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Special issue overview
Nigel J. Mason, Special Issue Editor, The Open University, UK

The articles in this issue are a clear testa
ment to the vitality of the field of atomic
and molecular physics and the continued
ingenuity of its researchers. The last decade
has seen extraordinary developments in
the field providing some of the most excit
ing advances in modern physics, advances
that have a direct consequence on our
understanding ofthe world around us. The
breadth and excitement of the field are
demonstrated in this special issue, suggest
ing that many exciting developments await
us in the coming century.

The ability to cool, trap and manipulate
atoms, culminating in the formation of
Bose-Einstein condensates, is pioneering
new instrumentation on the atomic and
nanoscale with the prospect of developing
quantum computing, cryptography and
teleportation-pioneering the next great
advance in technology. Hinds et al. demon
strate how new 'atom chips' may be
developed from BECs for the development
of atom/optical devices and operational
quantum computers. Masnou-Seeuws and
Pillet describe how the techniques for cold
atoms are being used to form cold mole
cules, opening the door on a new world of
low temperature chemistry.

The ability to understand, manipulate
and control physico-chemical processes at
the molecular level has long been the 'holy
grail' of physical and chemical sciences.
Single molecule engineering requires
selective bond cleavage in target molecules
to allow management of the local site
chemistry. Research has revealed that it is
possible to influence the excitation and dis
sociation of molecules through the
manipulation of electron interactions at
the individual molecular level. Field et al.
discuss 'cold collisions', which emphasise
the coherent wave nature of matter.

In the life sciences the role of electron
driven processes has only recently been
recognised. For example, in contrast to
previous hypotheses radiation damage in
the DNA of living systems has now been
shown to arise primarily from collisions of
very low energy secondary electrons
through dissociative electron attachment
to the components ofDNA molecules or to
the water around them. Gohlke and Illen
berger discuss recent experiments
suggesting that such a process may pro
vide a direct low energy process for the
degradation of DNA by resonant electron
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attachment to basic molecular components
suggesting that single strand damage is site
specific and proceeds through discretemol
ecular bond rupture.

The ability to build new materials and
structures is dependent upon our ability
to study how elementary processes change
during the transition from isolated particle
behaviour in a low pressure gas to many
body interactions in the condensed phase.
The ability to prepare clusters has led to the
emergence of a new branch of physical
chemistry in which the properties and
reactions of a given species may be stud
ied as a function of its size, cluster shape
and cluster composition. Connerade,
Solovyov and Greiner view progress in this
fast moving field over the last decade while
Campbell discusses an interesting class of
clusters known as 'fullerenes', compounds
that may lead to the ability to design and
build structures from the nanoscale to
macroscale.

Molecular dynamics underpins the
whole field of chemical physics with appli
cations from astronomy to radiation
biology. The development of ultrashort
pulse and intense lasers is enabling us to
study the behaviour of atomic and molec
ular systems in fields of atomic strength.
rHuillier reviews the progress in this field
and how it may lead to the development of
new bright x-ray sources to study biologi
cal systems. Schmidt-Bocking, Dorner and
Ullrich describe how the development of
the COLTRIMS technique is providing us
with unparalleled information of the frag
mentation of many particle systems using
ions, electrons and photons as projectiles.
Winter and Aumayr review how atomic
and molecular physics is used to under
stand condensed matter phenomena and
in particular how potential sputtering may
possibly be used to produce nanodots on
silicon oxide surfaces, providing a new
methodology for nanolithography.

Gianturco introduces us to antimatter
and the formation of positronium, a
hydrogen like species composed of one
electron and one positron. With the devel
opment of intense sources of positrons
experimental investigations of the anti
matter world are becoming possible,
opening the possibility of new types of
chemistry, studies that may even have an
impact on our understanding of how the
universe was formed!
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... Fig. 1: Formation ofan excited moleCUle by photoassociation
of two cesium ground state atoms. (i) In most cases,this short
lived moleCUle decays back into a pair of cold atoms. Spontaneous
emission~ dissociation.(H) l u"speed bump"~ stabilization by
spontaneous emission to a bound level of the ground state.(jii) Og
"speed bump"-7 stabilization by spontaneous emission to a
bound level ofthe lower triplet state.

fust cooling the atoms with laser light, then making a mole
cule from two atoms via the photoassociation reaction. Next,
the radiative dexcitation process must be guided to stabilize
this excited molecule into a bound vibrational level of the
ground electronic state. This technique is yielding molecules
that are translationally cold (T ::; 100 pK), the population
being spread into manyvibrational levels. Further laser cooling
should be implemented to obtain vibrationnally cold mole
cules.

creating a molecule in an excited electronic state Q",g. The corre
sponding potential displays an asymptotic - R-3 behaviour, since
at large distances an excited atom and a ground state atom inter
act via dipole-dipole interaction. This potential extends to much
larger distances than the - R-6 ground state potential. The reac
tion is efficient at low detunings ~, forming molecules in very
excited vibrational levels v. In contrast the rotational quantum
number J remains small due to the very low kinetic energy of the
colliding atoms in the initial state which limits the reaction to
small centrifugal barriers. The photoassociated molecule is a
long range molecule, which looks like a pair of atoms at very large
distances more than a usual molecule. Indeed, during a vibration
period, the relative motion is taking place most of the time in the

We should also mention that groups working in ion traps are
capable of cooling molecular ions down to 100 mK, using sym
pathetic cooling. In the following, we shall focus on optical
cooling techniques, yielding ultracold molecules at temperatures
below 100 pK.

Making molecules via photoassociation of laser-cooled
atoms and stabilization: mechanisms.
In the photoassociation reaction [8] a pair of ultracold ground
state alkali atoms absorbs a photon, at frequency VPA = vo-~,

red-detuned relative to the resonance line,

For neutral molecules, major progress have been realized since
1997, along three main directions, using either non-optical or
optical cooling techniques:

- In· the helium buffer gas cooling technique, developped in Har
vard by John Doyle and collaborators, [3], hot molecules -for
instance introduced by laser ablation- are thermalized with a
cold helium buffer gas inside a dilution refrigerator, at temper
atures well below 1K (typically, 400 mK). This technique is
related to the "sympathetic cooling" techniques at ultracold
temperatures,widely used by the experimental groups working
on Bose-Einstein condensation. The physical process of sym
pathetic cooling where a hot object is cooled via collisions with
a cold one is easy to understand.
Another technique relies upon Stark deceleration of dipolar
molecules in a supersonic beam. The basic idea of decelera
tion is to have a sequence ofelectrodes (=100 stages) making a
static electric field that alternatively increases and decreases.
Molecules in a specific rotational level are decelerated by the
Stark effect when they propagate from a weak field to a strong
one. The cycle is repeated, and each stage is removing kinetic
energy from the beam equal to the increase in Stark shift.
Although this idea has been known for many years, it was
demonstrated only in 1999 by G. Meijer and his group: details
on the method have been published recently [4]. The Stark
deceleration technique is similar in principle to the accelera
tion techniques developed in particle accelerators, but of
couse the size ofthe instruments is much smaller, less than lm.
Recently, a tabletop storage ring/or molecules has been
achieved. and temperatures below 1 mK have been reached.

- Optical techniques are benefitting from the major progress in
laser cooling and trapping of atoms. Direct laser cooling of
molecules is not efficient, since it requires a large number of
optical pumping cycles between the same two levels, whereas a
molecule is a multi-level system. The solution [5-7] consists in

europhysics news NOVEMBER/DECEMBER 2002

- precision measurements: detennination of lifetimes with pos
sible estimation of parity non-conservation effects;
measurement of an upper limit of the dipole moment of the
electron as a critical test of elementary particle physics beyond
the standard model [1]. Both in the case of atoms and mole
cules, the use of cold matter is improving the ultimate
sensitivity of such measurements.
condensation of complex systems, for instance achievement of
a molecular condensate. Many experimental and theoretical
groups are presentlyworking in that direction.

- coherent control of molecule formation, towards ultracold
chemistry.

- interferometrywith molecules [2].

Why cold molecules?
Up to very recently, the coldest molecules in laboratory were at
temperatures around 1K, either in supersonic beams, or on heli
um nanodroplets. The availability of even colder temperatures
would open the route to many new applications. We may cite:

Franfoise Masnou-Seeuws and Pierre Pillet
Laboratoire Aime Cotton, Orsay, France

Ultracold Molecules
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asymptotic region governed by the very weak R-3 potential, the
time spent in the inner region being comparatively very short. At
small distance, the relative motion is accelerated by the chemical
forces and reflected on the steep potential wall. Therefore when
this excited molecule decays by spontaneous emission, it is likely
to dissociate into a pair of ground state cold atoms. Stabilization
by spontaneous emission into a bound level of the ground elec
tronic state requires very particular situations. The first scheme
was found accidentally for Cs [5], and confirmed for Rb [7], and is
schematized in Fig. 1. Due to the presence of a double well poten
tial with a very gentle slope, the vibrational motion in the region
of intermediate distances is delayed, so that there is a non negli
gible probability of stabilization by spontaneous emission into a
bound level of the ground state.

This scheme is fortuitous, since for lighter alkali dimers the
double well is located at even larger internuclear distances where
decay into bound levels of the ground state is impossible. Howev
er, once we have understood that the key effect is to slow down the
vibrational motion in the intermediate region, many other
schemes can be found. For instance a resonant coupling scheme,
demonstrated for CS2 Ot(P1l2.312) coupled channels [9], can be
present in many molecules. Besides, schemes using induced emis
sion could be very efficient, so this research domain is only
opening.

Formation and trapping of cold molecules: experiment
Most of the experiments of photoassociation are performed by
using the basic tool ofany experiment with cold atoms: a magne
to-optical (MOT). Figure 2 shows a schema of the experimental
setup of a vapor-Ioaded cesium MOT. The atomic cloud is illumi
nated with a continuous-wave laser of frequency VPA to produce
the resonant photoassociation reaction. In most of the photoas
sociation configurations considered experimentally, the
electronically excited Cs; molecules dissociate by giving a pair of
atoms which escape outside of the trap (see arrow (i) in Fig. 1).
Trap-losses can be analyzed by recording the fluorescence yield
due to the cooling laser beams. Formation of cold ground-state
molecules after emission of a photon with frequency vsp, for
instance

... Fig. 2: Experimental setup
ofthe molecular trap.The upper
inset shows a typical
photoassociation spectrum
(notethe resolution), the lower
one represents the spatial
analyzis of the molecularcloud.
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yields molecules in the lower triplet state (see arrow (ill) in Fig. 1).
They can be detected by photoionization, using a pulsed dye
laser beam. The Cs1 molecular ions are then selectively detected
through a time-of-flight mass spectrometer. The upper inset of

Fig.2 shows a typical rota
tional progression obtained
by scanning the frequency of
the photoassociation laser
around the resonance for
v = 6. One important applica
tion of such spectra is
accurate determination ofthe
excited potential, leading,
through C3 coefficient in the
asymptotic C3/R3 expansion,
to unprecedented accuracy in
atomic lifetimes. In these
experimental conditions,
rates of formation can reach
up 0.2 molecule per atom and
per second, meaning several
millions ofmolecules formed
per second for an initial

atomic cloud with several tens millions of atoms [10]. The cold
molecules being unsensitive to the MOT trapping forces are
falling down because of gravity. The analysis of their ballistic
expansion allows to determine their temperature which is found
identical to that of the atomic cloud, i.e. in the microkelvin range
[5].

To accumulate and to store the formed cold molecules is a
necessary condition for further applications. The use of a CO2

laser to create a quasi-electrostatic trap is an interesting possibil
ity, already demonstrated for the molecules present in the
MOT [ll], and which should be confirmed for those obtained
via photoassociation. Another way has been investigated, via a
mixed atomic and molecular trap, constituted by a Cs vapor-cell
MOT and a quadrupolar magnetic Cs2 trap, using the same mag
netic field gradient. The atomic cloud is produced at the
intersection of the three pairs of mutually othogonal, counter
propagating a+ - a-lasers beams, at the zero magnetic field point
of a pair of anti-Helmholtz coils, but here the magnetic field gra
dient of 6mT/cm is chosen four times larger than for an usual

spatial scanning •
europhysics news NOVEMBER/DECEMBER 2002
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MOT. With such experimental conditions, we obtain an atomic
cloud of 107 atoms in a volume with a radius of 200 flm and at a
temperature of 25 flK. The magnetic field gradient is now large
enough to trap the molecules in the triplet sate a3l:;t, by compen
sating the gravity. Only molecules formed with a magnetic
moment opposite to the local magnetic field can be accumulated
and trapped. Two hundred thousand molecules can be accumu
lated and trapped in a time of 100 ms of photoassociation
process. The lifetime of the trapped molecular cloud -Is is limit
ed by the backgroud gas pressure. The spatial analysis of the
molecular cloud performed by photoionization is shown in the
below-inset ofFigure 2.

Its dimension of a few millimeters is much larger than the
atomic cloud. The complete analyzis demonstrates a molecular
temperature of 30 ± 10 flK.

Conclusion
The mechanism of formation of cold molecules via photoassoci
ation opens a wide field of possibilities for an ultracold
photochemistry. Combining that technique with other methods
used to obtain cold molecular samples can increase the number of
possibilities. The progresses in the experiments should be
focussed on the control the final channel in the formation ofcold
molecules. Use ofFeshbach resonances and of stimulated Raman
photoassociation can provide tricks for such an aim. The recent
success of Bose-Einstein condensation of cesium obtained in the
group of Rudi Grimm opens also promising possibilities to go
towards Bose-Einstein condensation of a molecular gas.

........................................................................................................................
References
[1] J.J. Hudson, B.E. Sauer, M.R. Tarbutt, and E.A. Hinds, Phys. Rev.

