the energy but almost no momentum.
This fragmentation pattern has the characteristics of the photoionization process (see Sections 2.3
and 5). The common nature of fast charged particle and photons interacting with matter was
discussed already by Fermi et al. [165,166]. In their approach ionization of an atom by charged
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Fig. 33. Longitudinal momentum distribution for single ionization of Helium by 1MeV antiproton (data points) in
comparison with proton collision (solid line). (a) represents electron momentum data, (b) recoil ion momentum data. The
theoretical calculations represent antiproton impact, where the dotted line shows CDW and the dashed line a CTMC-
results. (from [119]).

particles is modeled as photoionization by a "eld of equivalent photons of various energies
(equivalent photon method). The photon "eld is obtained by a Fourier transformation of the time
and impact parameter depended electromagnetic "eld of the passing projectile. A 1 GeV/u
U92` ion generates a sub attosecond (10~18 s) superintense (I'1019W/cm2) "eld of virtual
photons, shorter and more intense than any laser. The momentum exchange pattern in these
relativistic collisions could also be well reproduced in relativistic nCTMC calculations [167].

Fig. 34 shows that the longitudinal momentum distributions of electrons and ions in such
collisions are identical and symmetric around zero. The ionization cross-section is very well
described by a calculation using the equivalent photon method (see Refs. [81,165,166,168,169]) and
by relativistic nCTMC calculations [167].

Going to nonrelativistic collisions (e.g. single ionization by 3.6MeV/u Se28` and Ni24` impact)
Moshammer et al. have shown that electrons and ions are still emitted mainly back to back
[76,121,122,170]. Even though the equivalent photon method is generally not expected to be valid
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Fig. 34. Longitudinal momentum distribution of electrons (dots) and of recoil ions (open circles) for single ionization of
He in collisions with 1GeV/u U92`. Full line: equivalent photon method (from [81]).

Fig. 35. Longitudinal momentum distribution of low-energy electrons (full circles) and recoil ions (open circles) for single
ionization of He in collisions with 3.6MeV/u Ni24` (from [76]). (The experimental data are distorted by a calibration
error and need to be shifted by about #0.2 a.u. for the recoil ions and !0.2 a.u. for electrons (see text).)

in this velocity regime, the experiments show that the projectile momentum exchange is much
smaller than the recoil ion and electron momenta. On the outgoing part of the trajectory the
post-collision interaction with the potential of the Ni24` becomes important pushing the He1`
ions backward and pulling the electron forward (see Fig. 35). These conclusions are supported by
nCTMC calculations. If in the calculations the sign of the projectile charge is changed from #24 to
!24, the recoil ions are moved forward while the electrons are pushed backward. More accurate
new studies [171] indicate that the experimental electron distribution in Fig. 35 and in Refs.
[76,79,122] need to be recalibrated by about 0.2 a.u. into the negative k

,
direction whereas the
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Fig. 36. 3.6MeV/u Se28`#HePHe1`#e~#Se28`. Projection in momentum space of all particles in the "nal state
onto the plane de"ned by the beam (horizontal axis) and the recoil ion transverse momentum (negative vertical axis). The
cluster size represents the corresponding doubly di!erential cross-section d2p/(dk

x
dk

@@
) on logarithmic scale (from [122]).

Compare to Figs. 23}25.

recoil ion distribution is shifted forward by the same amount. These corrected data along with
recent results on Au54` on He collisions [172] are in very close agreement with the CDW
calculations. The data of Fig. 34 from the same group are not a!ected by this correction of the early
calibration. Thus the CTMC seems to overestimate the post-collision e!ect systematically. Re-
cently, the initial state distribution of the electrons in the CTMC model was improved. Using
a Wigner distribution with 10 di!erent binding energies the quantum-mechanical initial state
distribution of the electron momentum as well as of its radial distribution was reproduced over
many orders of magnitude. The improved model predicts a signi"cantly reduced post-collision
e!ect and the theoretical results are in close agreement with the experiment [172].

CDW-EIS calculations by Rodriguez and coworkers [83] and CDW calculations by O'Rourke
et al. [173,174] which include the e!ect of post collision interaction did reproduce the electron as
well as the recoil ion momentum spectra.

In a systematic study of a very similar system (3.6MeV/u Se28` on He) Moshammer et al. have
discussed the transverse momentum balance as well. Fig. 36 shows the two-dimensional mo-
mentum distributions of all fragments in the plane spanned by the beam and the recoil ion
momentum. A comparison of Figs. 36 and 25 strikingly shows the polarization of the fragment
distribution by the post collision interaction with the projectile.

The similarity to photoionization is again highlighted by the azimuthal angular dependence of
the transverse momentum exchange. In the longitudinal direction the approximate compensation
of electron and ion longitudinal momenta for large v

130
results already from the conservation laws

(see Eq. (6)). In the transverse direction however there are no kinematical restrictions. Thus the
transverse momentum balance gives an even clearer probe of the dominating ionization mecha-
nism. Fig. 37 shows the azimuthal angular distribution of the fragments. The main contribution to
the cross-section comes from azimuthal angles of close to 1803 between recoil ion and electron as it
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Fig. 37. 3.6MeV/u Se28`#HePSe28`#He1`#e~ Relative azimuthal angle between recoil ion and electron (/
3%

)
plotted versus that between recoil ion and projectile (/

3%
)p. Indicated are the kinematical lines assuming the speci"ed

two-body interaction and considering the third particle as a spectator. The region below the line entitled &Binary
encounter electron' is kinematically forbidden. (from [122]) (compare to same presentation for fast proton impact,
Fig. 31).

is the characteristics of photoionization. This is in striking contrast to the same presentation for
single ionization by fast protons shown in Fig. 31.

4.1.3. Connection of single ionization and single capture in the recoil ion kinematics
Electrons stripped from the target will either be in the continuum (ionization) or in a bound state

of the projectile (electron capture). The transition between capture and ionization can be viewed
from the perspective of all particles: the electron, the projectile and the recoil ion. In the doubly
di!erential cross-section for electron emission (d2p/dE

%
d0

%
) the attractive potential of the projec-

tile leads to a divergence at 0
%
"0 and E

%
"1/2v2

130
. This &cusp'-shaped maximum in the electron

spectra, resulting from electrons travelling with the projectile but not being bound has been studied
extensively in electron spectroscopy (for a review see [175]). In electron energy space there is a
clear cut between capture and ionization. From the perspective of the recoil ion momentum,
however, there is a natural and smooth transition from capture to ionization. All recoil ions
with k

@@3%#
(k.*/

@@3%#
(see Eqs. (4)}(7) and (10) for de"nition) result from capture while those with

k
@@3%#

'k.*/
@@3%#

are due to ionization. The threshold k.*/
@@3%#

corresponds to electrons in the &cusp',
travelling with the projectile without being bound (see Eq. (10)). Rodriguez and coworkers [83]
emphasized that the cusp yields a step (i.e. a "nite cross-section and not a soft onset) in the
dp/dk

@@3%#
at k.*/

@@3%#
. Weber et al. have measured the longitudinal momentum distribution of He1`

ions from 100 to 250 keV/u p impact. Their results (Fig. 38) clearly show the predicted sudden onset
of the cross-section at the kinematical threshold. Ions from capture reactions smoothly continue
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Fig. 38. Longitudinal momentum distribution of He1` ion from 150 keV/u p impact on He. The full line with the peaks
corresponds to capture to ground state, excited states and capture plus target excitation. The dashed line results from
ionization (from [84]).

the k
@@3%#

distribution from ionization in this intermediate velocity range where capture and
ionization have comparable cross-sections.

4.2. Multiple electron processes in fast collisions

In this section we "rst discuss processes involving two active target electrons (double ionization,
transfer ionization and double capture), then reactions involving one electron of the target and one
of the projectile and "nally multiple electron processes leading to highly charged recoil ions.

4.2.1. Double ionization of He
Most of the studies of double ionization of He by charged particle impact are devoted to ratios

R
z
"p2`/p` of the total cross-sections only. From the dependence of R

z
on the strength of the

perturbation q2/v2
130

ln v
130

it was established that in the limit of small perturbations an asymptotic
ratio of R"0.26% is approached, independent of the projectile charge and mass (see, e.g.
[176,177] for a recent review). For stronger perturbation R

z
increases which has been attributed to

a two-step process of two independent interactions of the projectile with the two electrons [177].
Pioneering multiple di!erential cross-sections for He double ionization by 0.3MeV proton

impact have been reported by Skogvall and Schiwietz [178]. They measured angle and energy
resolved electron emission cross-sections for close impact parameters and found strong deviations
from predictions of the independent-particle model. The "rst recoil ion momentum studies for
double ionization of He determined the transverse recoil ion energy as a function of the projectile
scattering angle experimentally as well as theoretically within the dCTMC approach [58,98]. The
results di!er from those obtained for single ionization (discussed in detail in Section 4.1.2.2) in two
ways: For very small scattering angles ((0.25mrad) the recoil ion energy is higher than for single
ionization. This e!ect could qualitatively be reproduced by dCMTC calculations including
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Fig. 39. Transverse momentum distribution of He1` and He2` ions from 6.7MeV/u Xe44` ion impact (from [185]).

a dynamical screening for the second electron [58,98]. Second, the region where the transverse
recoil ion momenta are much smaller than the projectile transverse momenta extends to larger
projectile scattering angles as for single ionization. The latter is caused by the fact that in the
two-step process the projectile is scattered sequentially at two electrons. Thus, while for single
ionization the maximum scattering angle at an electron at rest is 0.55mrad, twice this value can be
reached for double ionization. This simple fact solves a puzzle originating from single di!erential
measurements of Giese and Horsdal [151,152,179,180]. They have measured R

z
as a function of

projectile scattering angle for 0.3}1MeV p}He collisions and found a distinct peak at a scattering
angle of about 0.9mrad. Taking into account the dynamics of the projectile scattering, this can be
interpreted as a manifestation of the double scattering mechanism in the double ionization process.
While for single ionization close impact parameter collisions with the nucleus are required to reach
a scattering angle of 0.9mrad, the two-step process for double ionization contributes to all
scattering angles up to 1.1mrad. This explanation has been supported by nCTMC calculations
[154,58,52] and has been con"rmed by the measurements of the recoil ion energies of the He2` ions
[58,181,98] and by quantum mechanical calculations [182], too.

The transverse momentum distribution of He2` recoil ions has been determined for fast p [98],
C5` [183] and Xe44` projectiles [184,185]. They all show much larger transverse momenta for
double ionization than for single ionization indicating closer impact parameters (see Fig. 39). This
can be expected from an independent particle model. Unfortunately, no quantum mechanical
calculations are available for comparison, since the problem of coupling two electron momenta
and the nuclear momentum exchange has not yet been solved. The only quantum mechanical
approach which incorporates the electron}electron interaction in the ground state and during the
collision (forced impulse methode FIM [179,186}190]) uses the impact-parameter approximation
and thus does not provide di!erential cross-sections.
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Fig. 40. Longitudinal momentum of two electrons (k
,%1

vs. k
,%2

) for 3.6MeV/u Se28` on He and Ne double and triple
ionization. The upper right "gure shows for comparison the correlated He initial state (from [79]).

Recently, Moshammer and coworkers succeeded in determining the "rst fully di!erential
cross-section for He double ionization by charged particle impact. They measured the momenta of
both emitted electrons in coincidence with the recoil ion momentum for 3.6MeV/u Se28`}He
collisions. For this collision system double ionization is completely due to the two-step process
(R

z
"15%). In addition, the projectile velocity is fast enough, that the energy loss of the projectile,

given by the sum of both electron energies and their binding energy results in a projectile
momentum change *k

,130
"*E/v

130
which is very small compared to the electron and recoil

momenta. As outlined in Section 4.1.2.3 the projectile acts as an extremely intense, short and broad
band virtual photon pulse. Double ionization under these conditions would be dominated by
coupling with two virtual photons. This interpretation within the WeizsaK cker-Williams formula-
tion is supported by a theoretical study by Keller and coworkers [169]. Fig. 40 shows the
longitudinal momenta of two electrons for double ionization of He and double and triple
ionization of Ne. The distribution is strongly forward shifted as a result of the long-range Coulomb
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potential of the emerging ejectile. More interestingly, the momenta of the two electrons are found
to be strongly correlated. Such patterns cannot be explained by any independent particle model or,
more precisely, in the absence of the explicit 1/r

12
-interaction between the two electrons. In CTMC

calculations the experimentally observed pattern is partially reproduced only if the 1/r
12

potential
is included. The basic features of the measured distributions are already present in the correlated
He ground state wave function (see Fig. 40). At GSI these experiments have been continued to
much higher impact velocities like 1 GeV/u [81], where the classical revolution time of the
electrons in the ground state is below 1% of the collision time. Thus, one can hope to achieve
a &snapshot' of the correlated initial-state wave function of atoms, molecules or clusters which are
multiply ionized in such reactions [191]. For a relativistic nCTMC calculation at this energy see
[167].

4.2.2. Transfer ionization
As for double ionization, one might distinguish di!erent mechanisms for transfer ionization (TI),

i.e. the simultaneous capture of one target electron and emission of a second one. Within an
independent-electron approximation, TI is a result of one step where a target electron is captured,
and a second step where by a projectile}electron interaction the second electron is emitted to the
continuum (TSTI). If one takes the electron}electron correlation in the initial ground state into
account, two new mechanisms are present in theoretical models: shake-o! [177] and shake-over
[192]. In the "rst case one electron is captured and the second one is emitted due to the change of
the e!ective target potential after the loss of the "rst electron. In the case of shake-over [192] the
"rst electron is emitted by a projectile electron interaction and the second one is captured by
a relaxation of the target wave function partly to bound projectile states. Finally, if one takes not
only the static initial-state correlation into account, but also allows for a dynamic electron}electron
correlation during the collision, a fourth mechanism (eeTI) becomes possible. This process of (eeTI)
has already been proposed on grounds of classical mechanics by Thomas in 1927 [193]. Assuming
the electrons at rest for simplicity, the projectile knocks the "rst electron to a angle of 453 to the
beam axis with the velocity J2]v

130
. In a second step with some probability this electron scatters

from the second electron into the forward direction with velocity v
130

where it can be captured by
the projectile ion. In this case the other electron is emitted perpendicular to the beam with an
identical velocity v

130
. This momentum exchange leads to a scattering angle of 0.55mrad for

a proton, independent of the projectile energy. In a pioneering experiment Palinkas and coworkers
identi"ed the electrons from this process experimentally [194]. Horsdal and coworkers [195]
searched for the (eeTi) in the scattering angle dependence of the TI process (see [182,196,197] for an
explanation of the experimental "ndings of [195] a TSTI). Quantum mechanical calculations of the
eeTI process in second Born approximation have been reported in [198}200].

Multiple di!erential cross-sections measurable by COLTRIMS allow for a detailed examination
of these mechanisms. The determination of the longitudinal momentum distribution alone allows
for some qualitative conclusions already. Such experiments have been reported by Wu and
coworkers [88] and Kambara and coworkers [133] (a). The "rst kinematical complete experiment
for transfer ionization has been reported by Mergel and coworkers [68,69]. They measured the
projectile momenta in coincidence with the recoil momentum vector for p}He collisions and
obtained complete images of the square of the correlated three body wave function in the "nal state.
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Fig. 41. Recoil ion longitudinal momentum distribution for F8`#HePF7`#He2`#e~. The full line shows results
from the independent electron model (from [88]).

This experiment allows for the "rst time a detailed and quantitative analysis of the two-step and the
Thomas double-scattering mechanism (b).

(a) Wu and coworkers have measured the longitudinal momentum distributions for single target
ionization, single electron capture (Fig. 21) and transfer ionization for 20}60MeV MeV O7` and
F8` impact on He with a resolution of 0.75 a.u. [88]. For single ionization they found the
distribution centered around k

,3%#
"0 with the width of approximately the Compton pro"le in

agreement with the "ndings for fast p impact reported in Section 4.1.2.2. To test the assumption of
a two-step process within the independent-electron approach, they calculated the impact para-
meter dependence for single ionization and single capture and found that the ionization probability
is constant and approaches unity in the range of impact parameters where single capture is
signi"cant. Thus, within the simplest version of the independent-electron model the k

,3%#
-distribu-

tion for transfer ionization is given by the distribution for single capture, folded with the one for
single ionization. Fig. 41 shows the measured distribution for transfer ionization together with the
results of this independent electron model. Very good agreement is observed.

At a much lower impact energy of 8.7MeV Kambara and coworkers performed the equivalent
experiment [133]. They found, that the distribution for transfer ionization is slightly backward
shifted compared to the single capture distribution. They concluded that while single capture leads
to "nal states n"4 and higher TI leads mainly to n"2!3. This can be understood qualitatively
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in a re"ned two-step model [201]. In a two step process it is most likely that ionization is the "rst
step due to the lower ionization potential for the "rst electron. In this case the second step would be
a capture from a He1` ion, which may lead to more tightly bound "nal states as observed in the
experiment.

(b) A kinematically complete experiment for the reaction

0.3!1.4MeV p#HePH#He2`#e~ (23)

has been reported by Mergel et al. [68,69]. They have measured the three momentum components
of the recoiling ion in coincidence with the two momentum components of the scattered hydrogen
atom perpendicular to the beam. Since there are three particles in the "nal state and it is known
that the capture leads predominately to the ground state, the measurement of 5 momentum
components together with momentum and energy conservation provides the complete kinematic
information on the process. Thus, even if the electron is not directly measured its momentum can
be calculated from the measured quantities. The momentum space of the recoiling He2` ion gives
a simple criterion to distinguish the (eeTI) from all the other processes (TSTI, Shake-o!, Shake-
over). The Thomas mechanism for transfer ionization (eeTI) does not require the nucleus to balance
the momentum. In this process the forward momentum of the captured electron is compensated by
the second electron. The target nucleus acts only as a spectator. All other TI processes involve one
step where one target electron is kinematically captured by the projectile and therefore the target
nucleus has to compensate the electron forward momentum yielding a backward momentum
transfer of !v

130
/2!Q/v

130
to the recoil ion. In addition the (eeTI) leads to a scattering angle of

0.55mrad for the projectile.
Fig. 42 shows the momentum distribution of the He2` recoil ions for projectile polar scattering

angles between 0.45}0.65mrad. The plane shown is de"ned by the beam axis (z direction, vertical)
and the momentum vector of the scattered projectile. The projectile is scattered towards positive
k
x
. The data are integrated over the recoil ion momenta in the k

y
direction. Contributions from the

TSTI process are expected along the (dashed) line of k
z
"!v

130
/2!Q/v

130
. While at 0.5MeV this

is by far the dominant process, at 1 MeV impact energy clearly a second peak from the (eeTI) arises.
At 1.4MeV this correlated Thomas capture already is the dominant contribution at the critical
projectile polar scattering angle. This interpretation was further supported by nCTMC calcu-
lations. In these calculations the electron}electron interaction can be switched on and o!. They
showed that the peak at momentum zero only arises if the electron}electron interaction is taken
into account on during the collision. They do, however, not yield the correct cross-section.

Mergel and coworkers also obtained the total cross-sections for the contribution of the (eeTI)
from the data shown in Fig. 42. They found a scaling of the cross-section with v~7.4B1

130
where v

130
is

the projectile velocity. This is in striking contradiction to the predictions of the classical Thomas
model and second-order Born calculations. Both theories predict the same scaling like v~11

130
at

asymptotically high velocities. At 1.4MeV the experimental cross-section is already a factor of 10
larger than predicted by theory.

The process of (eeTI) is a unique probe of initial-state correlation in the helium atom. First, the
cross-section for this process directly re#ects the spatial distance between the two electrons and,
thus, is sensitive to the correlation in coordinate space. Second, the momentum distribution of the
left behind He2` nucleus re#ects the sum momentum of both electrons in the initial state and,
hence, the correlation in momentum space. The (eeTI) at high velocities acts as a very fast knife
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Fig. 42. Momentum distribution of recoil ions for the reaction p#HePH#He2`#e~. The plane is de"ned by the
incoming beam (z direction) and the momentum vector of the scattered projectile (toward positive k

x
). All distributions

are for a "xed scattering angle of 0.45}0.65mrad of the projectile and are integrated over the recoil ion momentum in
y direction. The dashed lines show the longitudinal momentum where events from two-step processes and shake-o!
processes are expected. The (eeTI) Thomas process is expected close to the origin (from [69]).

which cuts almost instantaneously the bond between the three particles in the He atom. It
minimizes all kind of post collision interactions which smear out the signature of the initial state in
the "nal state.

The fully di!erential cross-sections can be transformed to emission patterns for the electron. For
0.3MeV it was demonstrated this way that the scattering of the projectile in the region of the
critical scattering angle is mainly caused by a hard binary collision with the emitted electron. This
is the analog to the "ndings for single ionization reported in Section 4.1.2.2. It explains the sharp
peak found in the ratio between transfer ionization to single capture cross-sections at 0.55mrad by
Horsdal and coworkers [195]. This peak is caused by binary-encounter scattering of the projectile
at the emitted target electrons, similar to the peak at 0.9mrad in the ratio of double to single
ionization [151] discussed in Section 4.2.1.

A puzzling new feature in the electron emission is found for the small scattering angles
((0.3mrad). At these angles the electrons are found to be emitted backward. No conclusive
interpretation has been given for this unusual emission pattern. It has been speculated [68] that it
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may be a result of the initial state correlation, since for capture a forward directed momentum
component of the electron in the initial state is needed. In this case the left-over second electron
maybe backward directed.