Lett., 89, 023003 (2002)

[2] Ch. Lisdat, M. Franck, H. KnOckel, M.-L. Almazor. and E. Tiemann,
Eur. Phys. J. D, 12,235-40 (2000)

[3] R. deCarvalho, J,M. Doyle, B. Friedrich, T. Guillet, J. Kim. D. Patter
son, and J.D. Weinstein, Eur. Phys. J. D, 7, 289-309 (1999)

[4] H.L. Bethlem, EM.H. Crompvoets, R.T. Jongma, S.Y.T. van de Meer
akker, and G. Meijer, Phys. Rev. A. 65, 053416 (2002)

[5] A. Fioretti, D. Comparat, A. Crubellier, O. Dulieu, E Masnou
Seeuws, and P. Pillet, Phys. Rev. Lett., 80, 4402-4405 (1998)

[6] N. Nikolov, E. E. Eyler, X.T. Wang, J. Li, H. Wang, W. C. Stwalley; and
Ph. Gould, Phys. Rev. Lett, 82, 703-6 (1999)

17] c. Gabbanini, A. Fioretti, A. Lucchesini, S. Gozzini, and M. Mazzoni,
Rev. Lett., 84, 2814-2817 (2000)

[8] H. R. Thorsheim, J. Weiner, and P. S. Julienne, Phys. Rev. Lett., 58,
2420 (1987)

[9] C.M. Dion, C. Drag, O. Dulieu, Laburthe Tolra, B., E Masnou
Seeuws, and P. Pillet, Phys. Rev. Lett, 86, 2253-57 (2001)

[10] C. Drag, Laburthe Tolra, B., O. Dulieu, D. Comparat, M. Vatasescu, S.
Boussen, S. Guibal, A. Crubellier, and P. Pillet, lEE Quantum elec
tronics, 36,1378-1388 (2000b)

[11] T. Takekoshi, B.M. Patterson, and R.J. Knize, Phys. Rev. Lett., 81,
5105-08 (1999)

Advances in Physics

Advances In Phy$lcs ;s the
Number One CDndensed Matter
Physc!s Joumal
Editor: D. Shel'1'lngton,
Umversity of Oxford, UK

8 Issues per \lolume
Institutional: U5S29231£1n2
151 Impact Factor 16.2

24 issues per volume
Institutional: US$50291£3048
ISllmpact Factor1.7

Editors: H. F. Schaefer Ill, University
of Georgia, USA
N. C. Handy, University of
Cambridge, UK
R. M. Lynden-Bell, The Queen's
University. UK
I. Mills, University of Reading, UK
A. Bauder. ETH ZUrich, Switzerland

18 ISSUes per volume
Institutlonal: USS35621£2160
ISlllJlpaCt Factor 1.3

Editors: P. L. Knight, Imperial College
London. Ut(
It W. Boyd, Umversity ofRochestet;
USA

Journal of Modem
Optics

6 ISSues per volume
Institutlonal. USS721/£436

ISI Impact Factor 2.3

Editor: P. L. Knight,
tmpenaJ College London, UK
North Ameriun Editor
T. M. Sanders. University of
MlchfgjJn, USA

12 issues per volume
Institutional: US$732J£445
151 Impact Factor 1.3

Editors: E. A". Davls, University of
Leicester UK
P. S. Riseborough,
Temple University, USA

Philosophical Magazine
letters

Co-ordinating Editor: E. A. Davis.
University of Cambridge, UK
Editors: A. L. Greer. University of
Cambridge, UK
J. L. Smith, Lo[; Alamos National
Laboratory, New Mexico, USA

36 issues, per volume
Institutional: USS4358/£2642
lSI Impact Factor 1.5

Philosophical Magazine Contemparary Physics Molecular Physics

www.tandf.co.uk/sara

europhysics news NOVEMBER/DECEMBER 2002 195



FEATURES

The point of view of the electron
How does the molecular target appear to
the electron beam? Imagine yourself sit
ting on the electron wave as you
accelerate towards the molecule. In order
to understand your fate, you can think of
yourself as refracted through the target
with a refractive index of more than or
less than unity. The former case corre
sponds to a weak interaction and the
target appears closer than it truly is. The
system is said to possess a "positive scat
tering length". If for a different target the

PhotoIonlsatlon
Region

Four Element
Zoom Lens

photoionisation of AI at 15.76 eV, using synchrotron radiation
from the ASTRID storage ring, University ofAarhus. A beam of
electrons,with a resolution which maybe better than 1meV; pass
es through gas at room temperature, and the attenuation of the
beam yields the scattering cross-section. Agreat varietyofspecies
has been studied with this apparatus, ranging from the simplest
diatomics, H2, N2, O2 to more complex molecules such as benzene,
hexafiuorobenzene and still larger species such as naphthalene or
anthracene. These studies have revealed a number of fascinating
quantum scattering phenomena, some known or strongly sus
pected from theory, such as powerful rotational excitation in
polar molecules with cross-sections of several thousand A2, oth
ers unknown and which remain largely unexplained.

- Collision Region

A. Fig. 1: The cold electron experiment on
the ASTRID storage ring (Aarhus).The
apparatus may be immersed in a magnetic
field for measurement of backward scattering
cross-sections.

Understanding the data
How does the incoming electron appear to the target molecule,
and how does the molecule appear to the electron? Because of
the wave nature of the cold electron, it is spread out in space and
the incoming wave explores a superposition ofpaths, rather than
a well-defined classical path. Each path within this superposition
maybe accorded a collisional angular momentum,which is quan
tized with respect to the molecular target at the "scattering
centre". Moreover on the time-scale of encounters, even at meV
energies, the target molecule has no time to rotate and presents a
single face to the incoming electron. The"head-on" component of
the electron trajectory is called the "s-wave", with angular
momentum zero, with "p-waves" for angular momentum of
unity and so on. Let us say for example that only the s-wave is scat
tered: the steady state angular distribution of scattered electrons
will then be spherically symmetrical about the target. If a pz

.wave is scattered, then the electron will by contrast show
r---=--------------, backward-forward scattering asymme-

try.
The beauty of cold collision studies is

that onlyveryfew ofthese so-called"par
tial waves" are involved in scattering, in
fact only s- and p-. As these waves are
scattered, they undergo energy depen

-- DeIBction Optics dent phase shifts, which quantum theory
shows may be simplyrelated to scattering
cross-sections. Expressions for cross-sec
tions include the coherent superpositiori
of scattered s- and p-waves, for example
for backward-scattering. Predictions
about the relative amount of backward
and forward scattering, for example, may
be compared with experiment and this
style of analysis gives considerable
insight into the nature ofcold collisions.

Experiments
Two types of experiment have been devel
oped. The first are those that form cold
electrons or Rydberg atoms in situ with a
target gas to study exclusively DA [3,4,5,7].
The exquisite precision of recent DA mea
surements is illustrated by data in [8J,
involving CH3I + electron ~ 1- + CH3,

showing how the cross-section for 1- pro
duction is strongly affected by vibrational
motion in CH3I through "vibrational Fesh
bach resonance".

The second type ofexperiment uses elec
tron beams and involve elastic and inelastic
scattering, as well as DA. The apparatus with
which the gr~at majority of these data have
been acquired is shown in Figure 1 [6]. Elec
trons are formed by the threshold

How cold is cold?
The de Broglie wavelength of an electron
with kinetic energy of 10 meV (1 meV =
8.0655 cm-I = 96.485 Jmol- I ) is 12.3 nm,
equivalent, for comparison with atom-atom
collisions, to a Rb atom at a temperature of
500 ilK. When cold electrons encounter
molecules, they can be elastically scattered,
they can excite rotation and vibration in the
targets or they can cause the formation of
negative ion products, a process called dis
sociative attachment (DA).

Cold collisions give a special insight into quantum dynamics,
since cold encounters emphasise the coherentwave nature of

matter. In cold collisions particles may pass ghost-like through
each other or pursue a superposition of energetically forbidden
trajectories, in a manner alien to a classical vision ofnatural phe
nomena~ Cold electron collisions have the additional attraction
that they occur in the natural world, in planetary atmospheres
and in the interstellar medium, as well as in industrially important
plasmas for device fabrication.

A cold collision is one in which the de BrogUe wavelength ofthe
projectile is very much greater than the physical dimensions of
the target species. Two parallel experimental developments have
aroused strong interest in cold collisions. The first is the achieve
ment of Bose-Einstein condensation, which depends for its
success to a very large degree on an appreciation of the nature of
the scattering of cold alkali atoms [1,2]. The second, on which we
dwell here, has been the study of the interaction of cold electrons
with molecules, made possible by the development of new cold
electron sources [3-6].

David Field l , Nykola lones l and lean-Pierre ZieseF
1 University ofAarhus, Aarhus, Denmark
2 University Paul Sabatier, Toulouse, France

................................................................................

Cold encounters:
Electrons and molecules
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Lifetimes in scattering
How sticky are electron-molecule collisions? That is, if you were
to time the passage of an electron over some distance, what dif
ference in travel time would result if the electron experienced a
scattering process or if it moved unimpeded?

Theory shows that the lifetime ofa collision complex is equal to
twice to the rate of change of the phase of the electron wave with

europhysics news NOVEMBER/DECEMBER 2002

field is stronger, the target may appear further away, equivalent to
a refractive index of less than unity, and the system possesses a
negative scattering length. If the field is very strong, there may be
a bound state within the electron-molecule potential well, and the
scattering length becomes positive again. The latter can lead to
dissociative attachment.

As the electron energy tends to zero, so the cross-section tends
to the surface area of a sphere of radius the scattering length, A,
that is, 47tA2• The sign of the scattering length is however crucial
to understanding the nature of the collision. You may be deflect
ed with low cross-section (small positive A), be projected into a
virtual state Oarge negative A) or you may attach and perhaps dis
sociate the molecule (large positive A).

The response of the target: symmetry
A further powerful concept, in addition to that of partial waves,
involves the symmetry of the molecular target. Both DA and vir
tual state scattering involve an initial step of attachment, however
fleeting, of the electron to the target molecule. A low energy elec
tron will attempt to attach into the"lowest unoccupied molecular
orbital" or LUMO, whose symmetry is dictated by that of the
host molecule, such as a hexagon for benzene or a football for
Cro. The impinging electron is also subject to this symmetry, and
the incoming wave must be able to fit into the LUMO. For exam
ple, spherical s-waves fit snugly into the spherical LUMO of CC4,
whereas the water-wings form of a p-wave does not.

In Figure 2, we show data for CO2, which shows strong scatter
ing at low energy [9]. However, weak scattering is expected; for
example, the cross-section for N2 at 10 meV is only - 3xlO-2°m2

,

nearly 50 times lower than CO2• The strange behaviour of CO2,

which we have found in a number of other molecules, is due to
virtual state scattering. This process ·may be understood in terms
of lifetimes of scattering states.
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Conclusion
We set out by suggesting that the studyofcold collisions may help
us to understand the nature of quantum dynamics. Perhaps
understanding may best be described as appreciation. The study
ofcold collisions makes quantum events more familiar and allows
us, if not to understand as we claim to understand classical
mechanics, at least to come to terms with the strange phenomena
of quantum collisions.

collision energy, in atomic units. This rate of change may be
obtained by suitable fitting of the data in figure 2, resulting in a
lifetime of CO2- at 10 meV impact energy of 8.48±0.lxlO-IS sec
onds. But how can this be? An s-wave is attempting to attach to
CO2• The LUMO of CO2 is however of p-like symmetry: the
overlap is zero. But let us say that the molecule borrows some time
from the classically inaccessible quantum world, in a manner
restricted by the Heisenberg relationship Llli.~12h/27t.In this bor
rowed time, the system may explore paths in which the molecule
is "virtually bent", where virtual implies something happening in
borrowed time. As the molecule virtually bends, the p-like
orbital splits into two components, one of which is of spherical
symmetry and can happily accommodate an s-wave. When the
interaction is over, the borrowed time is returned-but not all.
The lifetime of -8.5xlO-1s seconds may be seem as a remnant of
the borrowed time.

Molecules may also be transparent to electrons, rather than
present a large cross-section. For example, at 90 meV impact ener
gy, electrons pass almost unirnpeded through CF4,in the so-called
Ramsauer-Townsend effect. It is as if the molecule were not pre
sent and you might very reasonably conclude: no scattering, no
phase shift of the electron matter wave, no effect at all. However,
this is not so. The scattering state is found rather to have a negative
lifetime of 900±60xl0-18 seconds. Thus the electron spends less
than no time in the vicinity of the scattering centre. This ''hole in
quantum space" maybe thought ofas representing the destructive
interference of the incoming and scattered outgoing s-waves, a
quantum hop of matter from one position to another, the matter
disappearing from one side of the scattering centre and reap
pearing at the other in a process of nanoscopic matter-wave
teleportation.
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330nK

... fl.9..1< Density plots for four different atom clouds. Each cloud
is cooled to adifferent temperature before being released,
expanded,and imaged.The BEC starts to form at approXimately
415 nK.The right-hand peak is almost entirely condensate.

~ Fig. 1: The Sussex BEC atom chip.

verse wires located just underneath
the surface (not visible) provide con
finement of magnetically trapped
clouds along the length of the guide.

A major breakthrough for atom
chips came in 2001 with the realisa
tion of BEC on board a chip
demonstrated almost simultaneously in the groups ofClaus Zim
merman in Tiibingen [5] and Ted Hiinsch [6] in Munich. There
are now several groups, including ours, who have created [2] or
loaded [7] BEC on a chip and the number is growing rapidly.

In our experiments, 1 x loa 87Rb atoms are collected and cooled
to 60 pK in a mirror MOT 4 mm above the gold surface. Approx
imately 2 x 107atoms are loaded into a magnetic micro-trap
formed by the wires embedded in and under the surface. The
atoms are then adiabatically compressed by ramping up the trap
frequencies to 21t x 840 S-l in the radial direction and and
2It x 26 S-l axially. This increases the atom density and raises the
elastic collision rate to ~30 S-l, high enough for efficient evapora
tive cooling to take place. We use forced rf evaporation to cool
the atoms down to below 415 nK at which point the cloud Bose
condenses. The rf frequency is swept logarithmically from
13 MHz to a final frequency of around 600 kHz over 12.5 s. The
trap is 200 Jlffi above the surface when the condensate forms and
the number of condensed atoms is typically 22000. We view the
condensate using absorption imaging, after first turning off the
axial confinement and letting the atoms expand along the guide
for 8 ms. Figure 2 shows the atom cloud changing from a thermal
cloud above 415 oK to a BEC at lower temperatures.

One advantage of atom chips is that the elements producing
the magnetic field are very close to the atoms. This means that
the traps can have very steep potential gradients where the quan
tum mechanical (vibrational) modes are widely spaced, with
intervals similar to the thermal energy of the atoms. For the spe
cial case ofBEC, all of the atoms collect in theground state of the
trap and their behaviour is described by a single quantum
mechanical wavefunction. Single mode operation is important for
realising coherent quantum devices. As an example we have pre
viously considered the case of a two-wire guide [8]. This versatile
scheme consists of two wires carrying parallel currents in the
presence ofa transverse bias field. Simplybyvarying the strength
of the bias field it becomes possible to split and recombine atom

Atom Chips
C.]. Vale, B.V. Hall, D.C. Lau, M.EA. !ones, f.A. Retter andEA Hinds
SCOAP, University ofSussex, Brighton, United Kingdom
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I n the last decade atomic physics has undergone a renaissance.
Nobel Prizes in Physics were awarded to Cohen-Tannoudji,

Chu, and Phillips in 1997 for laser cooling and trapping of atoms
and to Ketterle, Cornell, and Wieman in 2001 for Bose-Einstein
condensation (BEC) in dilute alkali gases. New experimental
methods unlocked through this research have resulted in an
explosive growth in the field of cold and ultra-cold atoms. At pK
temperatures atoms have sufficiently low energy that their de
Broglie wave nature becomes evident. Such atoms can be con
trolled by atom optical elements (lenses, mirrors, diffraction
gratings, waveguides and interferometers) in analogy with light.