4.2.3. Electron}electron interaction in electron-loss reactions
In all processes discussed so far only electrons from the target have been involved. A new and

even more complex situation arises if projectile electrons are actively involved in the collision. For
this case where a projectile electron is emitted two mechanisms have been discussed in the
literature. The projectile electron can either be emitted by an interaction with the target nucleus (ne)
or with one of the target electrons (ee) [202}211]. With the use of COLTRIMS a break through in
this investigations has been achieved since the measurement of the recoil ion momentum allows an
experimental separation of the two mechanisms [66,88,89,212]. The explanation for this is similar
to the case of transfer ionization discussed in Section 4.2.2. For the (ne) mechanism the target
nucleus must be actively involved in the collision receiving large forward and transverse momenta,
while for the (ee) mechanism, the target nucleus acts as a spectator, receiving only little momentum
transfer. The longitudinal momentum balance for these reactions can be seen in more details from
Eqs. (6) and (7). The loss of kinetic energy of the projectile necessary for ionization corresponds to
backward momentum transfer to the projectile. This projectile longitudinal momentum loss has to
be compensated by the target atom. If now the target is ionized, the forward momentum can be
either transferred to the recoiling ion, which occurs in the case of an (ne) interaction, or to the
emitted target electron, which occurs in the case of an (ee) interaction. Thus, measuring k

,3%#
allows

the separation of the two mechanisms. In both cases the recoil ion momentum is smeared out by
the momentum transfer caused by the target ionization. In addition to the di!erence in k

,3%#
one

expects larger k
M3%#

for the (ne) than for the (ee) mechanism, since for the (ne) mechanism the impact
parameter between the nuclei needs to be in the range of the projectile electron shell radius
[206,207,209,210] and thus smaller than for the (ee) process.

Fig. 43 shows the momentum distribution of the recoiling ions for the reaction

0.5!2 MeV He1`#HePHe2`#He1`#2e~ (24)

from Ref. [66]. The two maxima at 1 MeV can be attributed to the contribution of the (ee)
interaction (close to the origin) and the (ne) mechanism (forward shifted). The long dashed line
shows the position where one expects the contributions of the (ne) according to Eq. (7). In addition
Fig. 43(f) shows the He1` momentum distribution resulting from electron-impact ionization at
velocity equal to 1 MeV He impact. The maximum nicely coincides with the (ee) contribution in (c)
illustrating the analogy of the (ee) mechanism with electron-impact ionization. The threshold for
electron impact ionization of He1` is at a velocity equivalent to 0.4MeV, thus the contribution of
the (ee) mechanism disappears at the lowest energy investigated. For increasing energies the (ee)
mechanism is dominating, since it involves only one interaction while the (ne) requires one
interaction from target}nucleus and projectile}electron as well as an additional interaction from
projectile}nucleus and target}electron. The experimental momentum distributions as well as the
absolute cross-sections are very well described by two-center nCTMC calculations (see Refs.
[66,212] for a detailed comparison). At the lowest energies investigated here these calculations
predict a third mechanism which is a double target ionization followed by a capture of the
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Fig. 43. (a}e) Momentum distributions of recoil ions for the reaction (24) for variable impact energy. The vertical axis
shows the recoil ion transverse momentum, the horizontal axis the longitudinal momentum. The contour lines are linear
and equally spaced in cross-section. The two maxima for 1MeV impact result from the (ee) and (ne) interaction,
respectively. The long dashed line indicates the position of expected longitudinal momentum for the (ne) contribution
from Eq. (7). (f) Momentum distribution of He1` ions from 130 eV electron impact, which is equivalent in velocity to
1MeV He (from [66]).

projectile electron to the target. The expected k
,3%#

for this three-step mechanism (see Eqs. (6) and
(7)) is shown by the short dashed line in Fig. 43.

For highly charged ion impact the separation of the (ee) and (ne) mechanism in the longitudinal
momentum increases because of the larger binding energy of the projectile electrons and it becomes
possible to determine quantitatively the individual cross-sections for both mechanisms. Wu and
coworkers have investigated O7` on He collisions and extracted the ratio of (ee) and (ne)
contributions (see Fig. 44). They found very good agreement with a simple model using a scaled
Plane-Wave-Born cross-section for the (ne) mechanism and folding a free-electron impact ioniz-
ation cross-section with the Compton pro"le of the target (for a more detailed discussion see also
[88]).

4.2.4. Double electron capture
Capture of both electrons in He2` on He collisions is one of the fundamental two electron

processes. Ground state capture (resonant) is expected to be by far the dominant channel [213] for
this reaction. This transition however cannot be accessed by energy gain spectroscopy or coinci-
dent detection of photons or Auger [214] electrons [215], since the ejectile is neutral and in the
ground state. Thus, COLTRIMS is the only experimental approach allowing to separate this
dominant channel. DoK rner and coworkers [111] found a ratio of about 16$3% for double
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Fig. 44. Ratio of cross-sections for the (ee) and (ne) contribution to simultaneous target and projectile ionization for
O7`!He collisions, as function of impact energy. Triangles: Experimental data obtained from integrating over the
respective range of recoil ion momenta for each process, solid line: Theoretical calculation from [243,244], dashed line
theoretical estimate from [89], see text (from [87]).

capture to nonautoionizing exited states to ground state capture for double capture by
0.25}0.75MeV He2` impact on He, by measuring the k

,3%#
distribution of the He2` ions. This is in

good agreement with nCTMC predictions by ToK kesi and Hock [216]. Much theoretical e!ort has
been put into the calculation of total as well as scattering angle di!erential double capture
cross-sections (see, for example [201,217}233]). Most of those calculation depend to some degree
on treating the two electrons independently during the collision. Only recently new approaches
have been developed which preserve the full 4-body nature of the problem [213,234}239]. E!ects of
dynamical electron}electron correlation during the collision can be most sensitively probed in
di!erential cross-sections. From the scattering angle dependence of single capture at fast collisions
it is well known, that the transverse momentum exchange up to 3 a.u. is mostly mediated through
the captured electron [240,241]. Thus, the correlated electronic momenta should be re#ected in the
di!erential double capture cross-sections (see [242] for a "rst experiment). State-selective di!eren-
tial cross-sections at 0.25MeV He2` impact energy obtained by COLTRIMS (Fig. 45) show that
capture to excited states results in larger transverse momentum exchange between projectile and
target than ground state double capture. This indicates the necessity of smaller impact parameters
for exothermic channels. For higher impact energies signi"cant structure in the di!erential
cross-section resulting from three di!erent Thomas type scattering mechanism have been predicted
[221,245]. COLTRIMS experiments searching for such structures are under way.

4.2.5. Multiple ionization and capture
As for single ionization, the longitudinal and transverse momentum transfers are completely

decoupled for multi-electron processes induced by fast ion impact. Contrary to single ionization,
however, in multiple electron processes the transverse momenta are often much larger than the
longitudinal momenta, since many electron processes require closer impact parameters. The "rst
experiments concentrated on this transverse momentum exchange, aiming for determination of the
impact parameter dependence of the reactions. Historically, the data were often presented in terms
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Fig. 45. Scattering angle distributions for double electron capture for 0.25MeV He2` on He collisions obtained by
measuring the transverse recoil ion momentum. Full circles: All "nal states (data multiplied by 2). Open circles:
Ground-state capture. Open squares: Double capture to nonautoionizing excited states (from [111]).

of mean energies of the recoil ions for di!erent reaction channels [46,49,62,99,246}248] partly to
get information on the ionization mechanism and partly because of the practical relevance of the
recoil ion energies for the brightness and energy spread of heavy-ion beam pumped secondary ion
sources [42,249,250]. The general trend for all collision systems is a steeply increasing recoil ion
energy with increasing ion charge state. One typical example of such data is shown in Fig. 46. The
experiment was performed using an extended gas target at room temperature and the data are thus
in#uenced by the target thermal motion at the lower energies.

For a detailed comparison with model predictions it is, however, more informative to discuss
these data in terms of cross-sections singly di!erential in k

M3%#
. We "rst discuss the results of the

pioneering experiments on k
M3%#

distributions by Ullrich and coworkers for fast U32` and
U65` impact on Ne and Ar. Second, we discuss results for the collision system F7`,8`,9` on Ne,
for which di!erent groups investigated the transverse momentum balance between projectile, recoil
ion and emitted electrons [60}62,99]. All of these studies had low resolution in the recoil ion
momentum. Finally, experiments on the longitudinal momentum balance for multi-electron
processes involving capture and ionization by three di!erent groups [62,82,99,185] are reviewed.

4.2.6. Transverse momentum transfer in fast multiply ionizing collisions
Ullrich and coworkers have performed the "rst experiments to measure the transverse mo-

mentum distribution of Ne and Ar recoil ions created by fast U32` and U65` [50]. These
experiments have been performed using a "eld-free gas cell at room temperature. It allowed them to
access for the "rst time the transverse momentum exchange in a fast heavy ion collision on the level
of accuracy equivalent to scattering angles of 10~6 rad.

Fig. 47 shows the recoil ion transverse momentum distributions for 1.4MeV/u U32` and
5.9MeV/u U65` on Ne impact summed over all charge states of the ions. At large transverse
momentum exchange the di!erential cross-sections are well described by the Rutherford cross-
section (i.e. they decrease with 1/k3

M3%#
). At small momenta the data deviate signi"cantly from
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Fig. 46. Mean transverse recoil ion energy as a function of recoil ion charge state for 1.4MeV U32`}Ne collisions. Open
circles: Experiment. Open squares: nCTMC. Full squares: nCTMC folded with target thermal motion (from [42]).

a Rutherford distribution folded with the thermal motion of the target. nCMTC calculations show
that the momenta of the emitted electrons dominate the transverse momentum exchange in this
regime. The calculations indicated that the projectile will even be scattered to negative scattering
angles for impact parameters greater than 3 a.u. at the attractive negative potential of the strongly
polarized electron cloud. This "rst evidence of the strong in#uence of the emitted electrons on the
heavy-particle motion was con"rmed by the latest high-resolution studies using supersonic gas-jet
targets (for single ionization see Section 4.1.2.3 and Refs. [76,79,121]).

While Fig. 47 displays dp/dk
M3%#

summed over all ionic charge states, cross-sections di!erential
in the recoil ion charge state have been obtained simultaneously. These di!erential cross-sections
for multiple ionization can either be used directly for a detailed test of theoretical models which
calculate the momentum exchange like the nCTMC [159], or they can be used to obtain ionization
probabilities. Since the total scattering follows a Rutherford-like shape at larger transverse
momentum transfers one can obtain probabilities for each charge state as a function of k

M3%#
, which

is at these large k
M3%#

related to the impact parameter. Horbatsch and coworkers [251,252] have
found that these probabilities can be described in a consistent way by an independent electron
model calculating single particle ionization probabilities and neglecting all electron}electron
correlation e!ects.

For fast (0.5}1MeV/u) F7~9`PNe collisions di!erent groups have reported di!erential cross-
sections for ionization, single and double capture and the emission of up to 6 electrons to the
continuum. In these studies the recoil ion transverse momentum and charge state has been
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Fig. 47. Recoil ion transverse momentum distributions for (a) 1.4MeV/u U32` and (b) 5.9MeV/u U65` impact on Ne,
summed over all recoil ion and projectile charge states. Full circles: experiment; open squares: nCTMC; full line: nCTMC
folded with thermal momentum distribution at room temperature (from [50]).

measured in coincidence with the projectile scattering angle and charge state [60}62,99]. One of
the goals of these experiments was to obtain information on the sum momentum of the emitted
electrons from the di!erence between projectile and recoil ion momenta. Within the experimental
resolution of the projectile momentum measurement of about 20}40 a.u. (which is worse than the
k
M3%#

measurement) all the experiments agreed that no deviation is found from a two-body
scattering between projectile and target nucleus. Thus, on this scale even the sum momentum of
6 emitted electrons plays no essential role on the transverse momentum balance. This refutes the
"ndings of Gonzales and coworkers [253], who reported a strong &out-of-plane' scattering of
projectile and target nucleus caused by very high electron momenta. In general, increasing
transverse momenta of projectile and recoil ion are found with increasing number of emitted
electrons, indicating smaller impact parameters.