One area that has been particularly exciting recently is the
development of integrated atom optical devices for the storage,
manipulation and controlled interaction of atoms onboard a
micro-fabricated structure, the(~tomChip" [1,2]. Miniature cur
rent-carrying wire structures or permanent magnet structures
can be used to create microscopic magnetic potentials that control
atoms. Experimenters are currently trying to realise beam split
ters and interferometers for BEC on board atom chips. Such
devices offer new levels ofmeasurement sensitivity and have been
suggested as a possible way to implement quantum information
processing [3]. In this article, we give a brief review of important
developments in the field atom chips and describe some of the
atom chip experiments performed in our group at Sussex.

Atoms with a magnetic moment p experience an interaction
potential, -p' B, in the presence ofa magnetic field B. Those atoms
with their magnetic moment aligned antiparallel to the direction
of the field are known as weak field seekers because their interac
tion energy is lowest in areas of low field. Such atoms can be
trapped or guided by a local minimum of the magnetic field,
which offers a convenient means of controlling them. However,
the energy scale associated with this interaction is low compared
to the thermal energy of room temperature atoms, so only very
cold atoms (T ~ 1 mK) can be manipulated this way.

With the recent advent oflaser cooling and the magneto-opti
cal trap (MOT) it has become routine to create samples of "'108

atoms at temperatures of around 50 pK or lower. This provides
an invaluable source of ultra-cold atoms which can be magneti
cally trapped using modest fields. The first demonstration of the
possibilities for atom guides were the guiding of atoms released
from a MOT source.A review of this earlier work can be found in
[1].

An important development for atom chips was the invention of
the mirror MOT [4] which provides easypreparation and loading
of cold atom clouds directly onto a surface. A mirror MOT uses
the same laser and quadrupole magnetic field configuration as a
standard six-beam MOT, except that two of th.e laser beams are
formed by reflection from a mirror surface. Atoms are trapped
close to the surface in the region where the incident and reflected
beams overlap. The mirror is typically a gold layer on a substrate
which also incorporates a pattern of current-carrying wires that
can be activated to create magnetic micro-traps. A picture of our
BEC atom chip is shown in figure 1 below. One can see the gold
surface of the chip, the MOT coils oriented at 45 to the mirror and
the guide wire running across the centre of the chip. Four trans-
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clouds,opening the possibility ofmaking an exceedingly sensitive
atom interferometer [8]. Several groups, in addition to ours, who
have loaded a BEC onto an atom chip [2,5,6,7] are actively pur
suing quantum interferometers.

Some very recent studies in our group and others [7,9] have
looked at the interaction of cold atom clouds and BECs with the
surface of the chip. When a very cold atom cloud or BEC is
brought close to the surface, the cloud is seen to break up into
fragments. These appear to be due to a small modulation of the
confining potential whose origin is not yet understood. Figure 3
shows a cloud of atoms (T == 4pK) released into a guide 10 pm
above the conductor surface. Rather than expanding freely along
the guide the atoms instead gather in the potential wells that arise
near the surface.We have observed atoms trapped in these surface
induced wells for times greater than 200 ms.

... Fig. 3: Images of a fragmented 4 ilK atom cloud
15 pm above the guide wire.

The rapid development of atom chips based on current carry
ing wires is due in part to the advances made within the
microcircuit fabrication industry. In our laboratory we are also
pursuing atom chips where the microscopic potentials are made
using commercially available magnetic storage media, most
recently videotape. Permanent magnetic materials have potential
advantages over current-carrying conductors as theycan produce
large field gradients without dissipating any energy and are with
out Johnson noise or temporal fluctuations. In the past we have
shown that a periodicallypatterned magnetic surface can be used
as an effective atom mirror and that such mirrors can be modu-

N 5 N 5

... Fig. 4: Fields and interaction potentia Is above a sinusooidally
magnetised videotape. (a) Afield Bois added to the field of the
videotape itself. (b) The resulting equipotentials of the atom's
interaction with the field.The circles indicate an arrayoftubular
minima where atoms can be trapped or guided.
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lated through the addition of small external magnetic fields [1].
Figure 4(a) shows a uniform magnetic field Boadded to the field
of a sinusoidally magnetized videotape. At a constant height
above the surface the applied field periodically cancels the field
produced by the videotape. A plot of the trapping equipotentials
created by this combination of fields reveals a periodic array of
magnetic minima, shown in 4(b).

Atoms can be radially confined and propagated along these 2D
magnetic guides. In our experiments two wires perpendicular to
these guides make fields that confine the atoms axially. The radial
gradient of the field strength in these magnetic micro-traps is
b == 2rcBo!'A, where 'J... is the wavelength of the magnetised record
ing. Even with a modest applied field, large gradients can be
achieved since wavelengths as short as 10-100 pm can readily be
recorded (e.g. Bo == 1 mT, 'J... == 10 pm, b == 600 Tm-1). In recent
experiments with atoms in videotape micro-traps we observed
three-body recombination, a loss process that requires high atom
density, 1015 cm-3• Moreover, we observed that in the limit oflow
density, the lifetime of the trapped atoms was independent of
distance from the magnetic surface and was independent of trap
gradient. These results are in contrast to the height dependent life
times measured in micro-traps made by current carrying
patterned wires [9].

Recording on videotape is a convenient way to achieve micro
scopic magnetisation patterns along one direction. However, a
more versatile approach may be to use magneto-optical films. To
write trapping structures onto these films a focused laser beam
heats the magnetic layer, raising the temperature locally towards
the Curie point. A small applied magnetic field then changes the
orientation of the magnetic domains in the heated region. Scan
ning the laser allows an arbitrary magnetic pattern to be written,
with feature sizes that can be substantially smaller than 1pm. It is
possible to make some parts ofthe surface non-magnetic by etch
ing away the film. Atom optics based on the patterning of
permanent magnetic materials is also being pursued at the Swin
burne University ofTechnology, Australia [10].

Atom chips offer the possibility of creating new types ofquan
tum measurement devices and many experimental groups are
now working towards realising such devices. In the near future we
can expect that a wide range ofatom-optical elements willbe inte
grated onto a single chip. An important next step will be to
integrate optical fibres and microcavities into atom chips [11].
These will make it possible to prepare and detect individual atoms
in specific quantum states so that they can form the basis ofquan
tum logic gates.
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The science of clusters:
An emerging field
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A group ofatoms bound together by interatomic forces is called
an atomic cluster (AC). There is no qualitative distinction

between small ACs and molecules. However, as the number of
atoms in the system increases, ACs acquire more and more spe
cific properties making them unique physical objects different
from both si,ngle molecules and from the solid state. In nature,
there are many different types ofAC: van der Waals ACs, metallic
ACs, fullerenes, molecular, semiconductor, mixed ACs, and their
shapes can depart considerably from the common spherical form:
arborescent, linear, spirals, etc. Usually, one can distinguish
between different types ofACs by the nature ofthe forces between
the atoms, or by the principles of spatial organization within the
ACs. ACs can exist in all forms ofmatter: solid state, liquid, gases
and plasmas.

The novelty ofAC physics arises mostly from the fact that AC
properties explain the transition from single atoms or molecules
to the solid state. Modern experimental techniques have made it
possible to study this transition. Byincreasing the AC size, one can
observe the emergence ofthe physical features in the system, such
as plasmon excitations, electron conduction band formation,
superconductivityand superfluidity, phase transitions, fission and
many more. Most of these many-body phenomena exist in solid
state but are absent for single atoms. Below we briefly summarize
various aspects of AC physics, which to our mind make it an
attractive field of research: (i) ACs provide a small, self-contained
'laboratory' in which the major interactions and many-body
effects present also in solids can be analysed and studied as a
function of their size; (ii) ACs straddle the limit between micro
scopic and quasi-classical systems, so they can be used to probe
the boundary between quantum mechanics and semi-classical
systems; (iii) ACs are the appropriate physical objects for studying
statistical and thermodynamic laws in nanoscale systems, both
classical and quantum; (iv) Small ACs are tractable computation
ally by ab initio methods; (v) ACs can be made and observed in
the laboratory by using modern beam or deposition techniques;
(vi) ACs provide new examples of many-body forces in a regime
which is different from those of atomic, nuclear or solid-state
physics, but is related to all of them; (vii) ACs can serve as build
ing blocks for new forms of matter, the formation ofAC-based
molecules and new materials; (vii) ACs are of similar size to
nanoscale devices, and so their physics is closely related to the
physics ofvery small devices, in which quantum effects begin to
appear, such as must occur when one wishes to make smaller and
smaller chips for microcomputers.

The science ofACs is a highly interdisciplinary field. ACs con
cern astrophysicists, atomic and molecular physicists, chemists,
molecular biologists, solid-state physicists, nuclear physicists,
plasma physicists, technologists all of whom see them as a
branch oftheir subjects but AC physics is a new subject in its own
right. This becomes clear after a briefstudy ofthe problems which
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A Fig. 1: Mass spectra measured for AT and Na ACs (see [1].
The intense peaks indicate enhanced stability.

atomic AC physics addresses today: (i) The problem of collective
excitations in ACs has obvious links in atomic and nuclear
physics; (ii) The same is true for the confined atoms problem,
and for various collision processes involving ACs; (iii) Fission of
charged metal ACs is a process analogous to nuclear fission; (iv)
Plasmon excitations, conduction bands, elasticity, superconduc
tivity and superfluidity came to AC physics from solid state
physics; (v) Studies ofthe AC heat capacities and phase transitions
have obvious thermodynamic roots; (vi) Studies ofAC reactions
and AC potential energy surfaces establish links with chemistry
and chemical physics; (vii) Studies of electronic and ionic struc
ture and properties of ACs together form a bridge to the
molecular biology research of proteins, nuclear acids and other
complexbiological molecules; (viii) Connections ofAC physi<;s to
nanotechnology are apparent via quantum dots, quantum wires,
nano-tubes and other nano-structures; (ix) ACs are formed in
collisions in plasmas and interstellar media. This fact links AC
physics to astrophysics, plasma physics and physical kinetics.

Significant progress achieved in the field over the past two
decades brought the understanding of ACs as new physical
objects with their own distinctive properties. This became clear
after such experimental successes as the discovery ofthe fullerene
4,0, ofthe electronic shell structure in metal ACs, the observation
ofplasmon resonances in metal ACs andfullerenes, the observa
tion of magic numbers for various other types of ACs, the
formation of singly and doubly charged negative AC ions and
many more. A complete review of this field can be found e.g. in
[1].

Distinctive properties of ACs
ACs, as new physical objects, possess some properties, which are
distinctive characteristics of these systems. The AC geometry
turns out to be an important feature, influencing the AC stability
and vice-versa. The determination of the most stable AC forms is
not a trivial task and the solution of this problem is different for
various types ofAC. The stability ofACs and the their transfor
mations is a theme which does not exist at the atomic level and is
not ofgreat significance for solid state but is ofcrucial importance
for AC systems. This problem is closelyconnected to the problem
ofAC magic numbers.

One can introduce very many different characteristic and
properties relevant for ACs, which carry important and specific
information about these systems as well as the principles of their
organization and formation. In our brief review we are not able
even to mention all these characteristics. Thus, we limit ourselves
to only a few examples.
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AC magic numbers
The sequence ofAC magic numbers carries essential informa
tion about ACs electronic and ionic structure [1]. Understanding
the magic numbers of an AC is pretty well equivalent to under
standing its electronic and ionic structure.A good example ofthis
kind occurs for sodium ACs. In this case, the magic numbers arise
from the formation of closed shells of delocalised electrons, one
from each atom. Another example is the the discovery of
fullerenes, and in particular the Coo molecule [2], by means mass
spectroscopy.

Na4-D2h Ar4-Td Na, Ar7- DSh Nae-Td Are-Cs

f;AQlIqJ

.. Fig. 2: Geometries and the point symmetry groups ofsome No
and Ar ACs calculated in [3,4].

The formation of a sequence ofmagic numbers is closely con
nected to mechanisms ofAC formation and growth. It is natural
to expect that one can explain the magic numbers sequence to
find the most stable AC isomers by modelling mechanisms of
cluster assembly and growth [3].

In Fig. I, we present the mass spectra measured for Ar and Na
ACs (see [1]), which clearly demonstrate the emergence ofmagic
numbers. The forces binding atoms in these two different types of
ACs are different The argon (noble gas) ACs are formed byvan der
Waals forces, while atoms in the sodium (alkali) ACs are bound by
the delocalized valence electrons moving in the entire AC volume.
The differences in the inter-atomic potentials and pairing forces
lead to the significant differences in structure between Na and Ar
ACs, their mass spectra and their magic numbers.

In Fig. 2, we present and compare the geometries of a few
small Na and ArACs ofthe same size. It is clear from Fig. 2 that the
principles ofAC organization are different for the alkali and noble
gas families. Such differences can easily be explained. The van
der Waals forces lead to enhanced stability of AC geometries
based on the most dense icosahedral packing. The the most
prominent peaks in mass spectra of argon ACs correspond to

completed icosahedral shells of 13, 55,147,309 etc. atoms. The
origin of the sodium AC magic numbers is different. In this case
the AC magic numbers 8, 20, 34, 40, 58, 92 etc. correspond to the
completed shells of the delocalised electrons: Isl Ip6 Id10 2s21f4
2p6 etc.. This feature of small metal ACs make them qualitatively
similar to atomic nuclei for which quantum shell effects play the
crucial role in determining their properties [5].

The enhanced stability ofAC systems can be characterized by
computing the second differences in AC binding energies. In
Fig. 3, we present the second differences in Ar ACs binding ener
gies calculated in [3]. The correspondence of the peaks in Fig. to
those in the Ar ACs mass spectrum shown in Fig. 1 is readily
established.