Unverzagt and coworkers reported on such data for 5.9MeV/u U65` on Ne collisions. They
found excellent agreement between experiment and nCTMC calculations (see Fig. 48). Similar data
for Xe44` impact on Ar have been reported by Jardin and coworkers [185]. In both experiments
also the longitudinal momenta of the ion have been measured (see next sections).
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Fig. 48. Recoil ion transverse momentum distribution for 5.9MeV/uU65`#NePU65`#Nei`#ie~ (from [82]).

4.2.7. Longitudinal momentum transfer for fast highly charged ion impact
The longitudinal momentum balance for multiple ionization has been investigated by Unverzagt

and coworkers for 5.9MeV/u U65` on Ne and for Xe44` on Ar collisions by Jardin and coworkers.
Both groups found backward emission of the ions. The momentum position of the maxima as well
as the widths of the distribution increase roughly linear with the ionic charge (see Fig. 49). The data
are again in excellent agreement with nCTMC calculations.

No electron is captured in these collisions, thus the k
@@3%#

is given by k
@@3%#

"*E
130

/v
130

!+k
@@e

(see Eqs. (4)}(7)). Where *E
130

is the energy loss of the projectile, i.e. the sum over the electron
continuum energies, the binding energies and excitation energies of the residual ion. However, since
v
130

+16 a.u. the ratio *E
130

/v
130

is in most cases small compared to the sum of the longitudinal
electron momenta. Thus, the backward recoil ion momenta prove that the electrons are collectively
forward emitted with a mean longitudinal sum energy of 5 eV for single ionization up to 1.1 keV for
Ne6`. This forward emission is not a trivial result of a binary-encounter between projectile and
electron, since it has been shown in Section 2 that binary encounter electrons result in no
momentum transfer to the ion. The forward emission of the electrons as well as the backward
emission of the ions is a consequence of the strong long-range force of the highly charged projectile
on the outgoing path of the trajectory similar to what has been observed for single ionization of He
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Fig. 49. Recoil ion longitudinal momentum distribution for 5.9MeV/u U65`#NePU65`#Nei`#ie~ (from [82]).

(see Fig. 35). The same trend has been seen for double ionization of He [185]. Backward emission of
highly charged Ne recoil ions by fast highly charged ion impact has "rst been seen in an experiment
by Gonzales-Lepra and coworkers [48].

For multiple ionization involving additionally the capture of 1}3 electrons Frohne and
coworkers observed an unexpected opposite trend. They investigated 19MeV F9` Ne collisions
determining the number of captured (0}3) and continuum electrons (0}5). Using a warm e!usive
gas target the mean value of the longitudinal momentum of the recoil ion was measured. Within
their resolution they found the distribution centered around zero for the pure ionization channel
and up to 5 electrons emitted to the continuum. For capture of n electrons and no emission to the
continuum they saw backward emission following the (n]v

130
/2) law as expected from Eq. (5).

However, for capture accompanied by emission of m electrons to the continuum they observed
increasing forward recoil ion momenta compared to the pure capture channels (see Fig. 50). This is
opposite to the prediction of the nCTMC calculations and from what one would expect from the
e!ect of post collision interaction. As discussed in Section 4.2.2 Mergel and coworkers [69] have
even found mainly backward scattered electrons for transfer Ionization in fast proton on He
collisions. No conclusive interpretation of this behaviour has been found.
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Fig. 50. Mean recoil ion longitudinal momentum as function of the ion charge state q for the reaction 19MeV
F9`#NePFp`#Neq`#(p#q!9)e~. Full line: nCTMC (from [99]).

4.3. Multiple electron processes in slow collisions

Early experiments performed on many-electron transition, at slow impact velocities at Kansas
State University have used a warm e!usive gas-jet target. They were therefore not able to resolve
the line structure in the k

@@3%#
distribution but they did provide important information on the mean

Q-value and on the transverse-momentum distribution.
Wu and coworkers performed systematic studies on transfer ionization and double capture

reactions in O7,8` and N7` on He collisions at 0.2}1.7 a.u. impact velocity. At these slow velocities
direct ionization is negligible and, thus, transfer ionization proceeds via double capture followed by
autoionization. The measurement of the Q-value, the ratio between transfer ionization and true
double capture, along with the transverse momentum distributions allows one to obtain informa-
tion on which states have been populated and whether the transfer of the electrons occurs in one or
two steps. Signi"cant di!erences between the O8` projectile on one and the N7` and O7` on the
other side have been observed. For O8` the ion momentum distributions in k

@@3%#
and k

M3%#
direc-

tion are similar for transfer ionization and double capture. The authors conclude that asymmetric
states, i.e. states where the main quantum number of the two captured electrons is very di!erent, are
populated in both cases by a two-step process. In contrary for O7` and N7` the k

@@3%#
and

k
M3%#

distributions are di!erent between double capture and transfer ionization (see Fig. 51). For
double capture with successive autoionization the momenta are consistent with the capture
channel to (n, n@)"(3,3) and (3,4) in a one step process. For double capture very asymmetric states
(2,'10) are observed. From the scattering-angle dependence one can conclude that these states are
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Fig. 51. Angular di!erential cross-sections for transfer ionization ("lled circles) and double capture ("lled triangles). The
lines are drawn to connect the symbols. The projectile scattering angle has been measured via the transverse recoil ion
momentum (from [100]).

populated via a capture plus excitation process which can be described within the independent
electron model and a correlated double electron capture as discussed by Stolterfoht for O6` impact
[254] can be ruled out.

The "rst experiment where the longitudinal recoil ion momentum has been measured in order to
determine the Q-value of the reaction has been performed by Ali and coworkers [63]. They
investigated the capture of up to 5 electrons in 50 keV Ar15` on Ar collisions. Up to now it is
completely impossible to calculate the details of such a many-electron transition processes from
"rst principles. However, a classical over-the-barrier model which has been extended and intensive-
ly applied by Niehaus (for a review see [255]) has proven to successfully predict cross-sections,
impact-parameter dependences, and "nal-state distributions of such transitions. Since COL-
TRIMS provides the Q-value and the scattering angle dependence for all reaction channels it
allows also for a sensitive test of this model. Ali and coworkers found very good agreement between
experimental and predicted mean Q-values for the above collision systems. A later systematical
study of multiple capture by slow highly charged ions using the recoil technique has been reported
by Raphaelian and coworkers [256].
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Abdallah and coworkers [257] have investigated single and double electron capture in Ar16` on
He collisions at velocities from 0.3 to 1.5 a.u. This study thus extends from the low velocity regime
where energy matching between intial and "nal state are determine the main characteristics of the
capture process into a transition region where velocity matching already becomes important. For
single capture they "nd a widening of the reaction window (i.e. the energy range of states which are
populated) with the square root of the projectile energy and a decreasing energy gain with
increasing velocity. The scattering angles for a given Q-value is for the lowest velocity centered
around half the coulomb angle (0

c
"Q/2E

130
with E

130
being the projectile laboratory energy (see

also [109]). This indicates an about equal probability of transfer on the way in and out. If the
electron transfer occurs on the way in (out) scattering angles smaller (larger) than 0

c
can be

expected. At 1.5 a.u. velocity however the peak in the scattering angle distribution is shifted to
signi"cantly larger angles than 0

c
.

The results for double capture at 1 a.u. are shown in Fig. 52. Fig. 52(a) shows the channel of true
double capture (TDC), where both electrons are kept by the projectile, (b) is the channel of transfer
ionization (TI). Here the capture to a doubly excited state has lead to autoionization. TI
contributes about 70% to the total double capture cross-section. All double capture channels are
found to peak at much larger scattering angles than 0

c
. This shows that the double capture does

not occur in a single transition in the crossing of the incident channel with the outgoing channel,
but in a two steps of successive single transfers where at least one transition occurs on the way in.

4.4. Electron impact ionization

The "eld of electron impact ionization was one of the "rst in which kinematically complete
experiments have been performed. For single ionization very successful and comprehensive work
by many groups has been reported (for reviews see e.g. [9}11]). In these so called (e,2e) experiments
the two outgoing electrons are detected in coincidence. With this technique recently even (e,3e)
experiments have been done [12}18].

In this "eld also one of the "rst experiments measuring recoil ion momenta has been performed
by McConkey and coworkers for electron impact on He and Ne. They used a gas cell at room
temperature and detected the recoil ion through a rotatable slit with a mass spectrometer. With this
apparatus they integrated over the ion momenta and measured the angular distribution. In (e,2e)
experiments two maxima in the angular distribution of one electron for a "xed angle of the other
electron are found at low momentum transfers. One maximum is related to a binary collision of the
projectile and target electron and a second from a backscattering of one of the electrons at the
target nucleus (recoil peak). McConkey et al. [43] could support this interpretation by measuring
the angular distribution of the recoiling ion.

Recently, two experiments using COLTRIMS to investigate electron impact ionization have
been reported. DoK rner et al. [66] have measured the He1` momentum distribution for 130 eV
electron impact to compare it to the ionization by electrons which are bound to a projectile. This
has been discussed in Section 4.2.3. Jagutzki and coworkers have explored the use of COLTRIMS
for (e,3e)-experiments [64,105,258]. They measured the recoil ion momentum distributions for
single and double ionization of He by 270}3200 eV electron impact. For single ionization by 500 eV
electrons they found the recoil ion momentum distribution (integrated over all emission angles) to
be very close to the momentum distribution of the slow emitted electron (see Fig. 53).
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Fig. 52. Double electron capture in Ar16` on He collisions at a projectile velocity of 1 a.u.. The horizontal axes shows the
Q value of the collision, the vertical axis the projectile scattering angle. Both are measured via the momentum of the
recoiling He2` ion. (a) shows the true double capture channel, where both electrons are kept by the projectile. (b) shows
the channel of transfer ionization, where the doubly excited projectile emits one electron by autoionization. The location
of "nal states (n, n@) are shown in the "gure. The dashed line shows the location of 0

c
"Q/2E

130
assuming a one step

transition (see the text). The open circles and squares indicate the de#ection angles calculated assuming a two step
transition with n"7 and n"6, respectively, as the enabling "rst step single capture transition (from [257]).

This is consistent with the "ndings of numerous (e,2e)-experiments that these collisions are
dominated by small momentum transfer from the fast projectile. The momentum distribution is
very close to the Compton pro"le of the initial state, similar to the case of fast proton impact (see
Section 4.1.2.2). For double ionization the He2` momentum distribution is found to be broader by
about a factor of 2}3. The two-dimensional momentum distribution (k

M3%#
versus k

@@3%#
) shows

a ridge along the kinematic line for a two-body collision of the projectile with the target nucleus.
Thus, the He2` momentum distribution is signi"cantly forward shifted compared to the He1` ions.
The distribution along the kinematic line indicates that double ionization is dominated by much
closer impact parameters (between projectile and target nucleus) than single ionization. nCTMC
calculation yield good agreement for the momentum distribution of the He1` ions but does not
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Fig. 53. Recoil ion momentum distribution (integrated over emission angle) for single ionization of He by 500 eV
electrons. Line: Experiment. Dashed line: nCTMC calculation (scaled by 2.9). The dots show the electron momentum
distribution calculated from (e,2e)-data [259,260] (from [105]).

"nd the ridge along the kinematic line for double ionization. One reason may be that the nCTMC
does not include the shake-o! and the interception process for double ionization.

Complete (e,3e)-experiments require either the coincident detection of all three electrons [12}18]
or the coincident detection of two electrons in addition to the recoiling ion. Such experiments are
under way [138,139,17],

5. Experimental results for photon impact

The latest "eld to which COLTRIMS has been applied are studies on photon-induced ioniz-
ation. So far experiments on He and D

2
targets in the energy range from the double ionization

threshold (79 eV for Helium) to 90 keV have been reported. The work covers measurements of the
ratio of double to single ionization by photoabsorption R"p2`/p` from threshold to 400 eV [92],
the separation of Compton scattering and photoabsorption between 9 and 100 keV [93,104,261],
the determination of fully di!erential cross-sections for photoabsorption [70,115,116,123] and
a study of the electron emission in double photoionization from "xed-in-space D

2
molecules. In

this section we "rst illustrate the role of the recoil ion for the photoabsorption process for He single
ionization and show how this can be used to eliminate systematical errors for the determination of
R at low photon energies (Section 5.1). We then show how fully di!erential cross-sections for He
double photoionization can be obtained by detecting one electron in coincidence with the ion
(Section 5.2). In Section 5.5 we discuss how the detection of the recoil ion momentum allows the
separation of photo absorption from Compton scattering processes. The common theme of the
COLTRIMS studies of photo double ionization is to explore the role of electron}electron
correlations. Their motivation is therefore similar to that of many of the ion and electron impact
studies reviewed in the previous sections. One might distinguish the role of correlation in the
initial-state, in the "nal-state and dynamical correlation during the double ionization process. The
latter has been termed scattering correlation and is often discussed in a simple picture of an
electron}electron collision. The studies at low photon energies are mainly aiming at correlation in
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the "nal state and scattering correlation. High photon energies in turn are well suited for the
investigation of initial state correlation since the electrons are so fast that any scattering on their
way out of the atom is negligible (see [70] for detailed references).

For a complete review of the rapidly expanding "eld of photoionization of atoms and molecules
using synchrotron radiation the reader is referred to [262].

5.1. He single ionization and the ratio of double to single ionization

Momentum conservation requires, that the recoiling ion from single ionization induced by
absorption of a single photon compensates for the continuum momentum of the emitted photo-
electron, which carries almost all of the excess energy (see Eq. (13)). COLTRIMS allows for the "rst
time to really visualize this basic fact of text book physics. It then exploits this fact to obtain
detailed information on the process itself. Fig. 5 shows the momentum distribution of He1` ions
resulting from absorption of 80 eV linearly polarized photons, measured at the Advanced Light
Source at LBNL. The "gure displays a slice through the three-dimensional momentum distribution
in the plane perpendicular to the photon beam axis. The light from an undulator is linear polarized
with the main axis of the polarization ellipse along the x-axis. The outermost ring results from He`
ions in the ground state, the concentric rings result from ions in successive excited states. The
momentum resolution in the x direction (which is the direction of the electric "eld of the
spectrometer, where the momentum is measured via the TOF) is 0.09 a.u. corresponding to an
energy resolution of 5 eV for the electrons of 55.8 eV leading to the n"1 state and about 0.6 eV for
nPR at an energy of 1 eV.

If one integrates the momentum distribution over all angles one obtains a width of 0.14 a.u.
re#ecting not the local resolution but the linearity of the system. Contrary to traditional electron
spectroscopy the full angular range (4p solid angle) is detected at one time. There is no need to
rotate the spectrometer with respect to the beam axis and there is no range of nonaccessible angles.
In the o!-line analysis the data can be sorted according to any angular and energy conditions in
any coordinate system. For example Fig. 54 shows the ions sorted versus the cosine of their angle
with respect to the polarization axis, for the n"1 and n"2 levels, respectively. The angular
distribution of the electrons and hence the one of the recoil ions can be described by

d2p(0, /)
dX

"

p
4n A1#bA

3
4

(1!sin/2sin02#S
1

cos02!S
1

cos/2 sin02)!
1
2BB. (25)

In the case of the Stokes parameter S
1
"1 (fully linear polarized light) the equation simpli"es to

d2p(0, /)
dX

"

p
4p A1#bA

3
2

cos02!
1
2BB. (26)

The n"1 level can be used to determine the Stokes parameter S
1
, since the beta parameter is b"2

(we obtain S
1
"0.99$0.01 for the data shown in Fig. 54). Using this value the b parameter for the

higher n levels can be determined (see "gure). Qualitatively, the di!erence in the angular distribu-
tions for the higher n levels can already be seen in Fig. 5. For nPR the beta parameter becomes
negative at 80 eV photon energy.
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Fig. 54. Count rate versus cos0 of the ion with respect to the direction of the linear polarized light, for He1` ions
produced by 85 eV photon impact, for the n"1 and n"2 ionic state. The data are integrated over all azimuthal angles
(from [70]).

By integrating over the momentum distributions for He1` and He2` ions one obtains the ratio
R of the total cross-sections. Many experimental and theoretical studies have been devoted to the
photon energy dependence of R. Close to threshold the double ionization cross-section rises with
E1.056 as predicted by the Wannier threshold law [263]. R reaches a maximum at around 200 eV
and slowly drops to an asymptotic value of 1.7%. The threshold behavior has been experimentally
con"rmed by Kossmann and coworkers [264], the asymptotic value has only recently been
established [265}267,93], it will be discussed in Section 5.5 in more detail. DoK rner and coworkers
[92] have recently used COLTRIMS to determine precise values of R in the energy region from
85}400 eV. The results are shown in Fig. 55 together with most of the available experimental and
theoretical results. The data of this work are about 25% lower than most of the previous
experimental results, which have been obtained by detecting the time of #ight of the ions only. The
application of COLTRIMS allows to eliminate all possible sources of experimental errors which
have been discussed in the literature of this subject so far, since the charge state and the
three-dimensional momentum vector as well as the pulse height of the channel-plate detector signal
are recorded for each ion. For example, admixture of low-energy stray light or higher harmonics
would show up as larger diameter rings in Fig. 5 as well as charge exchange by secondary collisions
and electron impact ionization by secondary electrons. Also, any H`

2
contribution to the He2`

would have been seen in the momentum distribution. For more details on this discussion see
[92,261,268]. This revision of the established data of R at lower photon energy by the COLTRIMS
technique has later been con"rmed by Samson and coworkers [269] (compare also [267]).

As can be seen in Figs. 55(b) and (c), the new data have severe impact on the evaluation of the
available theoretical results. They clearly favor the most recent calculations by Tang and
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Fig. 55. Ratio of double to single ionization for photoabsorption as a function of photon energy. Full circles:
COLTRIMS data taken at the ALS, full squares: COLTRIMS data taken at Hasylab. The open circles in (b) are the same
data as in (a) but scaled down by 1.3 (see text). V, A, L stand for results obtained in the velocity, acceleration or length
form, respectively (from [92], see there for the references given in the "gure).

Shimamura [270] and Pont and Shakeshaft [271]. They are also in good agreement with
calculations by Meyer and Green [272], Kheifets and Bray [273], Pindzola and Robicheaux [274]
and Qui et al. [275]. Today for the full range of photon energies from threshold to the asymptotic
regime the question of the ratio of total cross-section resulting from photoabsorbtion can be
considered as settled.

The calculations by Pont and Shakeshaft and those of Kheifets and Bray also provide fully
di!erential cross-sections, angular and momentum distributions of the He2` ions. This will be
discussed in more detail in the following section.
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5.2. Multiple diwerential cross-sections for He photon double ionization

For double ionization of He by photon impact a complete kinematical determination of the "nal
state requires the coincident detection of "ve momentum components of any of the three particles
in the "nal state (the 4 remaining momentum components are then given by energy and momentum
conservation laws, see Section 2.3). The "rst pioneering complete experiment on He has been
performed by Schwarzkopf and coworkers [19] by detecting the two electrons in coincidence.
This kind of experiment can be performed much more e$ciently by measuring the recoil
ion momentum in coincidence with one of the electrons. Results have been reported by DoK rner
and coworkers [115]. They used a spectrometer as shown in Fig. 12 with a position-sensitive
electron detector facing the recoil detector. Similar to many experiments for ion impact
discussed above, the data obtained with COLTRIMS di!er from those obtained in coincident
photoelectron detection in at least two ways which have more than technical importance. First, the
complete momentum space (4p solid angle) for the ion and one of the electrons and are recorded in
&event mode'. This means that the "nal momenta of all three particles are determined for every
double ionization event, with no necessity to choose &a priori' a particular angle or energy for
either electron. Thus, the entire "nal "ve-dimensional momentum space of the escaping
3 particles is sampled without prejudice, and the physical process itself determines which parts of
this space are the most important ones. In principle, a similar measurement could be performed by
measuring coincident photoelectrons for all angle and energy combinations, but this is an
experimentally hopeless task with the solid angles of typical electron spectrometers. The overall
data collection e$ciency using the recoil technique is orders of magnitude higher than that realized
by the coincidence photoelectron technique. Second, the recoil momentum itself, which is equal
and opposite to the center-of-mass momentum of the ejected electron pair, appears to be a parti-
cularly convenient coordinate for the description of the physical process at hand. The eventmode
sampling of the entire "nal-state momentum space allows one to transform the data into any
set of collective coordinates like hyperspherical or Jacobi coordinates. DoK rner and coworkers
analyze their data in Jacobi coordinates k

3
"(k

1
#k

2
) (which is equal and opposite to the recoil

ion momentum) and k
R
"1/2(k

1
!k

2
). k

R
describes the motion of the electrons with respect

to the center of mass of the electron pair, while k
3

gives the motion of this center of mass (or the
Wannier saddle point of the electronic potential) in the laboratory frame (for more details see
Refs. [276,277]).

Experimental results for a photon energy of 1 eV above threshold are shown in Fig. 56. The recoil
ion momentum distribution appears qualitatively dipole like in character, even so close to
threshold. The b parameter for the ionic motion is found to be around 0.9 at 1 eV, increasing almost
to b"2 at 80 eV above threshold. This is in qualitative agreement with two simple two-step
models of double photoionization. In model (a) suggested by Samson [278] a "rst step of photo
single ionization is followed by a second step of photo-electron impact ionization of He1`. In this
case the photon is absorbed in the "rst step by the charge dipole of the nucleus on one side and one
electron on the other side. In model (b), which might be more plausible for very low photon
energies, the photon is absorbed in the "rst step by the dipole formed by the nucleus on one side
and the center of charge of the electron pair on the other side. In a second step this emitted
&dielectron' breaks then up. From both models one would qualitatively expect the observed dipole
pattern of the ionic emission pattern while the electrons lose this dipolar characteristics in the
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Fig. 56. Density plots of projections of the momentum spectra from double ionization of He by 80.1 eV photons. The
z and y components of the momentum are plotted on the horizontal and vertical axes, respectively. The polarization
vector of the photon is in the z-direction and the photon propagates in the x-direction. Only events with
!0.1(k

3x
(0.1 a.u. are projected onto the plane. (a) shows he recoil ion (or !k

3
) momentum distribution. The outer

circle indicates the maximum calculated recoil ion momentum, and the inner circle is the locus of events for which the
k
3
motion has half of the excess energy. (b) shows the distribution of single electron momenta (k

1
or k

2
). The circle locates

the momentum of an electron which carries the full excess energy. (c) shows the relative electron momentum (or k
R
)

distribution. The circle identi"es the maximum possible value for k
R

(from [115], see [123] for similar results 20 eV above
threshold).

second step due to the strong electron}electron correlation (see Fig. 56 and the work using
traditional electron spectroscopy [279,280]).