Plasmon excitations
Electron excitations in metal AC systems have a profoundly col
lective nature. They can be pictured as oscillations of electron
density against ions, the so-called plasmon oscillations. This
name is carried over from solid state physics where a similar phe
nomenon occurs. Collective electron excitations have also been
studied for single atoms and molecules [6]. In this case the effect
is known under the name ofthe shape or the giant resonance. The
name giant resonance came to atomic physics from nuclear
physics, where the collective oscillations of neutrons against pro
tons have been investigated [5]. The interest of plasmon
excitations in small metal ACs is connected with the fact that the
plasmon resonances carry a lot of useful information about AC
electronic and ionic structure. By observing plasmon excitations
in small metal ACs one can study, for example, the transition from
the pure classical Mie picture of the plasmon oscillations to its
quantum limit or to detect AC deformations by the value ofsplit
ting of the plasmon resonance frequencies. The plasmon
resonances can be seen in the cross sections of various collision
processes: photabsorption and photoionization, electron inelastic
scattering, electron attachment, bremstrahlung [1]. Both surface
and volume plasmons can be excited. In electron collisions and
in the multiphoton absorption regime,plasmonswith large angu
lar momenta play an important role in the formation the cross
sections of these processes [7].

Fission process
MultichargedACs become unstable towards fission. The process of
multicharged metal ACs fission is qualitatively analogous to
nuclear fission. The fission instability of charged liquid droplets
was first described by Lord Rayleigh in 1882 [8] within the frame
work of classical electrodynamics. For review of recent work on
metallic AC fission see [1]. The fission process is a complex process
in which the evolution ofAC shape,AC deformations, many-elec
tron correlation and shell effects play the important role. For
more details, we refer here to the recent work [9].

.. Fig. 3: Second differences
in binding energies calculated
for for Ar ACs in [3].

1201008060
N

4020

13 192326293234 434649 5q. 61 64 71 81 87 91 101 109
! I I I I I I I I I ~ I I l I I I • I

~ A i\ 1~ h~ .!l 1\ ii\ ~. ~ ~ ~ r ·1"'- i\·!
-----.~ 1~1'.·f ·1'l/riV\I~~ ~·I\I-\\-I·"~"\-~· r.· .~A'\i\!·"~i.\'iI/iJlr'\·"-I--- ---!~ ~ t. • ~ , ••••v. .,\ 1. ./ I 1/ \ ~I.I • I •V ". I

• •••••• .. ... tli •••• ••• •• .. •. ~
• •

0.1

0.2

-0.2 +-"~~....,...,,......,,......,~.-r-.................--r-""""""""""""""-'--'--'--'-""""--r-T~""""-'-''''''''''''''''''~.-r- .........-.-.................--r-~
o

-0.1

w"'<l 0.0

europhysics news NOVEMBER/DECEMBER 2002 201



FEATURES

Atoms and ions trapped in ACs: confined atoms
Another problem closely related to AC physics is the confined
atom (see [10]). This name is given to an atom surrounded by a
symmetrical cage of other atoms, and to the modification of its
quantum properties which result when it is trapped in this way.
The first studies ofconfined atoms go back nearlyas far as the ori
gins of quantum mechanics, and interested such great pioneers
as Arnold Sommerfeld, who co-authored a paper on the subject.
Recently; there has been a revival, stimulated in part by the obser
vation of the so-called metallofullerenes, in which a metal atom
is trapped inside the hollow cage of a C60 or larger fullerene. Other
forms of confinement also exist. For example, a metallic ion can
also be inserted into a noble gas AC, which usually causes a
rearrangement, modifying the magic numbers.

Conclusion
In recent years, AC physics has made very significant progress,but
a large number of problems in the field are still open. The transi
tion of matter from the atomic to the solid state implies changes
oforganization which turn out to be a good deal more subtle and
complex than was originally supposed. Different type ofACs,
composite ACs, various size ranges, AC geometries, complex mol
ecules (including biological), ACs on a surface and in plasmas, all
provide additional themes which make this field of science very
rich and varied. Collisions involvingACs, mass spectroscopy and
laser techniques provide tools for experimental studies of the AC
structure and properties. However, what are the experimental
limitations? Where should the theory go next? Where does the
future lie? Could ACs one day become the smallest devices or be
used to make the smallest devices? Could one manipulate AC
isomers for the production new materials and nano-structures?

Fullerenes .
Eleanor E.B. Campbell, Dept. ofExperimental Physics, School of
Physics and Engineering Physics, Goteborg University and
Chalmers, Goteborg, Sweden

Pullerenes have been the subject of many fascinating funda
mental dynamical studies within the field of atomic and

molecular physics since their discovery in 1985, a discovery that
was awarded with the Nobel Prize for Chemistry in 1996.They are
an allotrope of pure carbon where the carbon atoms form a
closed, hollow cage. The most famous example of the family of
fullerenes is Buckminsterfullerene, Coo. The molecule has the geo
metrical form of a truncated dodecahedron with a carbon atom
sitting at each corner of the polyhedron. This is the same geo
metrical structure as a European football and, in fact, the fullerene
has roughly the same relationship in size to a football as a foot
ball has to the Earth, Fig. 1. A breakthrough in 1990 led to the
development of a very simple method for producing bulk quan
tities of C60. The molecule's high stability, due both to the
geometrical form as well as to its closed electronic shell, means
that it can be handled very easily. This has made it an attractive
subject ofstudy in many areas ofphysics and it has been shown to
have a wealth of interesting properties. One of the most impor
tant properties from the point of view of atomic and molecular
physicists is that it can be easily sublimed to produce a molecular
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What is the difference between a AC and a virus? What are the
principles of the matter self-organization, self-assembling and
functioning on the nanoscale? We merely mention such intrigu
ing questions in this paper, but we hope that at least some of
them will be resolved during the future development of the new
science ofAC.
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beam of isolated molecules in the gas phase. This has opened up
a whole new area by providing a convenient and attractive model
system for studying the behaviour ofcomplex molecular systems
with a large number of degrees offreedom. One very nice exam
ple of this is a fullerene beam diffraction experiment, carried out
by the group ofAnton Zeilinger in Vienna, showing quantum
interference behaviour from Coo [1].

Many of the techniques employed traditionally by atomic
physicists have been applied to the study of fullerenes and have
greatly increased our insight into the dynamical behaviour of
large molecules. In many cases, the experience gained by atomic
physicists from experiments with fullerenes is now being applied
to obtain insight into the behaviour of even more complex bio
molecules. In this article I will try to convey the fascination of
studying the fundamental properties offullerenes in the gas phase
and give the reader a flavour of the wide range ofactivities in this
area.

Ionisation Dynamics
The ionisation mechanisms offullerenes have been the subject of
intense investigation since their first discovery. One of the early
theoretical predictions was that a collective excitation of the elec
trons or"giant plasmon resonance" should occur at an excitation
energy of approximately 20 eV. This was beautifully confirmed
shortly afterwards in single-photon ionisation experiments car
ried out with synchrotron radiation. Rather different effects are
seen when the fullerenes are excitedwith laSer photons with ener
gy less than the ionisation potential of the molecule. If
nanosecond pulsed lasers are used for excitation then there is
sufficient time available during the laser pulse for energy to be
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Fullerene 10-9m
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A. Fig. 2; Positive ion mass spectra and corresponding electron
kinetic energy distributions obtained from exciting (GO with 800
nm wavelength laser pulses with the same energy per pulse (3.5
J/cm2) but different pulse duration (Campbell et aI., Phys, Rev. Lett.
84 (2000) 2128).Three different Ionisation mechanisj'ns c'an be
clearly seen in the experiments depending upon the duration of
the excltation pulse. For short laser pulses « 70 fs) the ionisation
is dominated by prompt, direct multi-photon ionisation. Singly
and multiply charged parent molecular ion pea~s are observed.
The electron kinetic energy distribution shows peaks separated
by an energy equivalent to the photon energy.This is known as
"above threshold ionisation (ATI)" and is well known for atomic
ionisation in strong laser fields. The parent ion peaks shows well
resolved structure corresponding to the naturally occurring 13C
isotope, indicating prompt ionisation on the time scale of the
mass spectrometer (< 1 ns). For intermediate pulse durations (ca.
70fs - 500 fs) th'e ATI peaks disappear and the emitted electrons
show a thermal distribution but the corresponding positive ions
are vibrationally cold, are produced promptly and show no
significantfragmentation. For longer pulse durations (> 1 ps) the
electron temperature decreases but the positive ions are
obviously highly vibrationally excited with massive fragmentation
observed in the mass spectra and a tail to longer arrival times on
the parent ion peak showing the presence of delayed, statistical
ionisation. This behaviour can be nicely explained by considering
the time scales for energy flow among the different degrees of
freedom in the highly excited molecule.
Superimposed on the thermal electron distribution is a rich

.structure, clearly seen on the right-hand figure where the low
electron energy data Is plotted with a linear intensity scale.This
has been shown to be due to the single photon ionisation of
Rydberg states, produced and ionised within the same laser pulse
(Boyle et aI., Phys, Rev. Lett. 87 (2001) 273401),

TIme of Flight

evidence of energy equilibration among the electronic degrees of
freedom of the molecule for pulse durations higher than ca. 70 fs.
This manifests itself in a clearly thermal electron kinetic energy
distribution. On the order of a few hundred femtoseconds the
electronic energy starts to couple to vibrational degrees of free
dom. This is seen in a dramatic decrease in the electronic
temperature (since the same total energy is now divided among
electronic and vibrational degrees of freedom), the strong frag
mentation observed in the mass spectrum and the delayed
ionisation tail on the parent mass peak extending to longer
times. The main observations can be explained qualitatively and,
partially, quantitatively within the context of relatively simple
statistical models. It might appear that CGO is behaving more like

10Y
/' Football 0.1 m

.. Fig. 1: Afullerene bears the same relation in size to a
European football as the football does to the size ofthe Earth.

Earth 107m ~-8

redistributed within the molecule. This leads to a successive
absorption of single photons with sufficient time between the
absorbed photons for transfer of the electronic energy to vibra
tional degrees of freedom, thus producing a molecule with a very
high vibrational temperature. One outcome ofthis is that the mol
ecules can ionise thermally in a process akin to thermionic
electron emission from hot metals. This is normally observed as a
tail on the parent molecular ion peak in time-of-flight mass spec
tra extending many tens of microseconds to longer arrival times
due to the delayed, statistical nature of the electron emission.
There are relatively few isolated systems where this phenomenon
can be observed so clearly. Normally in large molecules the dis
sociation energy of the molecule is considerably less than the
ionisation potential so the most probable statistical decay channel
of a vibrationally excited molecule will be neutral fragmentation.
In C60, the relatively low ionisation potential combined with the
high dissociation energy means that thermionic electron emis
sion competes with fragmentation. A third, competing decay
channel is radiative cooling. Vibrationally excited fullerenes have
been shown to emit black-body like radiation corresponding to
their vibrational temperature. The understanding of the complex
interplay of these different cooling processes and their funda
mental mechanisms is presently the focus of experimental and
theoretical activities within an EU financed Network ("Delayed
Ionisation and Competing Cooling Mechanisms in Atomic Clus
ters").

The increasing availability of"user-friendly" ultrashort pulsed
laser systems in recent years has opened up more opportunities
for studying the real-time dynamics of energy flow in molecules.
Fullerenes show quite different behaviour depending on the
amount oftime available to the molecule. This is illustrated in Fig.
2where positive ion mass spectra and the corresponding electron
kinetic energy distributions are shown for fullerenes interacting
with laser pulses ofdifferent duration from 25 fs to 5 ps. One sees
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FuJlerene -FuJlerene Collision Reaction Channels
Experiment and Theory

... fig, 3: Illustration ofthe different reaction channels that have
been studied both theoretically and experimentally for fullerene
fullerene coHisions.The stated collision energies are those used in
the molecular dynamics simulations leading to the pictured
products.
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Charge transfer

can undergo statistical unimolecular decay. It is then possible to
dissolve the endohedral fullerenes and purify them by liquid
chromatography. These molecules are interesting buildingblocks
for nanoelectronics or even as q-bits for quantum computers and
two ED-supported collaborative projects are presently exploring
these possibilities.

Finally, I would like to mention the various reaction channels
that occur in fullerene-fullerene collisions, Fig. 3. The availability
of macroscopic amounts ofpurified fullerenes has made it possi
ble to experimentally study single collisions between clusters and
bridge the gap between studies of colliding atomic nuclei and
macroscopic liquid droplets. The most interesting channel, from
my point of view, is molecular fusion between the two colliding
fullerenes to produce a metastable larger fullerene. We have been
able to study this in detail over the years and could show that
although there are some initial similarities with the dynamics of
colliding atomic nuclei, there are also some significant differ
ences that can be rationalised in terms ofphase space arguments
and competing reaction channels~.

Fullerenes have proved to be very fruitful and fascinating
model systems for studying the dynamics of molecular systems
with a large number of degrees of freedom. I am convinced that
fullerenes will continue to surprise and delight us for many years
to come and in the process teach us a great deal more about the
behaviour of complex molecular systems.

204

a little nano-sized piece ofbulk matter rather than like a molecule,
however, ifone looks carefully at the electron kinetic energy dis
tributions one sees a very nice indication of the molecular
nature. Superimposed on the dominant thermal electron emis
sion is a rich structure that turns out to be due to the
multi-photon excitation and subsequent single-photon ionisation
of Rydberg states. This is perhaps one of the most interesting
aspects ofworking with fullerenes: the dynamical behaviour is
truly intermediate between that of individual molecules and bulk
matterwith characteristics from both molecular physics and solid
state physics.

Another interesting aspect of C60 ionisation is the ease with
which electrons can be removed from the molecule. Very recently
a group at the Steacie Insitute in Canada has shown that it is pos
sible to remove up to 12 electrons from C60 without inducing
significant fragmentation by using an intense ultrashort IR laser
pulse. This has just exceeded,by one electron, the record set by the
community studying highly-charged ion collisions with Cro and it
will be interesting to see how far this limit can be pushed in the
future. Highly-charged ion collisions with C60 is one of the most
active research areas involving fullerenes within atomic and mole
cular physics. The projectile ion captures the transferred electrons
initially into highly excited states, forming a so-called hollow ion
with manyvacancies in the inner shells. Similar processes are stud
ied by colliding highly-charged ions with surfaces, however, the
disadvantage in these collisions is that the hollow ion crashes into
the surface soon after its formation. Bystudying collisions with gas
phase fullerenes it is possible to follow the development of the
hollow ion on a considerably longer time scale.

Collisions
Manydifferent collisional processes have been and are continuing
to be studied using fullerenes: from thermal reactions to MeV
fullerene ion implantation. Charge transfer and collision induced
fragmentation are the most studied reaction channels. The
unique hollow structure with its relatively large diameter, the
highly delocalised electronic system and the large number of
vibrational degrees of freedom can all significantly affect the
charge transfer dynamics and provide a challenging problem for
theoretical treatment. In collision induced fragmentation stud
ies, depending on the time scale of the collision and the transient
potentials produced, one can induce predominantly vibrational
excitation in the fullerene or, for very high energy ion collisions,
can induce predominantly electronic excitation. The fragmenta
tion behaviour in the former case is very similar to what is
observed for nanosecond laser excitations whereas the products
from very high energy collisions have a strong resemblance to
the fragmentation spectra seen in electron collisions or for fem
tosecond laser excitation.

Apart from the more "traditional" reaction channels, some col
lision processes are sofar unique to fullerenes. It is e.g. possible to
shoot atoms or ions inside the fullerene cage in gas phase colli
sions. This occurs for collision energies of a few tens of eV and
provides a remarkably efficient way to produce endohedral
fullerenes (fullerenes doped internally by having foreign atoms
inside the cage). However, almost the entire centre-of-mass colli
sion energy is transferred to the cage, in these collisions, which is
then unstable and fragments on the microsecond time scale. A
method has been developed to produce macroscopic amounts of
such endohedral fullerenes by ion implantation into~based on
the gas phase collision experiments. The fullerenes are first
deposited on a metal substrate before ion implantation that serves
to conduct away the excess internal energy before the fullerene
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Atoms in strong
laser fields

Theory
The theoretical problem consists in solving the time-dependent
Schrodinger equation (TDSE) that describes the interaction of a
~any-electron atom with a laser field. During many years, theo
rists have concentrated their effort on solving the problem of a
hydrogen atom, or more generally, a single-active electron atom in
a strong laser field. A number of methods have been proposed to
solve this problem. Two ofthem stand out: the numerical solution
ofthe TDSE, pioneered by Kulander at the end of the 80's and the
semiclassical strong field approximation (SFA) developed by
Lewenstein and others in the 90's. A large effort is presentlybeing
devoted to go beyond the single-active electron approximation.
Many insights in the physical understanding of the interaction
between atoms and strong laser fields have been provided by a
very simple model, called the "simple man's theory", proposed
first in 1987 byVan der Linden van der Heuvell and Muller in the
context ofATI and later on extended by Corkum and others to the
other phenomena shown in Figure 1. According to this model, the
electron tunnels through the energy barrier formed by the
Coulomb field in the presence of the relatively slowly-varying
linearlypolarised electric field ofthe laser. It then undergoes (clas
sical) oscillations in the field, during which the influence of the
Coulomb force from the nucleus is practically negligible. If the
electron comes back to the vicinity of the nucleus, it may be
rescattered one or several times by the nucleus, possibly acquiring
a high kinetic energy, and in some cases, kicking out a second or
third electron. It may also recombine back to the ground state,
thus producing a high energy photon. These effects are illustrat
ed at the bottom of Figure 1.

Experiment
A typical and general experimental setup for studying atoms in
strong laser fields is shown in Figure 2. The first element is a
short pulse laser. The laser pulses used are often in the femtosec
ond range, the shortest being sub-l0 fs. High repetition rates,
today in the kHz range, allow experimentalists to get good statis
tics. Focused intensities needed to get into the strong field regime
are of the order of 1014-1015 W.cm-2

• In the last decade, the
favourite tool has become the titanium sapphire laser, operating at
800 nm in the near-infrared, and providingveryshort pulse dura
tion, high laser intensity at high repetition rate. A large part of
the experimental activity is to make front-line lasers work, and it
is no coincidence that many laboratories successful in this field of
research also develop these laser systems and their diagnostics.
The second part of the experimental setup is a vacuum chamber
where a gas of atoms (often rare gases) is being introduced, in a
cell or pulsed jet. Ions andlor electrons are detected and analysed
using time-of-flight techniques. In addition, angular distribution
ofthe photoelectrons can be recorded. Lately, this field of research
has benefited considerably from advances in coincidence and
imaging techniques, developed in the AMO physics community
working with synchrotron radiation. This has been particularly
useful to unravel the mechanism responsible for non-sequential
ionisation. In high-order harmonic generation experiments, the
atomic density is much higher than in ionisation experiments, up
to a few hundreds mbar. The radiation emitted on axis can be
detected and analysed using a standard XUV spectrometer,
including a grating and a photon detector.

(AMO) physics, attracting a large number ofscientists all over the
world, with a strong European contribution.

HHGMIAT!

The field of research "atoms in strong laser fields" born a few
years after the invention of the laser in 1960, has evolved

considerably during the last two decades owing to the rapid tech
nological development of high-power short-pulse lasers. When a
high-power laser is focused into a gas of atoms, the electromag
netic field becomes of the same magnitude as the Coulomb field,
which binds a Is electron in a Hydrogen atom (5.1 x 1Q9Y.m-I ).

Three highly nonlinear phenomena, schematically pictured in
Figure I, can happen: Electrons initially in the ground state
absorb a large number ofphotons, many more than the minimum
number required for ionisation, thus being ionised with a high
kinetic energy. This process, shown for the first time in 1979, is
called Above Threshold Ionisation (ATI). Not only one, but many
electrons can be emitted from atoms subject to strong laser fields.
They can be emitted one at a time, in a sequential process, or
simultaneously, a mechanism called direct, or non-sequential.
Double ionisation ofalkaline earth atoms was observed as early as
in 1975 and the first evidence for non-sequential ionisation.ofrare
gas atoms was first demonstrated in 1983. Finally, efficient pho
ton emission in the extreme ultraviolet (XUV) range, in the form
ofhigh-order harmonics of the fundamental (linearly-polarised)
laser field (HHG), shown for the first time in 1987, can occur.

This field of research remained rather small and exotic through
the 1970's and part of the 1980's, restricted, for the experimental
part, to a few well-founded research institutes, that could afford
expensive laser systems. About fifteen years ago, a newlasermate
rial, titanium-sapphire, and a new amplification technique,
chirped pulse amplification, made high-power lasers accessible to
many university laboratories.This research has become one ofthe
most exciting fields of research in atomic, molecular and optical

... Fig. 1: Schematic description of three phenomena occuring
when atoms are exposed to strong laser fields: Above-Threshold
Ionisation (AT!); multiple ionisation (MI), sequential (red arrows) or
non-sequential (green arrows); high-order harmonic generation
(HHG).A simple interpretation ofthese phenomena is
represented at the bottom.
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Above-threshold-ionisation
A typical ATI spectrum shows a number ofelectron peaks separat
ed by the laser photon energy (see Figure 1). For short and intense
laser pulses, the ionisation potential (Ip) is increased by the (time
dependent) ponderomotive potential, i.e. the mean kinetic energy
acquiredby an electron oscillating in the laser field Up =e? E2/4mw2,
where e is the electron charge, m is its mass, and E and w are the
laser electric field and frequency, respectively. Most of the early
work, performed in the 1980's, concentrated on the low-energypart
of the spectrum, showing, for example, the influence of the pon
deromotive potential, the role ofAC-Stark shifted resonant excited
states and the transition from the multiphoton to the tunneling
regime. The experimental precision in detecting electron spectra
increased significantlyfrom the mid 90's owing essentially to high
er laser repetition rates. Thus ATI spectra with many decades in
number of counts could be recorded. Amazingly, the spectra were
found to extend over many tens of eV, with a decrease for the first
orders, up to - 2Up,followed by a large plateau extending to -10 Up.
In general, with linear polarisation, electrons are generated along
the polarisation's direction. It was found that angular distributions
exhibit a much more complex (off-axis) structure at the edge ofthe
plateau, called "scattering rings". The large plateau and the com
plex angular structure originate from the rescattering of the
electron wavepacket on the parent ion.

Multiple ionisation
The simplest multiple ionisation mechanism for atoms in strong
laser fields is the so-called sequential stripping mechanism, i.e. a
sequence ofsingle electron ionisation acts: ionisation ofthe atom,
then of the singly charged ion, then ofthe doubly charged ion and
so on. The main experimental effort during the 1980's was to test
the limits of this mechanism with the available laser powers and
to understand the process responsible for the ionisation ofthe dif
ferent charge states (multiphoton or tunnelling). The existence of
a"knee" in the ion signal variation as a function of intensity indi
cates, however, that sequential ionisation is not the only
mechanism responsible for multiple ionisation. A lot ofeffort has
been and is still devoted to the understanding of the nonsequen
tial ionisation process. Several ideas have been proposed, one of
them, illustrated in Fig. 1, being electron scattering on a parent
ion, leading to ejection of a second electron. Up to a couple of
years ago, the experimental method consisted in measuring the
number of ions as a function of the laser intensity and in varying
the laser pulse characteristics (for example, its polarisation).
Progress in experimental techniques with, for example, recoil-ion
momentum spectroscopy and electron-ion coincidence measure
ments allows now scientists to record the energies and angular
distributions ofthe electrons emitted during a multiple ionisation
process, thus providing better experimental insight.

High-order harmonic generation
A high-order harmonic spectrum consists in a sequence ofpeaks
centered at frequency qw, where q is an odd integer. Only odd
orders can be observed, owing to inversion symmetry in an atom
ic gas (In the time domain, this means that the process is
periodical with a periodicity twice the laser period).A HHG spec
trum has a characteristic behaviour: A fast decrease for the first
few harmonics, followed by a long plateau of harmonics with
approximately constant intensity. The plateau ends up by a sharp
cut-off. Most of the early work on harmonic generation concen
trated on the extension of the plateau, i.e. the generation of
harmonics of shorter wavelength. Today, harmonic spectra pro
duced with short and intense laser pulses extend to more than 500
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... Flg.2: Typical schematic experimental setup in the study of
atoms in strong laser fields. An intense short pulse laser is focused
into an interaction chamber, which contains a gas of atoms. Ions
or electrons can be detected, e.g. with time-of-flight techniques.
Alternatively, the radiation, which is emitted on axis,can be
analysed with an extreme-ultraviolet spectrometer.

eV, down to the water window belowthe carbon K-edge at 4.4 nrn.
A large effort has been devoted to optimize and characterize the
properties of this new source of XUV radiation. A milestone in
the understanding ofHHG processes was the finding byKulander
and coworkers in 1992 that the cut-off position in the harmonic
spectrum follows the universal law Ip+ 3Up. This result was
immediately interpreted in terms of the simple man's theory, and
led to the formulation of the SFA. A realistic description of HHG
involves, however, not only the calculation of the single atom
response, but also the solution of propagation (Maxwell) equa
tions for the emitted radiation.

Attosecond Pulses
Almost immediately after the first observation of the harmonic
plateau at the end of the 1980's, it was realised that, if the harmon
ics were emitted in phase, i.e. phase-locked, the temporal structure
of the radiation emitted from the medium would consist of a
"train" of attosecond pulses separated by half the laser period.
There is a dear analogy here with mode-locked lasers,where axial
modes oscillating in a laser cavity are locked in phase, leading to
the production oftrains ofshort pulses. From a microscopic point
ofview, at each half-laser cycle, there is a short (attosecond) burst
oflight, as an electron recombines back to the ground state. Isolat
ed attosecond pulses canbe produced ifone limits these returns to
single events. The simplest idea is to use a very short (7 fs) and
intense laser pulse. Such a laser source should allow one to gener
ate single attosecond pulses, because harmonic generation occurs
during a limited time interval, before the onset of ionisation.
Attosecond pulses have remained, however, essentially a theoreti
cal prediction, until last year. Two important experiments show
evidence for trains of250 as pulses (Agostini, Muller and cowork
ers), and for isolated 650 as pulses (Krausz and coworkers).

Outlook
In conclusion, "atoms in strong laser fields" is a fascinating field
ofAMO physics, that has progressed considerably during the last
decade. At the start of the 21st century, we begin to understand a
lot of the fundamental physics behind. A unified view of HHG,
AT! and non-sequential ionisation, originating from the simple
man's model and the strong field approximation, expressed in
terms of electron trajectories or quantum paths is slowlyemerg
ing. The systematic study of multi-electron ionisation and
electron correlation processes in strong laser fields, however, has
onlyjustbegun and we may expect a lot ofactivities in this area in
the near future.
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This field of research, though quite fundamental, has led to a
very interesting application: The harmonic radiation, with its
unique properties of ultrashort pulse d~ation, high brightness
and good spatial and temporal coherence, is being used in a grow
ing number of applications ranging from atomic and molecular
spectroscopy to solid-state and plasma physics. It has also been
proposed as an alternative source for nanolithography, in partic
ular for metrological purposes. It opens up two new fields of
research: multiphoton processes in the XUV range, demonstrated
for the first time three years ago, and attosecond physics, where
processes in atoms and molecules can be studied at an unprece
dented time scale. Attophysics is just born and there is already an
active discussion on the possible applications of attosecond XUV
pulses. The first step towards the use of attosecond pulses has
been recently taken by Krausz and his collaborators who have

been able to"steer"electron wavepackets, generated by attosecond
XUV pulses, in the laser light.

This work has been supported by the Swedish Research Council.
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apy. The problem here is to only expose the cancerous material
while keeping all other areas unirradiated. One method of treat
ment uses radiosensitisers with the effect that the sensitised
cancerous cells will be destroyed with radiation dosages that leave
the healthy material essentially unaffected. The necessary prereq
uisite for effective and controlled therapy strategies is the
understanding of the molecular mechanisms of the underlying
processes. In an effort to describe these effects on a molecular
level, different laboratories have started programs to study the
building blocks ofbiomolecules in the gas phase [1-4]. The
advantage of gas phase studies is that experimental techniques
like mass spectrometry or electron spectroscopy (eventually in
combination with laser pump and probe techniques) can easilybe
applied. These techniques allow detailed information on the prop
erties of molecules and the dynamics ofreactions to be explored.
The question then is to which degree these intrinsic properties

.to. Fig. 1: The DNA double helix and an extended view showin'
the base pairing through hydrogen bonding.The arrow
represents a bunch of high energy photons in the MeV range
interacting with DNA and its environment.

Probing biomolecules:
Gas phase experiments
and biological relevance
Sascha Gohlke and Eugen Illenberger
Institutfir Chemie-Physikalische und Theoretische Chemie
Freie Universitiir Berlin, Berlin, Germany

Radiation damage and radiosensitisers for tumour therapy
While high energy radiation can irreversibly damage biological
material, radiation may also be successfully used in tumour ther-
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After the discovery of X-rays, radioactivity and ultimately
.i1.nuclear fission-leading to the release ofatomic bombs over
Hiroshima and Nagasaki-it became clear that the exposure of
livingbeings to high energy radiation (particles and photons) can
result in fatal effects for the concerned individual. The result of
such effects is subsumed under the all embracing term radiation

damage. It includes damage
of biological material on a
short time scale, Le. the

.. it became clear that immediate collapse of living
cells eventually resulting in
the death of the individual
within hours or days but also
describes effects appearing
on much longer time scales
since, instead of complete
destruction of cells, radiation
can also change the genetic
expression of DNA. This may
ultimately result in cancer
and the appearance of
tumours; but for prolonged

periods after initial exposure the individual amy appear to have
no obvious problems, however such dormant effects may appear
as mutations in the individuals descendants (e.g the number of
deformities in babies born in the Ukraine in the years after the
ChernobyI accident),
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... Fig. 2: The nucleobases thymine (T) and bromouracil (BrU).

with a resonance maximum near 2 eV and a threshold close
to 0 eV [4]. T'- represents the transient negative ion formed
upon a Franck-Condon transition from the neutral molecule
which decomposes into the closed shell fragment anion (T- HY
and a neutral hydrogen radical H'. The absolute cross section
for this dissociative electron attachment (DEA) cross section
can be estimated as (JDEA '" 2 A2.