Fig. 56(c) shows the distribution of the Jakobi-momentum k
R
"1/2(k

1
!k

2
). This re#ects the

motion of the electrons along the interelectronic axis of the electron pair. The electron pair breaks
up preferentially perpendicular to the polarization axis of the light which is horizontal in the "gure.
This orientation of the interelectronic axis shows directly the preferred population of the state with
a quantum number K"1 over the K"0 state, where K is the projection of the angular
momentum along the Wannier ridge.

The excess photon energy E
%9

is split between the k
R

and k
3

motion (E
%9
"1

4
k2
3
#k2

R
). Fig. 57

demonstrates that as the photon energy approaches threshold a greater fraction of the excess
energy goes into the breakup motion of the electron pair (k2

R
), while the recoil ion motion is &cooled'

on the Wannier saddle (see [277] for a detailed discussion within 4th order Wannier theory). The
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Fig. 57. Cross-sections di!erential in kinetic energy plotted as a function of the fraction of the excess energy in the
k
3
(scaled recoil ion motion) ("lled circles) or k

R
(breakup motion of the &dielectron') (open circles) motion. The solid curve

in the upper three "gures is from the fourth-order Wannier calculation. The theoretical curves are normalized to the
experiment, which is on an absolute scale. Thick line in (c) calculation by Pont and Shakeshaft [281], which is on absolute
scale. The symmetry of the curves is by de"nition, since both fractional energies have to add up to 1 (partly from [115]).

physical reason for this behavior is that for low excess energy only those ions close to the saddle
end up in the double ionization channel. Thus, the apparent &cooling' is rather a selection of cold
ions in the double ionization channel. In a recent &a priori' calculation Pont and Shakeshaft
succeeded in reproducing the relative shape as well as the absolute height of the recoil ion
momentum distribution [281]. Their results at 20 eV are shown in Fig. 57. In addition, their
calculated b parameter for the ionic motion is in good agreement with the experiment.

The COLTRIMS studies of fully di!erential cross-sections have been extended to 20 eV above
threshold, by adding a solenoidal magnetic "eld to ensure 4p solid angle for all electrons up to
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Fig. 58. Photo double ionization of He at 1 and 20 eV above threshold by linear polarized light. Shown is the momentum
distribution of electron 2 for "xed direction of electron 1 as indicated. The plane of the "gure is the momentum plane of
the three particles. The data are integrated over all orientations of the polarization axis with respect to this plane. The
"gure samples the full cross-sections, for all angular and energy distributions of the fragments. The outer circle
corresponds to the maximum possible electron momentum, the inner one to the case of equal energy sharing (from [285]).

10 eV. Surprisingly, BraK uning et al. found no qualitative change in the k
3
-distribution compared to

the data 1 eV above threshold [123]. We now change the perspective on double photoionization
from collective Jacobi momentum coordinates to the more traditional point of view of single
electron momenta.

For He double ionization by a single photon the two electrons in the continuum have to be
coupled to a 1Po state. The internal structure of the square of this correlated continuum wave
function is shown in Fig. 58. Neglecting the (small) photon momentum the vector momenta of ion
and both electrons have to be in one plane. Fig. 58 shows the electron momentum distribution in
this plane. The data are integrated over all orientations of the polarization axis with respect to this
plane, the x-axis is chosen to be the direction of one electrons. The structure of the observed
momentum distribution is dominated by two physical e!ects. First the electron}electron repulsion
leads to almost no intensity for both electron in the same half plane. Second, the 1Po symmetry
leads to a node in the square of the wave function at the point k

1
"!k

2
[19,282}284]. At 1 eV

this nodal point extends to all energy sharings (see in addition [24,70]).
By omitting the integration over the orientation of the polarization, one obtains the conven-

tional "vefold di!erential (FDCS) cross-sections d5p/dh
1

dh
2

dU
1

dU
2

dE
1
, where direction and

energy of one electron is "xed and the polar angle of the second electron is plotted. Some authors
name such cross-sections triply di!erential because they replace dh

1
dh

2
dU

1
dU

2
by dX

1
dX

2
. At

low energies the linear momentum of the photon can be neglected (dipole approximation), yielding
rotational symmetry around the photon polarization axes. This results in a reduction from
a "vefold to a fourfold di!erential cross-section.

Two comprehensive set of such FDCS obtained by COLTRIMS have been published [70,286].
Since these experiments are not restricted to any particular plane by the geometry of the detectors
one obtains an overview of the correlated electron emission. This is illustrated in Fig. 59 where the
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Fig. 59. d4p/d0
1

d0
2

dE
1

dU for photo double ionization of He by 85 eV photons. Horizontal axis: polar angle of fast
electron with respect to the polarization axis. Vertical axis: azimuthal angle between the electrons. The energy of the "xed
electron is E

1
"0.1}1 eV, 0

1
"0}203, 0

1
"30}40, 0

1
"50}603, 0

1
"75}903(from top tobottom). The direction of the

"xed electron is indicated by the dot. The dashed line shows the location of a node for the case of equal energy sharing.
Left column: Experiment. Right column: 4th-order Wannier calculations (from [70]).

evolution of the angular distribution of the second electron for unequal energy sharing for the angle
0
1

varying from 03 to 903 with respect to the polarization axis for a photon energy 6 eV above the
double ionization threshold is shown. Here the energy of the "rst electron is selected to be in
0.1}1 eV (thus the energy of the second electron is between 5 and 5.9 eV). The grey scale of the "gure
is linear in the cross-section d4p/d0

1
d0

2
dE

1
dU. Fig. 59 demonstrates that at all angles 0

1
the

FDCS is maximum for /"1803. This correspond to the coplanar geometry to which all experi-
ments by coincident electron}electron detection have been con"ned. The emission of the second
electron changes from a cone for 0

1
close to 03 to one main lobe in the intermediate range of angles,

which rotates with 0
1
. Finally, a second lobe grows as 903 is approached. It has been pointed out by
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several authors [191,282}284] that such FDCS are governed by strict selection rules, especially in
the case of equal energy sharing. Maulbetsch and Briggs [283] have shown that for equal energy
sharing there is a node at 0

2
"180!0

1
. The location of this node is marked with a line in Fig. 59.

The node indicated in Fig. 58 is part of this line. For unequal energy sharing this selection rule does
not hold strictly. At 6 eV excess energy, however, the selection rules still seem to govern the process
even for an energy sharing of 1/5.

The multiple di!erential cross-sections for photo double ionization obtained by COLTRIMS
can easily be normalized to the absolute total cross-section for photoabsorption. This can be done
since the total yield of He1` and He2` ions are always detected at the same time by the
time-of-#ight measurement. Therefore, no knowledge about the total number of photons and the
gas pressure is necessary for the normalization procedure [21]. For more details see [70,286]. Such
absolute values are of great interest since the di!erent theoretical approaches for double photoion-
ization disagree more on the absolute magnitude of the FDCS than their relative angular shape
[287}289].

Fig. 60 shows the variation of the FDCS at 6 eV above threshold with energy sharing and
azimuthal angle between the two electrons. The left column shows the coplanar geometry. When
the second electron is pointing out of the plane de"ned by the "rst electron and the polarization
vector (middle and right columns) the overall cross-section drops dramatically, with the main lobe
at !2703 decreasing faster than the smaller lobe. As has been shown already by Lablanquie et al.
[24] the shape of the FDCS is very similar for all energy sharings such close to threshold.

5.3. Circular dichroism in He photon double ionization

If the double ionization process is induced by absorption of circularly polarized light (instead of
linearly polarized), an interesting new questions arises: How is the helicity of the photon, which is
absorbed by the spherical symmetric He ground state, transferred to the three-body Coulomb
continuum? For photoabsorption by magnetic substances or chiral molecules it is well known that
the di!erential cross-section depends on the helicity of the light (see [290] for a recent review). This
dependence is termed circular dichroism (CD). Berakdar coworkers [291,292] have "rst theoret-
ically predicted CD for photo double ionization of He. They have argued that in any geometry
where the two electrons have unequal energy and are not in one plane with the photon direction,
the FDCS can depend on the helicity of the photon. First experimental evidence for the existence of
this e!ect has been seen by Viefhaus and coworkers [26]. They detected the two electrons in
coincidence using time-of-#ight electron spectrometers. Mergel et al. [117] and Achler [293] have
used COLTRIMS to map the angular and energy dependence of CD in detail for 20 and 95 eV
excess energy. They have used a spectrometer similar to the one shown in Fig. 12 and detected the
fast electron in coincidence with the recoil ion. The fast electron was selected by a retarding "eld in
front of the electron detector. Their experiment has used circular polarized light from an elliptical
undulator at the Photon Factory (KEK, Tsukuba, Japan).

The measured momentum distributions for an excess energy of 20 eV are shown in Fig. 61. The
photons propagate into the plane of the paper, the fast electron is "xed to the right, indicated by the
arrow. The upper spectra show the He2` momentum distribution. The lower spectra show the
momentum distribution of the slow electron calculated from the data in the upper row event by
event. Without the existence of CD these distributions would be symmetric with respect to the
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Fig. 60. d4p/d(cos (0
1
))d(cos (0

2
)) d/dE photo double ionization of He by 85 eV photons. The "rst electron is emitted to

a polar angle range of 0
1
"40}653. Each row is for a di!erent energy sharing, each column for varying azimuthal angle

between the two electrons as given in the "gure. The dashed lines show a "t with a Gaussian correlation function with
F=HM"84.73. Full line: Fourth-order Wannier calculation. The data are on absolute scale in 10~4 a.u., the lines are
scaled to the data (from [70]).

horizontal axis of k
1

(similar to those shown for linear polarized light in Fig. 58). The data show,
however, that CD is a very strong e!ect, the handedness of the photon changes the three-body
breakup pattern dramatically.
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Fig. 61. Recoil ion and electron momentum distribution for photo double ionization of He by circularly polarized light
at 20 eV excess energy. Shown is the plane perpendicular to the photon propagation (into the plane of the paper). Left
row: p` (right helicity) photons, right row p~ (left helicity). The fast electron (11.5}20 eV) is "xed along the arrow (from
[117]).

5.4. Electron emission from spatially aligned molecules

The investigation of molecular fragmentation is a further domain for the three-dimensional
momentum space imaging of RIMS. A special but interesting case occurs when the ionic energies
resulting from molecular fragmentation are in the eV regime and, thus, much bigger than those
from most of the atomic ionization processes discussed so far. In molecular fragmentation the
recoil ion momentum is usually not mainly a result of the many-body momentum exchange
between electrons and heavy fragments. In contrary to the atomic case the heavy fragment motion
and the electron motion are fully decoupled. Mostly the axial recoil approximation holds [294]. It
assumes that one can split the process into two independent subprocesses: First, an electronic
transition in which the electrons are emitted or excited while the nuclei can be assumed to stay "xed
and second, a much slower process of dissociation of the leftover molecular ion. The ionic momenta
measured long after both steps result mainly from the Coulomb repulsion of the nuclei in the
second step. Several groups have used position-sensitive detectors capable of handling multiple hits
and projection spectrometers to measure the fragmentation pattern from this second step of
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Fig. 62. Distribution of O`-ions coincident with 0.16 eV electrons from photoabsorption of O
2

at a photon energy of
22.36 eV. The light propagates into the plane shown, the slow electron and the polarization are indicated in the "gure
(from [300]).

molecular fragmentation. This work is beyond the scope of the present review. The reader is
referred to [295,296] and references therein for work concerning ion impact and to [297] and
references therein for work concerning photon impact. Only a few studies so far have tried to relate
the two steps, i.e. the ejection of the electron(s) and the molecular fragmentation. Those studies
combine electron and ionic fragment detection [129,298}302]. If the time scale for fragmentation is
short compared to typical rotation times of the molecule, the ion direction can be taken as
indication for the orientation of the molecule at the instant of the electronic excitation.

Shigemasa et al. [299,301] and Watanabe et al. [302] have used traditional electron spectrom-
eters and channeltrons for ion detection to measure the "rst angular dependence of photo electrons
from "xed-in-space molecules. They were able to see direct evidence for a shape resonance in the
electron angular distribution from N

2
[299,303}306], CO

2
[302] and CO [301]. Studies on the

carbon K electron emission from CO have also been reported by Heiser and coworkers [298]. They
used imaging with a position sensitive multihit detector for the fragment-ion detection.

Golovin et al. [300] have measured the angular distribution of autoionization electrons from
superexcited OH

2
with respect to the molecular axis (see also [307]). They have used a projection

spectrometer and a position-sensitive detector for the recoil ion momentum measurement and
combined it with a simple time-of-#ight spectrometer without position resolution for electron
detection. They found "rst evidence for an intra molecular scattering of the 0.16 eV electron at the
second nucleus of the O

2
. The ejection characteristics is shown in Fig. 62.

For comparison with the He work reviewed above, double ionization of H
2
, the corresponding

molecular two-electron system, is of particular interest. Here, in principle much more complex
electron angular distribution becomes possible [308], since angular momentum can be coupled to
the nuclear motion. In addition an interference originating from electron emission from the two
identical centers has been predicted [309,310]. Pioneering experimental work detecting the two
fragment ions, integrating over the electrons can be found in [311,312] and the "rst experiments
detecting both electrons in coincidence, but integrating over the ionic momentum distributions has
been reported by two groups [27,313,314]. DoK rner et al. [129] have used a COLTRIMS setup
with two-dimensional position-sensitive detectors and solenoidal magnetic "eld for 4p momentum
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Fig. 63. Polar representation of the angular distribution of one of the two photoelectrons from photo double ionization
of helium at 7 eV excess energy and of D

2
also at about 7 eV excess energy (cf. Fig. 1(e)). The data have been integrated

over all electron energies. (a) dp/d cos0
e

for helium with e along the horizontal. The line shows a "t with b
e
"0$0.04.

(b) dp/d cos0
e
for D

2
with e along the horizontal and the molecular axis held "xed parallel to e. The line shows a "t with

b
e
"0.4$0.1. (c) Similar to (b) but for alignment of the molecule perpendicular to e. The data are integrated over all

azimuthal angles. The line shows a "t with b
e
"0.14$0.08. (d) dp/d/

e
for D

2
with 703(0

e
(1103 (903 is the plane of

the paper). The molecule is held "xed perpendicular to e, which now points out of the paper. The full line is a circle to guide
the eye (from [129]).

space mapping of both heavy fragments and one of the two electrons from photo double ionization
of D

2
. In this study a supersonic gas-jet target and a delay-line detector as shown in Fig. 18 is used

for detection of both d` ions. They illustrated how the total available excess energy is partitioned
between the four fragments. This leads to an electron-energy distribution with a smooth upper
threshold, signi"cantly di!erent from double photoionization of an atom (e.g. Helium). In turn, the
energy deposited in the electronic motion yields ion energies smaller than expected from pure
Coulomb repulsion of the two nuclei following instantaneous removal of the electrons. Such
behavior has been "rst predicted by LeRouzo [315,316]. The angular distribution of the electrons
shows no reminiscence of the broken spherical symmetry in the molecule. Even so the electron
angular distribution from spatially aligned molecules can in general not be described by Eq. (25).
They found that for D

2
double ionization close to threshold the energy integrated electron angular

distributions could be well "tted with a b parameter. This b is found to be more positive for D
2

than
for He. In addition, the b parameter depends on the orientation of the molecular axis (see Fig. 63).

5.5. Separation of photoabsorption and Compton scattering

It has been predicted as early as 1967 [317] that the ratio R of double to single ionization for
photoabsorption will approach an asymptotic value of 1.7% for EcPR. In calculating the
process of double photoionization most of the theoretical problems result from the elec-
tron}electron correlation in the "nal state. For high photon energy, however, this "nal state
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correlation becomes negligible and, thus, the asymptotic value of R is believed to be a one of the
benchmark tests for our understanding electron}electron correlation in the initial ground state of
the He. It tests the wave function at the Cusp condition (i.e. for one of the electrons at the nucleus).
Only recently, with the availability of modern synchrotron light sources this question has been
accessed experimentally. Levin and coworkers have performed the "rst experiment at 2.7 keV in the
hope that the asymptotic value might have been reached already [265]. It has been pointed out by
Samson and coworkers [318,319] that at 4 keV the contribution of Compton scattering to the
He1` production is comparable to the contribution from photoabsorption. Therefore, all experi-
ments which detect only the charge state of the ion do not measure R for photoabsorption (R

p
) but

the mean value of R
p

and R
c
weighted with the corresponding cross-sections. Although agreement

between various calculation has been reached on the predicted asymptotic value of R
p

(see, e.g.
[320}327,289,177,275]) the calculated values for R

c
di!er by more than a factor of 2 (see, e.g.

[328}331] and Fig. 65).
COLTRIMS o!ers a natural way to distinguish for each ion, whether it resulted from a Comp-

ton scattering or a photoabsorption process, and, thus, allows to determine R
p

and R
c
separately

[93,104,268,332,333,319]. As has been outlined in Section 5.1 momentum conservation for photo-
absorption requires that the ion compensates the electron (sum-)momentum leading to large recoil
ion momenta. In a Compton scattering event, however, the photon delivers momentum and energy
to the electron in a binary collision leaving the nucleus a spectator to the process. Thus, the recoil
ion will show mainly the initial-state momentum distribution (Compton pro"le). This is very
similar to ionization by charged particle impact in the Bethe}Born limit, where the transition
matrix is identical to the one obtained for photon scattering as pointed out by Bethe [334] as early
as 1930. We have encountered this situation for single ionization by 0.5MeV p impact (Section
4.1.2.2(a)), the process of projectile ionization by (e}e) interaction (see Section 4.2.3) and the process
of (e}e) Thomas scattering in transfer ionization (see Section 4.2.2). All these reaction the maximum
contribution to the cross-section results kinematical conditions with a minimum momentum
transfer to the nucleus, the so called &Bethe ridge' [334].

The resulting momentum distributions of the recoil ions at around 9 keV photon energy from the
pioneering work of Spielberger et al. [93] is shown in Fig. 64. In this experiment &broad-band' light
from an undulator had to be used to obtain su$cient counting rate. The He1` momentum
distribution re#ects this energy spread.

From Eq. (13) it can be seen that for photoabsorption the sphere of ion momenta is shifted
forward by the momentum of the photon (pc"2.4 a.u. at 9 keV), while this does not hold for
Compton scattering (this does not show up in Fig. 64 since both axis plotted are perpendicular to
the photon beam propagation). By integrating the respective areas in momentum space one obtains
the ratio R

c
and R

p
. Fig. 65 shows the measured ratios for Compton scattering.

For photoabsorption at 9 keV very good agreement with the predicted value of 1.7% is found.
The physical parameter to which the limes applies is not the photon energy, but the velocity with
which the primary electron leaves its atom. For photoabsorption at high photon energy, photon
and electron energy approach each other. Compton scattering, however, produces a broad
distribution of electron energies. Thus, very high photon energies are needed in order to obtain
mainly Compton electrons with high energies [320,330,338}341]. In a precision measurement
Spielberger et al. explored the photon energy dependence of R

C
up to 100 keV photon energy. They

found a value of R
C
"0.98$0.09 (see Fig. 65). In a theoretical analysis of these results the authors
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Fig. 64. Momentum distribution of He ions from photon impact at about 9 keV. Upper figure: Momentum distribution
of He1` ions. The circular reef is due to photoabsorption, the narrow spike at zero momentum due to Compton
scattering. The light propagates into the plane of the "gure, the polarization is along the x-axis. Middle: Distribution of
He1` ion momenta along the polarization axis, integrated over both other directions. Lower: As middle but for He2`
ions (from [93]).

showed that this value is still slightly in#uenced by a contribution of slow electrons and not yet the
asymptotic value.

These studies have clearly proven that the probability for shaking of the second electron di!ers
signi"cantly whether the "rst electron is removed by photoabsorption or by Compton scattering.
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Fig. 65. Ratio of He2`/He1` ions created by Compton scattering as function of the photon energy. Full symbols:
COLTRIMS data from [261,104,93] (circles,diamond,square). Open Circle: [266]. Open diamonds: [267]. Open square:
[335]. Open triangle pointing up: [336]. Open triangle pointing down: [337]. Dashed line: Calculation (BBK-type
wavefunction) [329]. Dotted line: [330], Full line: BBK-type "nal state [261]. Dashed-dotted line: [261]. The arrows
indicate the predicted asymptotic values of upper arrow [328], lower arrow [329}331] (adapted from [261]).

The physical di!erences responsible for this can be seen in the recoil ion momentum distribution.
While photoabsorption picks only that fraction of the wave function where one electron (and the
ionic core) have large momenta (i.e. where the electron is found close to the nucleus), Compton
scattering samples the whole momentum space wave function [339]. In both cases the fraction of
the initial state wave function which is selected by the process is mirrored in the recoil ion
momentum.

6. Outlook

The investigation of many-particle atomic collision systems, where small momentum transfers
between the collision partners dominate might be the most important application of COLTRIMS.
To study the correlated motion of few electron systems in momentum and spin space, wherever the
latter is possible too, is of fundamental interest. Here COLTRIMS can provide a momentum
resolution which is about a factor hundred better than the mean momentum of the most weakly
bound electron in any stable atom. Measuring the sum momentum of two or more ejected electrons
or one electron momentum with respect to another given electron momentum in atomic systems,
one can obtain detailed information on the correlated motion of electrons in atoms.