(1)

Thymine5-Bromouracil

Electron initiated reactions in gas phase DNA bases
In order to reveal the mechanism of direct damage it appears
straightforward to investigate the interaction of low energy elec
trons with single DNAbases representingthe buildingblocks ofthe
large polymer. Such experiments have been carried out in different
laboratories [1-4] with crossed electron/molecular beam arrange
ments where a monochromatised electron beam interacts with an
effusive molecular beam containing the DNA bases. The beam is
generatedbymoderatelyheating the powder sample containing the
DNA bases to 150 - 200°C and effusing the molecules through the
collision region. The ions resulting from the electron - molecule
collisions are extracted from the collision region and focused to a
mass filter where they are mass analysed and detected.An alterna
tive and partially complementary technique is to record the
electron current transmitted through the gaseous target [2].

We shall consider here a prototype gas phase result to illus
trate the effect on the DNA base thymine (T) and bromouracil
(BrU). It has been known for many years that substitution ofT
by BrU in the genetic sequence of cellular DNA (Fig. 2) leads to a
greater sensitivity to ionising radiation without changing the gene
expression in unirradiated cells. Hence bromouracil potentially
may be used as a tumour specific sensitiser in cancer therapy. On
proceeding from higher energies to low energies the following
features in electron impact to T and BrU become apparent:
A. The ionisation and excitation cross sections for both com

pounds behave in the manner usual for polyatomic molecules
i. e. they rise gradually above the corresponding threshold with
total values remaining below the geometrical cross section of
the molecule. Ionisation and electronic excitation can also
result in fragmentation but this area is still fairly unexplored.

B. However while T and BrU behave quite similarly at energies
above electronic excitation there are remarkable differences in
the subexcitation region. The common feature is that both
molecules exhibit pronounced resonance features due to reso
nant electron attachment but such resonances have very
different cross sections.
In thymine (T) the most abundant channel is identified as

Primary and·secondary processes in living cells
To understand the effect of high energy radiation on DNA and
its environment one may follow this interaction in terms of its
chronological sequence. As an example consider a bunch ofpho
tons at energies in the MeV range interacting with DNA and its
environment. The primary photon interaction (absorption, scat
tering) removes electrons from essentially any occupied state,
from valence orbitals to core levels. Depending on the energy of
these ionised electrons they induce further ionisation events
thereby losing energy and being slowed down. The estimated
quantity is 104 secondary electrons per 1 MeV primary quantum
[5]. These electrons are usually assigned as secondary although
they are the result from primary, secondary, tertiary etc. interac
tions, including electrons from Auger processes during relaxation
of the core holes. Taking a
snapshot a few femtoseconds
after the primary interaction
we will see multiple charged Dire ct d a mage
sites within the complex mole-
cular network (eventually concerns reactions
undergoing Coulomb explo-
sion), single ionised and d' tl . th DNA
electronically excited sites and, Irec y In e
last but not least, an exceed- I b d
ingly large number of low and its close y oun
energy secondary electrons.
Although the double and sin- water molecules.
gle ionised sites as well as
electronic excitation can result
in the rupture of chemical
bonds, the major effects are induced by the large number of sec
ondary electrons. In the course of successive inelastic collisions
within the medium these are thermalised within picoseconds
before they reach some stage of solvation.

Damage of the genome in a living cell by ionising radiation is
about one third a direct and two thirds an indirectprocesses. Direct
damage concerns reactions directly in the DNA and its closely
bound water molecules. Indirect damage results from energy
deposition in water molecules and other biomolecules in the sur
rounding of the DNA. It is believed that almost all the indirect
damage is due to the attack of the highly reactive hydroxyl radi
cal OH' on the DHA chain.

(as revealed by gas phase studies) can be transferred to their ana
logue in solution. This problem has been a longstanding issue in
many areas of Physical Chemistry. One has to be aware that the
solvent represents a dissipative environment and in the case of
reactions where charged particles are involved, solvation can con
siderablymodify the energyprofile along the reaction coordinate.

The most important component of the cell nuclei is DNA in
which genetic information is stored. DNA is a biopolymer con
sisting of two chains (strands) containing the 4 heterocyclic
bases thymine (T), adenine (A), cytosine (C) and guanine (G),
each of them bound to the DNA backbone which itself is com
posed of phosphate and sugar units. Both strands are connected
through reciprocal hydrogen bonding between pairs of bases in
opposite positions in the two strands. The geometry is such that
adenine pairs with thymine (AT) and guanine with cytosine (GC)
resulting in the well recognised double helix form. The DNA
itself is surrounded by other biomolecules (proteins) and, of
course, water.
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1.4eV
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The importance of reactions ofpresolvated electrons with amino
acids and nucleotides has already been pointed out more than 2
decades ago by time resolved pulse radiolysis experiments [7].
More recently, the ability offree ballistic electrons (3-20 eV) to
efficiently induce Single and double strand breaks in supercoiled
DNA has clearly been shown [5]. In these studies it was demon
strated that the DNA strand breaks were initiated by the
formation and decay of transient negative ion (TNI) states,
localised on the various DNA components (phosphate, deoxyri
bose or hydration water). Unfortunately these experiments did
not cover the energy region below 3 eV.

We finally mention that electrons in the solvated stage may not
play any significant role. The binding energy ofthose electrons in
water is above 3 eV and hence any dissociative electron transfer
associated with reactions of the form (2a) and (2b) are associated
with a large activation barrier and may not play any significant
role.

To conclude it seems almost paradoxical that the damage of
high energy radiation in the million eV range is actually the result
of the interaction of secondary electrons at very low energies.
Capture ofelectrons into antibonding molecular orbitals, howev
er, is a very effective means to transfer energy of the light electron
into motion of the heavy nuclei.

logical system. DNA as a polymer is embedded in a medium while
the present reactions are observed from isolated gas phase com
ponents. In the following we consider a few critical points that
require further investigations:
1. Coupling of the nucleobases to the backbone and the opposite

chain will certainly modify the energy of the involved molecu
lar orbitals to some degree but can one assume the essential
DEA features of the isolated bases will remain in the polymer?

2. In a condensed environment the reactivity (bond cleavage) is
usually suppressed due to energy dissipation, but there are
also situations where bond rupture via low energy attachment
can be enhanced by the medium [6]. Irrespective of the phase
condition, however, can one assume that BrD remains the more
effective dissociative electron scavenger which respect to T
which explains the mechanism by which BrU operates as
radio sensitiser?

3. The reaction route from dissociative electron capture to single
and double strand breaks is not directly obvious and has to be
explored.
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In contrast to that, the radiosensitiser bromouracil exhibits
a very intense and narrowlow energy resonances (Fig. 3) locat
ed close to 0 eV and associated with the processes

e- (0 eV) + BrU ~ BrU'- ~ (U-yIr+ Br- (2a)

which are complementary with respect to the negative charge.
(U-yl) denotes the fragment formed by the loss of bromine.
(2a) is the most abundant channel with an estimated cross
section of600 A2.Reaction (2b) is also open at zero eV (though
at only 6% of the efficiency of (2a)). Due to the appreciable
electron affinities of Br' and (U-ylr exceeding 3 eV; reactions
(2a) and (2b) have low energy thresholds. Figure 3 also shows
that the undissociated anion weakly appears within the time
scale of the experiment (ca. 50 /lS).

... Fig. 3: Negative ions observed in low energy electron impact
to gas phase bromouracil.

Gas phase results and biological reality
The general problem still remains on the question to which
degree such gas phase results are relevant for a real (in vivo) bio-

It is interesting to note that both T and BrU are damaged at elec
tron energies below 3 eV. The absolute cross sections, however,
differ by more than two orders ofmagnitude. The conclusion then
is that the initial mechanism for direct DNA damage is bond
cleavage by low energy secondary electrons which is much more
effective in the radiosensitisers.
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..~ Recoil-ion momentum distribution for single ionization
of He induced by a single photon of 80eV [1,2].
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.... Flg,3: Angular distribution for K
photo electron emission in diatomic
molecules after Kshell ionization by a
circular polarized photon of300eV [5].
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or with which relative velocity this person was moving. Thus to
obtain optimal momentum resolution for the exploding frag
ments one has to bring the fragmenting object to a complete rest
in the frame ofmeasurement before the reaction occurs, i.e. if the
object is a gas atom or molecule one has to cool it down to sub
milli Kelvin temperatures.

In figure 1 the principle of the new reaction microscope (syn
onym: COLTRlMS) is presented. In a well designed electric field
configuration (static or pulsed) the positively as well as the nega
tively charged fragments are
projected (typically with 41t
solid angle) on two posi
tion-sensitive detectors.
Measuring the impact posi
tion on the detector
(typically < O,lmm resolu
tion) and the time-of-flight
of the fragment (TOF)
between the moment of
fragmentation till hitting
the detector, the particle tra
jectory, and thus the particle
momentum after fragmen
tation, can be determined.
To improve its momentum
resolution electrostatic lens
es can be incorporated into
the projection system, such
that the influence of the
unknown size of the target
region, from where the frag
ments originate, can
completely be eliminated
[1-4]. To detect also the
higher energetic electrons,
magnetic fields, superim
posed over the electric field
[1-3D, as well as pulsed elec
tric fields can be used. If

.... fig. 1:Artist view of the COLTRIMS imaging system D,2].

Correlated many-particle dynamics in Coulombic systems,
which is one of the unsolved fundamental problems in

physics, can now be experimentally approached with so far
unprecedented completeness and precision. The recent develop
ment of the COLTRIMS technique (COLd Target Recoil Ion
Momentum Spectroscopy) [1,2] provides a coincident multi
fragment imaging technique for eV and sub-eV fragment
detection. In its completeness it is as powerful as the bubble
chamber in high energyphysics. Based on state-of-the-art cooling
techniques (super sonic jets,MOT etc.) and nuclear physics imag
ing methods fragmentation processes of atoms, molecules,
clusters, as well as ofsolid state surfaces induced by single photon
or multi photon laser absorption, electron or ion impact can be
explored completely in momentum space and, for ions, with
micro-eV resolution. In recent benchmark experiments [1,2]
quasi snapshots (duration as short an atto-sec) of the correlated
dynamics between electrons and nuclei has been made for atom
ic and molecular objects. This new imaging technique has opened
a powerful observation window into the hidden world of many
particle dynamics.

The principle of the method, namely measuring the momen
tum of the emitted charged particles from an atomic
fragmentation process is as simple as determining the trajectory
of a thrown stone. From knowing the position, from where the
stone was slung and where it hits the target as well as measuring
its time-of-flight, the trajectory of the stone and thus its initial
velocity vector can precisely be determined. Furthermore, in
order to achieve good precision we have to knowwhether the per
son, who throws the stone, was at rest in the frame ofobservation

.................................................................................

H.Schmidt-Bocking l , R.Dornerl and J. Ullrich2

I Institut fur Kernphysik, Universitiit Frankfurt,Frankfurt, FRG
2 MP/:fUr Kernphysik Heidelberg, Heidelberg, FRG

COLTRIMS

The bubble chamber technique for low

energy fragmentation processes in atomic/

molecular/ and surface physics.
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• Fig. 5: Secondary W ion velocity distribution (see figure 4
text).
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distribution are detected in coincidence and the digitized data are
stored in list-mode technique.

The COLTRIMS imaging method can be applied also to sur
face fragmentation processes. In figure 4a the time-of- flight
(TOF) spectrum for ion emission from a surface after single ion
impact (25keVlu AfO+ on LiF+Ai) is shown, the insert in figure
4a shows the ion position distribution on the detector.

In figures 4b and c the ion TOF distribution (perpendicular to
the surface, z direction) as function of the x and y directions are
presented. X and y direction are parallel to the surface, where the
x axis is the projection ofthe incoming fast ion direction. In figure
5 for H+ ions the velocity distributions are shown for the x,y, and
z directions. In one measurement the whole momentum distrib
ution of all emitted ions is detected with high momentum
resolution. Details of the physical interpretation of these data are
given in ref. [6].

Many new applications for COLTRIMS in different areas of
AMOP physics are under way. Experiments of atomic and molec
ular fragmentation processes in strong femtosec laser pulses have
recently been performed yielding precise information on sub
femto-sec dynamics of the correlated motion of electrons and
nuclei in strong laser pulses. The detection offragmentation ofBE
condensates is in preparation. Last not least the fragmentation of
biological species is an interesting application for the COLTRIMS
imaging method.
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port of the DFG and BMBF/GSI.

a)

i 10' 0:g
0

0: ~

::l 0-

i! ID' f.l!o
J!l
"::l la'0
0

lD'

b).o I

particle detectors based on fast delay-line position read-out are
used multi-hit detection is possible. Even two particles hitting
the detector at the "same" instant (Llt < Inano-sec) can simulta
neously be detected. The number of detected multi-hits is
practically only limited by the electronics needed to store in
event mode all information. In future even up to 100 particles
per microsec might be detectable if fast transient recorder units
with channel resolution of about 0,1 nano-sec become available.
Thus, for low energy particles (micro-eV to hundreds of eV) the
COLTRIMS method is indeed as powerful as advanced bubble
chamber systems for high energetic (mega-eV) particles. It is even
comparable with modern TPC systems used in high energy
physics. Furthermore the rate offragmentation processes per sec
ond can exceed several 100kHz.
As a typical example for COLTRIMS data, figure 2 shows the
recoil-ion momentum distribution of He+ ions from the photo
electric effect at a single atom (the electric field vector ofthe linear
polarized photon is parallel to the horizontal direction). This data
set is simultaneously obtained for all momenta. Using
COLTRIMS, the typical duration of such measurements is less
than one hour for data sets. The physics ofthese data is discussed
in ref. [1,2].

In figure 3 the angular distribution for K photo electron emis
sion for the reaction

'y(circular polarized) + AB => N + B+ + ey+ eK-Anger

is shown. The molecular axis is oriented parallel to the electric
field vector (z-axis). The circular polarization and the impact
direction of the photon are indicated by the arrow. In this mea
surement both photo electron and recoil-ion momentum

.. Fig. 4: Secondary ion distribution from a LiF+AI surface after
25keV/u Ar3+impact (see text).
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Positron and positronium physics in atomic and
molecular gases: Challenges for the 21 st century
EA. Gianturco, Department ofChemistry, University ofRome "La Sapienza" and INFM, Rome, Italy
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... Fig. 1: The variation of the BEC transition temperature as a I
function of cavity sizes and for different, possible Ps densities in J
the cavity (adapted from ref. [14]).

could therefore be able to tell us what happens in that region of
interaction where scattering states become close to the weakly
bound states of the interacting species, if they exist at all. Both
the annihilation process and the Ps formation cross section are
expected, from general theoretical estimates, to increase propor
tionally to 1/v, v being the relative velocity of the partners, as the
energy tends to zero. One of the puzzling questions pertaining to
such very low-energy scenario is provided by the possibility to
find experimental evidence and theoretical confirmation on the
existence ofbound states or of metastable resonant states associ
ated to cold positrons and Ps that are made to interact with fairly
cold atomic and molecular gases. This is an aspect of the physics
of antiparticles that has made very impressive progress, in the
last 4-5 years, on the theoretical and computational predictions of
such states while still rather absent at the experimental level. The
definition of a stable antimatter compound could be had, in its
simplest form, by changing a bound proton of a known stable
compound with a positron. Thus PsH (positronium hydride)
and PS2 become real chemical species that are related to the stable
molecule of H2• Naturally, all such systems invariably annihilate
and their lifetimes are of the order of - 100 picoseconds. Hence,
an operational definition of a stable antimatter species could be
had whenever the latter has at least one bound state that does not
dissociate or autoionize before the inevitable annihilation
occurs. Several of the properties of such apparently strange com
pounds are of direct interest at the fundamental level, besides
being useful in many areas of applied, engineering studies [4].
Their binding energies, their annihilation rates and the momen
tum distributions of the emitted annihilation photons are
amenable to calculations which have made tremendous progress
in the last few years, thereby hopefull spurring future experimen
tal attempts at producing comparable measurements: it may not

The subject of positron and positronium (Ps) physics with
atoms and molecules is indeed one with a long history, but

also a subject where a surprisingly large number of fundamental
questions raised by a variety ofrecent observations still remain to
be answered. Many of the problems in this area come up when
discussing low-energy interaction of positrons and Ps with
atomic and molecular aggregates and therefore provide the fun
damental understanding for setting up a more quantitative
approach to the chemistry of matter-antimatter processes.

To illustrate the status of modern research in positron physics
and in the chemistry of positron/Ps processes, I have chosen to
discuss only a few of the current issues which, hopefully,will con
vey to the reader the excitement coming from the resurgence of
interest in this field and the current wave of experiments with
their new findings. For a more extensive discussion that endeav
ours to better document the details ofthe topics which I shall only
lightly touch on in this overview, I refer the interested reader to a
recently publishedvolume containing a broad range ofarticles on
antimatter processes [1].

The increase in the interest of the scientific community on
positrons as a research tool follows the development oflow-ener
gy positron beams, particularly over the last 15 years or so. It was
realised early on, in fact, that to have such sources available might
offer additional tests on the polarisation forces and scattering
states probed by the counterpart studies with low energy elec
tron beams of atomic and molecular gases. Furthermore, such
studies indicated that correlation forces between the impinging
positron and the bound electrons, either atomic or molecular, are
much more important than the same effects in electron collisions,
a consideration with profound implications in the sense that the
virtual positronium (Ps) formation channels (that can be viewed
as transient bound state complexes moving in the field of the
atomic or the molecular ion) now make the treatment of
positron-atom/molecule collision events a much more complicat
ed situation to handle with theoretical modellings. Thus, to have
removed the non-locality of the exchange interaction that affects
electron scattering processes turned out to be a simplification out
weighted by the more complicated features of the
electron-positron correlation effects which play a more explicit
role, together with the one coming from the Ps formation channel.
The latter is certainly one of the most fundamental examples of a
charge exchange reaction that definitely requires for its descrip
tion a quantum mechanical formulation of target-projectile
interactions and dynamics. To this end, the new experimental
techniques which exploit positron accumulators [2,3] have
markedly increased our capabilities for investigating positron and
Ps interactions with matter at very low energies: they work already
in the meV range and with possible developments which could
bring us down to the fleV region. The elastic channels and the
annihilation channels are always open as the kinetic energy of
the probe approaches zero. Ps formation could also be energeti
cally allowed whenever the target ionization energy is below
6.8 eV, the binding energy of the ground state Ps. Experiments
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..~ Computed and measured partial integral cross Sections
for the vibrational excitation of the (0 -+ 1) transition in the H2
molecule by positron collisions.The solid circles are the
experiments from ref. [18] while the solid line reports recent
theoretical calculations [23]. Both data are on an absolute scale
without any adjustment (adapted from ref. [23J).

requirements for such exciting experiments to be successful [14].
Theyhave been recently proposed to confine the Ps particles with
in microscopic cavities ofsolid sapphire that are locatedverynear
its surface, so that a highly focussed pulsed beam of energetic
positrons can be made to impinge on the surface and be trans
ported by injection into the cavity. After the Ps is formed there,
and following the decay of its short-lived component, only the
long-lived triplet state is expected to remain, thereby allowing
the condensate to form during the cooling kinetics within the
injected cavity [14, 15].Our further understanding ofBEC physics
means that issues like establishing some correlation between the
BEC lifetime and the Ps own lifetime, the effect of impurities and
ofthe confiningwaves on the condensate existence and behaviour,
the Ps scatteringlength at ultra-low energies, the cross sections for
elastic and reactive (Ps2 formation) collisions will all be very
important factors that will play a significant role in the experi
ments which will provide the above information for the first time.
The creation, storage and manipulation of such special material
under very extreme conditions as those proposed for the BEe
experiments, will also require the combination of different
expertise in the experimental and theoretical studies of atomic,
molecular and solid state physics of the antimatter and will nec
essarily need the creation of a new generation of positron
facilities.

The impact of new experimental facilities and of new sources
of low-energy positrons has been particularly evident in the case
of molecular gases and of the chemical processes which positron
and positronium can activate within such gases [16-18]. Thus,
absolute differential scattering cross sections and state-resolved
inelastic scattering cross sections has become a reality with the
recent development of high resolution (-20 meV), high bright
ness beam ofpositrons [19], producedby using a Penning trap to
form a reservoir of cold positrons to be released in a controlled
fashion [16]. One can therefore nowadays collect much more
accurate data on inelastic processes in molecular gases, e.g.
vibrational excitations ofspecific molecular modes and variations
of the corresponding angular distributions of the scattered
positrons as different modes are being excited, ionization cross
sections for positron impact on atomic and molecular gases,
both as a direct ionization process and as ionization with Ps for
mation [20,21]. In the latter cases, features related to a new

be long, therefore, before these will become available and will test
the quality of the calculations.

Since the coupling between the quasi-discrete states and the
continuum can be taken to be fairly weak [5], the calculations
could then treat the latter states as conventional bound states and
perform calculations of the pre-annihilation compounds using
the quantum mechanical tools refined over the years to treat
many-body bound structures [6,7]. Thus, the evaluation of cor
relation forces becomes an essential feature for establishing the
likelyhood of producing positronic compounds which can be
defined as stable. In the case of the Ps system, the formation of
the neutral compounds like PsX, with X being either an atomic
or molecular partner, depends on its stability with respect to its
main dissociation channel: PsX~ Ps+X, hence one may qualita
tively consider the source of binding to be due to simultaneous
attraction of an electron to the positron and to the X complex.
Theory therefore needs to provide a balanced evaluation of cor
relation forces versus annihilation rates before binding [6, 7]. The
most advanced efforts in this area have established that the pres
ence of,virtual' positronium formation during the interaction is
one of the crucial ingredients for reliable values ofbinding ener
gies vs annihilation rates [8l. In spite of the computational
difficulties, in fact, more than 50 different antimatter compounds
have been identified from theoretical studies, a truly explosive
growth of the last four or five years [9].

It should have become already clear from the above examples
that the renewed efforts in analysing low-energy behaviour of
antimatter particles with ordinary matter compounds is provid
ing one of the most exciting arenas in positron physics. It is
therefore not surprising to discover that a large group of experi
mentalists, with strong theoretical support, is currently working
on a cooperative effort named the ATHENA experiment [10]. The
acronym describes an ApparaTus for High precision Experiments
on Neutral Antimatter. It takes place at the Geneva CERN labora
tory, carrying out experiments on antihydrogen (H) that are
expected to test the CPT Invariance of Quantum Field Theory as
well as Einstein's Equivalence Principle. The idea behind it is to
trap H at very low temperatures of less than lK using an inho
mogeneous magnetic field. The collaboration involves 7 different
countries and more than fifty scientists. The above effort also
tells us that our fundamental understanding ofthe mechanism by
which the antiparticle will be kept in the trap and will avoid
evaporative cooling via collisions with H, Hzand He that are pre
sent in it, is an important requirement for choosing the best
conditions which maximise the lifetime ofH [11, 12].

With the current resurgence of studies at ultra-low tempera
tures and ultra-low energies, antiparticles have also been
considered as possible candidates for the production of Bose
Einstein condensates (BEC) ofbosonic Ps by studying the possi
bility of creating a dense gas of Ps particles in a microcavity
within some solid state material which will then allow the possi
ble phase transition to a BEC state of the ensemble [13]. We
know already that such a transition occurs when an ensemble of
low-T bosons undergoes the transition and collapse into a single,
low-lying ground state ofthe global system. Because ofthe intrin
sic instability of a matter-antimatter system (as is the one we are
considering) and given the experimental difficulties for getting
hold of low-energy positrons in sufficiently large quantities, such
a possibility has so far received only limited attention and there
fore we know very little on the properties of dense interacting Ps
gases. The variation of the expected BEC transition temperatures
as a function of the cavity volume, and for different required Ps
densities, is shown in figure 1 and should give an idea of the hard
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process that has become known as electron capture to the contin
uum (ECC) have been identified [22), providing newchallenges for
the theoretical interpretation ofsuch events even in simple atomic
gases.An interesting example ofhow the new class of experiments
could be met by theoretical comparison is shown in figure 2. We
report there the integral, partial inelastic cross section fort the exci
tation of the (0 ~ 1) vibrational mode of the H 2 molecule by
positron impact. The experimental data are on an absolute scale
[18) and the solid line calculations [23) are clearly reproducing
experiments very closely and without any adjusted scaling.

Perhaps one of the most interesting molecular effects that has
been uncovered by the recent experiments involving slow
positrons interacting with polyatomic gases has been the behav
iour of their annihilation rates in such gases [24]. The measured
annihilation rates are found to be a linear function of the test gas
pressure and the slope linearityyields the value of the rate, termed
'Zeff The extremelybroad range ofobserved z..,values over the set
of molecular gases which have been experimentally studied [25)
indeed provides one ofthe challenges ofpositron physics that calls
on the development ofpowerful computational models for cases
where fairly complicated polyatomic gases are involved [25].
To make this point more evident,we report in figure 3 the behav
iour ofthe z..,1Z ratios for a wide variety ofmolecular species and
as a function ofZ. One clearly sees that the ratios are very far from
unit when more complicated molecules are considered [26] and
vary over several orders ofmagnitude.

The microscopic nature of e+- e- interactions with atoms and
molecules is studied bymeasuring the Doppler-broadening ofthe
5tt-keV annihilation gamma-ray line [24]. The Doppler line
width is determined by the momentum distribution of the elec
trons which take part in the annihilation.The usual interpretation
of this feature is that the positron has a relatively long de Broglie
wavelength in the vicinity of the target, due to its net repulsive
interaction with the electronuclear network of bound particles
which make up the molecule. Consequently, the positron interacts
with roughly the same probability with any of the valence elec- .
trons. However, the observation of Z<jf values which range from
- 20 up to 107-108 depending on the molecular gas points
instead to the existence of qualitative differences between the
mechanisms which are responsible for the annihilation in the
atomic gases and in molecules of increasing complexity. To date,
there has been no satisfactory explanation for such dramatic
changes in molecular gases, beyond speculating on the formation
of positron-molecule complexes with the existence of bound
states depending on the molecular vibrational structure and with
the occurrence of resonant mechanisms to enhance annihilation
efficiency [27]. Such interesting conjecture has indeed made a
number of predictions which are in qualitative agreement with
the experiments and has therefore triggered both a flurry of
more rigorous theoretical treatments and the gathering of addi
tional experimental data. Both aspects of the problem are very
hard to study: the experiments on the molecular gases require
resolving the vibrational energy loss spectra for several modes of
the molecule and to measure at those energyvalues the behaviour
ofthe annihilation rates [28]. The theoretical models, on the other
hand, need to treat as realistically as possible the dynamical cou
plings which take place between the impinging positron and the
molecular vibrational modes during the annihilation process [29]
and to do so for the large polyatomic species of the data in fig. 3.
However, the puzzle constitutes a very interesting test of our
understanding ofmolecular processes at the nalloscopic level and
extends the use of our computational tools into the area of anti
matter-matter processes.
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In conclusion, what I have tried to outline above should prove
to the reader that the field ofpositron andpositronium research is
undergoing a remarkable revival: while the use of positrons in
chemistry and physics, especially in the applied areas related to
the above subjects like, for example, polymer studies, material
analysis and surface studies, has been in existence for decades, it is
fair to say that the use oflow-energypositron sources under high
resolution conditions is a much less mature field. The results
gathered thus far are certainly promising and the response of the
theoretical community has also been very encouraging in the
sense that new quantum formulations and new computational
models are being set up and refined to answer the experimental
challenges both of the present and of the future observations. It is
also nottoo far-fetched to expect that we could become capable of
harnessing the annihilation photon energyproducedby positron
matter interaction and put it to good use in many areas of our
daily life. Such developments do point to the fact that antimatter
will indeed matter a great deal for the science of the 21st century.
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Slow multicharged ions
hitting a solid surface:
From hollow atoms to
novel applications
Hannspeter Winter and Friedrich Aumayr
Institut fUr Allgemeine Physik, TU Wien, A-1040 Vienna, Austria

I mpact of slow heavy particles (atoms, molecules, ions; impact
velocity~1 a.u. =25 keV/amu) on solid surfaces is of genuine

interest in plasma- and surface physics and related applications
(plasma technology; gaseous electronics, micro-electronics, surface
analytics and -spectroscopy). Nature and intensity ofthe resulting
interactions depend both on the kinetic and the potential energy
which is carried bythe projectile toward the surface. This can result
in, e.g., sputtering, electron- and secondary ion emission, and elas
tic and inelastic projectile scattering (for details see [1,2]).