In this section we will present some ideas of experiments in atomic and molecular physics as well
as in other "elds, e.g. neutrino physics and surface science, which so far were not possible with
existing detection techniques. This list is just an introduction to a new direction of research and it
might stimulate other colleagues to use COLTRIMS in di!erent areas of physics or chemistry.

(a) QED ewects in the inner-shell binding energies in H-like uranium ions: To determine QED
e!ects, e.g. in the binding energy of the 1s state of H-like uranium ions an absolute energy
determination of about 0.1 eV is desirable [5,342}344]. Di!erent attempts have been made, to
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measure these binding energies by detecting the innershell X-ray transition energies. Presently,
however, no X-ray detection system is available which can provide the required precision at large
enough solid angle. As outlined in Section 2.1.1 the 1s binding energy of U91` ions can be
determined by measuring the recoil ion longitudinal momentum in the following capture reaction:

U92`#HePU91`(1s)#He1`(1s) . (27)

For decelerated ions with v
130

"14 a.u. the He1` longitudinal momentum is k
@@3%#

"630 a.u. If this
is measured with 0.05 a.u. precision one might obtain an overall Q-value resolution of 10 eV. Thus,
the required 0.1 eV resolution for the center of its distribution seems to be feasible. Serious
di$culties of the experiment are the very weak capture cross-section into the uranium 1s state, the
small impact parameters probably contributing to 1s capture (large transverse recoil momenta) and
the second He electron being very likely emitted during the capture. Work is in progress to explore
the feasibility of such experiments.

(b) Dynamics of correlated multi-electron processes in highly charged ion}atom collision; Resonant
Electron Transfer-Excitation Process (RTE): It has been shown that one of the important electron
transfer processes between fast ions colliding with atoms is due to the interaction of a projectile
electron with a target electron. This process can occur, when both electrons share in a resonant way
their energy yielding a resonant excitation of the projectile electron and simultaneous capture of
a target electron. Due to the width of the target momentum distribution (Compton pro"le) the
resonance as a function of the projectile velocity shows a broad distribution. Since no electron is
freed in this process discrete values for the longitudinal recoil ion momenta will be found. The
transverse recoil ion momentum distribution, however, will re#ect the full dynamics of this
correlated process and allows to access the electron momentum during the transition (see
[345}347]).

(c) Multidiwerential studies of Compton scattering in momentum space: Di!erential studies of
double ionization of He and other atoms and molecules (such as aligned H

2
) become feasible by

measuring the slow shake-o! electron in coincidence with recoil ion momentum. This will provide
a much more re"ned test of ground state correlation as total cross-sections. For aligned molecules
and laser prepared atoms a coincident measurement of Compton scattered photons with the ion
momentum gives access to three-dimensional Compton pro"les. This is analogue to the most
advanced coincident Compton scattering studies at solids in which the scattered photon and the
Compton electron are measured in coincidence [348].

(d) Molecular fragmentation induced by photons: Momentum space imaging of all ions and all
electrons from photoionization and/or excitation is one of the most sensitive probes for molecular
structure and chemical dynamics. With the high resolution of the available photon sources highly
selective excitation of the molecules can be achieved and the imaging of all the fragment momenta
with multi-hit detection devices allows in detail to investigate the internal dynamics in the molecule
after the ionization/excitation.

(e) Molecular fragmentation following ion impact: Slow highly charged ions are well suited for
a soft removal of many electrons of a molecule leading to multiple fragmentation. Relativistic
highly charged ion impact can be used also for inducing a complete fragmentation of molecules.
Complete momentum space imaging of ionic fragments and electrons (as it has already been
demonstrated for atoms by Moshammer and coworkers, see Sections 4.1.2.3 and 4.2.1 and
references given there) gives access to electronic and geometric structure of the molecules. The high
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resolution for the ionic momenta achievable with COLTRIMS will also allow to address the
fundamental question of the coupling of electronic and nuclear motion in a molecule.

(f) Multiphoton double ionization: For double ionization of He in intense laser "elds so far only
total rates can be measured (see [349] and references therein). For a sensitive probe of theoretical
models, however, di!erential cross-sections for this process are highly desirable. The determination
of the momentum distribution of the He2` ions is the most promising candidate for di!erential
cross-section measurements, since contrary to electron detection, the signal is already dis-
criminated against single ionization.

(g) EPR-which-way experiment in momentum space: Photo single ionization of a very cold He
atomic beam by an extremely focussed photon beam produced by a free-electron laser (FEL)
provides a very monoenergetic electron source with a long coherence length (see Fig. 5 for an
example for the emission characteristics). Such electrons can create interference patterns behind
a double slit device, due to the superposition of the two di!erent coherent scattering amplitudes.
MoK llenstedt and DuK ker [350,351] have "rst demonstrated such interference by using a special
electron gun and a biprisma interferometer they invented for the double slit. If the electrons are,
however, produced by photoionization of very cold atoms in thin gas phase, each electron emission
is accompanied by a recoiling ion which has exactly opposite momentum (see Section 2.3 and
Fig. 5). Thus, measuring the recoil ion momentum in coincidence with the electron after the double
slit, one can try to use the recoil ion direction to infer through which of the slits the electron was
directed. In terms of the EPR paradoxon [352] the ion and the electron form an entangled state
and this is an attempt to measure the momentum on one subsystem and the position on the other.
This proposed experiment is a realization of a thought experiment which Einstein brought up
already in his discussions with Bohr [353}355]. He suggested measuring the recoil momentum on
a tiny hole which forms the source of a double slit experiment. An adaption of Bohr's famous
refutation of Einstein's thought experiment in the present context shows that one would have to
focus the photon beam such that its focal diameter times its transverse momentum are smaller than
allowed by the uncertainty principle. A detailed quantum mechanical analysis of such an experi-
ment can be found in [356].

(h) Angular correlation between electron and neutrino in the tritium- b-decay and measurement of the
neutrino rest mass: One of the historically "rst recoil ion momentum measurements has been the
experimental determination of the recoil e!ect of the neutrino from orbital electron capture decay
of 37Ar to 37Cl by Rodenback and Allen [357] and its precursors (see for example [358}360]). For
a beta decay leading to a free electron a precision measurement of the electron and nuclear recoil
momentum together with the precise knowledge of the Q-value allows via energy and momentum
conservation a determination of energy, momentum and emission angle of the neutrino for each
decay. Since energy and momentum of the neutrino are measured, one can deduce in principle the
neutrino rest mass for each single neutrino. This measurement does not depend on a statistical
evaluation of a spectrum like measurements of the Curie-plot-endpoint (see, e.g. [361] and
references therein) or on model assumptions. The most suitable would be the tritium decay. If a TH
or T

2
molecular gas target can be cooled by laser cooling or other techniques to approximately

10lK temperature the momentum of the recoiling H3He1` molecule can be measured by
a su$ciently large spectrometer device (about 5 m length) with approximately 0.001 a.u. precision.
The absolute momentum vector is obtained by detecting the recoil with a large position-sensitive
detector, which measures the TOF and the emission angle. All recoil ions can be projected by
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proper "eld con"gurations on such a detector yielding nearly 4p solid angle. The electron
momentum vector has to be determined with equivalent high precision too, which might be
achieved by collecting all electrons in a long solenoidal "eld con"guration and projecting them on
a second position sensitive channel-plate detector. The TOF of electron and recoil might be
obtained by detecting the Lyman photon emission of the excited 3He1`-ion in coincidence with the
recoil ion and the electron. To yield the angular e~l

e
correlation only the electron position has to

be measured. For the above given resolution the angular resolution between both particles can be
as good as 10~3 rad. Estimates for the neutrino mass resolution yield about 10 eV/c for each single
detected event (if the electron energy is within 50 eV to the upper limit).

(i) Laser controlled targets: The implementation of laser prepared and laser cooled targets for
COLTRIMS opens a wide "eld of applications in atomic collision physics. Compared to gas-jet
targets much lower internal temperature and thus higher momentum resolution is obtainable with
such targets. This was recently demonstrated in pioneering work by Wolf and coworkers [362].
The target density achievable in MOT traps is already today high enough to allow for collision
experiments with external beams. In addition to the improved resolution such targets open the way
to multi-di!erential studies of charged particle and photon interaction with excited and specially
prepared states. For example for reactions with Rydberg atoms highly di!erential cross-sections
can be studied. Such experiments are in preparation in several laboratories.

( j) Imaging of surface ionization: The adaption of the COLTRIMS ion imaging technique to
electron imaging as outlined in Section 3.5 has a wide application for the study of single and
multiple electron emission from surfaces (see Ref. [124] for an imaging spectrometer for surface
studies). One example is the correlated emission of two electrons by absorption of one photon from
a surface (see, e.g. [363}365] and references therein). Such studies will strongly pro"t from the large
solid angle of imaging spectrometers. They can yield information on the correlated motion of
electrons in solids. Equally interesting is the electron emission from solids by charged particle
impact. In a "rst multi coincidence study Moshammer and coworkers detected up to 10 electrons
emitted by impact of one single fast projectile.

Besides electrons from surfaces also ions released from surfaces can be observed by such imaging
techniques. In particular sputtered ions emitted from slow highly charged ion impact on surfaces
are an interesting candidate new types of microscopes.

(k) QED ewects in 80 GeV/u U on Au collisions: Theory has predicted that in ultrarelativistic
heavy-ion heavy-atom collisions at small internuclear distances (R ) the pair creation probability
can exceed unity. Thus, the QED calculations cannot be based on perturbation theory and must
include the higher order e!ects in an accurate way. The regime of strong perturbation (i.e. small (R ))
can experimentally only be explored, if the pair creation is measured for a given projectile
scattering angle. In these encounters the angles of interest are below 10~6 rad and, therefore, not
resolvable with traditional detection devices. Measuring the recoil ion transverse and longitudinal
momentum components complete information on the scattering angle and on the pair creation is
obtained. Since for the collisions of interest the recoil momenta are several 104 a.u. even thin solid
targets can be used for these measurements.

We could only present here a biased and incomplete list of the exciting future prospects of
COLTRIMS and related new imaging techniques. We tried to give a #avor of the huge potential of
this "eld, which is compared to traditional electron or photon spectroscopy still very young. The
recent developments started with drift-time measurements of ions in "eld-free gas cells. In a series
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of innovations cold gas cells, e!usive gas jets, supersonic jets, precooled supersonic jets and in a "rst
experiment even laser trapped atoms were used as target. The spectrometer development went from
early drift tubes to projection "elds involving three-dimensional focussing for ions and magnetic
con"nement for electrons. These latest combined electron-ion imaging devices are equipped with
multi-hit detectors for multiple-electron and multiple-ion detection. This rapid technical develop-
ment in the "eld reviewed here went along with an even more impressive widening of the scope of
fundamental physical problems tackled. Today momentum space studies already cover electron
impact, photon impact from threshold to 100keV and ion impact from keV protons to GeV/u
U92` projectiles. The unprecedented resolution and completeness of many of those investigations
allowed the resolution of some long-standing puzzles in atomic collision physics but at the same
time raised even more fundamental questions. Similar impact of such imaging techniques can be
expected for the future for other "elds in physics, chemistry and related areas.
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