In the last two decades a new branch of particle-surface inter
action has evolved, comprising the surface-impact of slow
multicharged ions (MCI) [3].TIris branchwas strongly promoted
by the successful development ofefficient, affordable MCI sources
(cf. figs. la, b).

Basic processes
Fig. 2 illustrates various phenomena, which occur during the
approach of a slow MCI in initial charge state q towards a clean
metal surface with work function W. A classical over-the-barrier
model developed by J. Burgdorfer [4] predicts for q» 1 first
quasi-resonant electronic transitions from the surface to arise at a
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..a...Eig4;MCI- surface interaction scenario (cf. text)

spectrum ranging from

information storage...

to biotechnology..

Applications have been

envisioned for a broad

tional "vertical kinetic energy" LlEq,im "" l/4.q3/2.W [3,4]. For our
above example, ~.im amounts to more than 80 eV.

This image charge acceleration could be experimentally
demonstrated in different ways (cf. fig. 3),in excellent agreement
with classical over-the-barrier model predictions. On the one
hand, the slow electron emission proceeds until close surface
impact and the corresponding electron yield increases with
decreasing perpendicular impact energy, for which DEq.im is set
ting the lower limit [6]. On the other hand, for grazing incident
MCI on a very flat (monocrystalline) target surface the outgoing
trajectory of the neutralized projectile becomes steeper than its
incoming one due to image charge acceleration which acts until
the close surface contact and subsequent specular reflection [7].

Above-surface electron emission and projectile image charge
acceleration have also been observed for insulator surfaces and
can be explained by the classical over-the-barrier model in a sim

ilar way as for metals, if the
different electronic struc
ture and time-dependent
response of the target sur
face is properly taken into
account.

Fig. 2 indicates that upon
and after close surface con
tact a considerable
excitation energy remains
stored in the hollow atom
which can give rise to fur
ther electron emission at
and below the surface. In
particular, fast Auger elec
trons can result from filling

of projectile inner shells, alternatively to emission of projectile
characteristic soft X-rays [3]. On the other hand, the rapid
electron capture by a MCI during its approach to and contactwith
the surface causes a strong excitation of the latter, which in case
ofmetal- and semiconductor targets can be effectively dissipated
among the target quasi-free electron gas, but for an insulator sur
face may cause desorption of target constituents ("potential
sputtering - PS", see below). With grazing incident MCI on flat
surfaces contributions from above and below the surface can be

'OOIow_. po'..e,1lial ene<gy

foonalion &- decay deposition

e"
resooarn e!earon deso<ption

nemaisalion emission -+ spuIleri!1g

"critical distance" do '" (2q)1/2/W into excited projectile states
with hydrogenic principal quantum numbers nc '" q3/4/W1

/
2

(atomic units). E.g., for fully stripped argon (Z =q =18; Z: pro
jectile nuclear charge) on Al( Ill) (W =0.16 au) the classical
over-the-barrier model predicts do "" 2 nm and nc"" 22.

The particle becomes rapidly neutralized and eventually a so
called "hollow atom" is formed. This hollow atom, an exotic
creation during atomic collisions, is a short-lived multiply excited
neutral atom which carries the larger part ofits Z electrons in high
n levels while some inner shells remain transiently empty. This
extreme population inversion can last for typically hundred fem
toseconds during the approach of a slow MCI toward the surface.

Despite its short lifetime the formation and decay of hollow
atoms may be conveniently studied through their ejected elec
trons and characteristic soft X-rays (see below), and the
trajectories, energy loss and final charge state distribution of sur
face-scattered projectiles [3]. Hollow atoms decay primarily via
autoionisation by ejection ofslow ($10 eV) electrons. Subsequent
re-neutralisation and electron emission continues until the hol
low atom collapses upon close surface contact. Until its first full
neutralisation the projectile will be accelerated toward the surface
by its rapidly decreasing mirror charge, which provides an addi-

~-+ Au

kinetic energy (eV)

.to Fig. 4: Absolute mass (in atomic mass units) and number of
oxygen atoms sputtered per primary ion vs. impact energy, for
bombardment of clean polycrystalline Ab03 by slow Xeq+ ions
{12].
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.. f.ig~:Ah03 (OOOl) sing.le crystal surface
bombarded with 500 eV AY<: (left) and Ar?+
ions (right) as seen in UHV AFM contact mode.
The observed defect size (both height and
lateral dimension) increases with projectile
charge state (from [13]).

separated [8]. Moreover, such a collision geometry is useful for
elucidation of effects caused by the kinetic projectile energy [9].

... potential sputtering

by MCI promises a

much more gentle

nanostructuring tool

Potential sputtering and its possible applications
To what extent the .electronic relaxation of hollow atoms takes
place above or below the surface is closely related to the way how
this hollow atom dissipates its large potential energy. Emission of
electrons and X-ray photons carries away only a fraction of the
total potential energy origi-
nally stored in the MCI. The
remaining part will be
dumped into the solid and
cause electronic excitation
of a very small surface
region. For metal surfaces
even rather sudden pertur
bations of the electronic
structure can be accommo
dated by the excitation
energy being rapidly dissi
pated in the target material
without inducing anystruc-
tural modification. However, in recent studies on slow MCI
impact on certain insulator surfaces a quite dramatic increase of
the yields for total sputtering and secondary ion emission with
increasing q has been observed (d. fig. 4).

This effect has been termed potential sputtering [10, 11], as
compared to the more conventional kinetic sputtering by
momentum transfer between impinging ion and recoiling target
atoms in a collision cascade.

The possibility ofexploiting the huge amount ofpotential ener
gy stored in MCI for nano-fabrication, e.g."writing" on a surface,
has for some time captured the imagination of researchers. Appli
cations have been envisioned for a broad spectrum ranging from
information storage via materials processing to biotechnology.

While nanostructures produced bykinetic sputteringwith and
implantation offast ions are subject to unwanted radiation dam
age, potential sputtering (PS) by MCI promises a much more
gentle nanostructuring tool since, .

a. their kinetic energy is small, so they only interact with the first
few surface layers without penetrating into the target bulk;

b. they interact with the surface mainly through their potential
energy, which can be tuned by varying the ion charge;

c. the potential energy causes primarily electronic excitation
which leads to bond breaking and lattice defect production via
electron-phonon coupling rather than violent momentum
transfer in kinetic collision cascades;
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d. the interaction of slow MCI with surfaces is highly material
selective, Le. large differences between (semi-) conducting and
insulating target materials are observed.

Beams ofslow multicharged ions have so far been used to pro
duce nanometer sized surface modifications [11, 13] on various
substrates (fig. 5) as well as to form ultra-thin silicon oxyd layers
or Si02 nanodots on Si surfaces [I4}.

Such nano-defects can be more conveniently studied by using
(non-contact) atomic force- and scanning tunneling microscopy.
Theyhave already shown unusual excitonic features in their pho
toluminescence spectra [IS}.

The field of MCI-surface interaction has started out as a play
ground for exotic albeit fundamental atomic phenomena. First
promising applications of multicharged ions are now emerging
which make use of the unique opportunities provided by slow
MCIs for engineering the topmost layers of insulating surfaces.
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........................................ECAMP8 I World Year of Physics 2005
...................................................

The eighth European Conference on Atomic and Molecular
Physics (ECAMP 8) will be held in Rennes, France, July 6-10
2004. Rennes is the.capital of Brittany situated 350 km west
of Paris.

The conference topics include atomic and molecular
spectroscopy, interactions and collisions between ions,
atoms, molecules, electrons, positrons and photons and
other related areas of atomic and molecular physics.

The programme consists of plenary sessions and reviews,
progress and "hot topic" talks. Contributed papers
represent an important aspect of the conference.They will
be presented in oral and poster sessions.
Other meetings, such as EGAS, and symposia on special
topics, such as Cold Atoms, Life
Sciences,Astrophysics/astrochemistry will also be
organized in conjunction with this conference..

Further details will be available on the conference web site:
www.ecamp8.org

The EPS, IUPAp, the lOp' the DPG and the APS are taking the lead in
coordinating activities for the 2005 World Year of Physics. Contact has been
made with UNESCO for broad based international support, and the
declaration by the UN of 2005 as a UN endorsed International Year is in the
works.The Steering Committee for WYP2005 met in Berlin (9-11 Oct. 2002)
at the occasion of the IUPAP General Assembly. Upon proposition by
Martial Ducloy, the EPS President, the IUPAP adopted the following
resolution:

Whereas Physics has been the basis of a developing understanding of the
physical world and nature as a whole,
Whereas Physics and its application are the basis of much of today's
technology,
Whereas an education in Physics is essential for the nations of the
developing world to develop their scientific infrastructure, and
Whereas the year 2005 marks the 100th anniversary of a series of great
scientific advances of Albert Einstein.

Therefore, at the suggestion of the European Physical Society, the
International Union of Pure and Applied Physics declares that 2005 should
be the World Year of Physics and will seek support from appropriate
national and international organisations.

Election NPD I............................•.........•......
The Board of the EPS Nuclear Physics Division is organising elections to
replace outgoing members. Four vacancies are announced herewith.
Nominations must contain a short c.v. and a statement from the
candidate, and should be addressed to M. Lazar, Nador Utca 7, H1051
Budapest, Hungary.The deadline for receipt of nominations is: 28
February 2003.The resulting list of candidates and ballot papers will be
mailed to EPS NPD Members who will be invited to vote, if necessary by
the deadline of 30 March 2003. Newly elected Members of the Board of
the will be notified of the result of the election in writing by the end of
April 2003.The Board would like to take this opportunity to thank the
following outgoing members for their hard work over the past 6 years:
S. Aberg, R. Kalpakchieva, c.c. Petitjean, A. Zenoni

STM Conference................................•................
The 12th International Conference on Scanning Tunneling Microscopy/
Spectroscopy and Related Techniques (STM'03) will be held from July 21
to July 25,2003 in Eindhoven, The Netherlands. For more information,
see http://stm03.tue.nl.
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Science TV Drama Festival..................................•........
An exciting event was organised at the Piccolo Theater in
Milan (5-6 October 2002), the first Science TV Drama Festival.
Sponsored by many European Organisations, including the
EPS, the ESF, and EuroPAWS, the STV Drama Festival presented
10 made forTV programmes screened over the years 1950 to
1999. Famous scientists such as B. Pascal, M. Curie and R.
Oppenheimer came to life thanks to great actors, writers and
directors. An awards ceremony for two most outstanding
presentations will be held in London on 25 November 2002.

Framework Programme 6
..•...................•.....•..............
The Commission announced at the Framework Programme 6
launch conference that the first calls for financing of projects
under the new Framework Programme will be published on 17
December at www.cordis.lu/fp6/ .



BOOK REVIEWS

Cosmic Rays at Earth
Researcher's Reference
Manual and Data Book

Peter K.F. Grlede;- - , --,

Elsevier, 2001 ~
xx + 1093 pages

~~"""""""Q.Oo._~ __-.c;=-,,=-

Perusing the history of astronomy and astrophysics, it is hard
to avoid being fascinated by the great formative role played by

the phenomenon of cosmic rays. Today, when we celebrate 90
years since the remarkable discovery ofVictor Hess, we can look
behind and see dozens of examples of phenomena related in one
way or another to the ionising radiation infalling on Earth from
outer space: from the Solar phenomena like sunspots and flares to
supernovae to quasars, y-ray bursts and other exotic extragalac
tic sources. Present day's important technologies, like the satellite
communications, depend critically on our understanding of cos
mic ray properties. In the nascent discipline of astrobiology,
cosmic rays are tightly related to the question of existence and
survival properties of life elsewhere in the universe. A book like
this is, therefore, needed by scientists ofvery diverse interests.

And it performs its task splendidly enough. Several decades of
the research experience of the author enabled him to give a won
derfully precise and detailed cross-section of almost all aspects
of the modem cosmic ray physics. The book is written primarily
as a reference manual, containing hundreds of plots and tables
(well graphically produced), dealing with measured properties of
various cosmic ray constituent particles (including neutrinos). In
addition, there is a lot ofbackground material, usually given at the
beginning of each chapter, but often flowing smoothly parallel to
the experimental and observational data. Thus, although explicit
1y avoiding conventional textbook approach, the book will be of
interest to experts in many different areas, and to a large segment
ofphysics and astronomy students.

The data presented cover cosmic radiation in immediate vicin
ity ofEarth, in Earth's atmosphere, at sea level and underground.
After the introductory Chapter, giving necessary definitions and
basic properties ofcosmic radiation, Chapter 2 deals with cosmic
rays in the atmosphere. It is a good example of the methodical
approach ofthe author, since it covers in separate sections charged
hadrons, neutrons, y-rays, both kinds of electrons, muons, heavy
nuclei and their antimatter counterparts. The same taxonomy,
with addition of neutrinos, is employed in Chapters 3 through 5,
dealing with the sea level and underground radiation, as well as
the primary cosmic ray spectrum. Chapter 6 deals with the
heliospheric phenomena, but it includes a compact, but precise,
summary of the solar neutrino problem with results of all major
experiments to date (additionally interesting these days, one dare
say, for the awarding of the 2002 Nobel prize in physics to Ray
mond Davies and Masatoshi Koshiba). Last Chapter (7) presents
several miscellaneous topics (cosmogenic nuclides, galactic and
intergalactic magnetic fields, etc.), and there is a wealth of data
given in the appendices, like the list of all present cosmic rays
experiments all over the world, and the like. Particularvalue ofthe
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manual lies in its extensive and detailed bibliography (organised
on the levels of individual sections within each Chapter, thus
enabling easier perusing). It enables rapid access to the wealth of
original sources of the data presented, as well as to the more spe
cific and expert literature in each subfield of the cosmic ray
physics. The volume itself is robustly made, as well as aesthetical
ly pleasing.

An inevitable weaknesses of a volume like this (apart from the
normal fate of such compendia to be made obsolete after some
time bynovel experimental and theoretical data) lies in the choice
of miscellaneous topics. As the author correctly admits, "a book
like this can never be complete". Still, one cannot help missing
several "hot" astrophysical topics important for one or more
aspects of the cosmic ray physics, most notablyy-ray bursts (and
their possible astrobiological implications), but also the searches
for cold dark matter particles and anisotropies in the cosmic ray
flux. All in all, "Cosmic Rays at Earth" is a verywelcome contribu
tion to the field, which should find place on the shelf of every
serious student of high-energy physics, astrophysics and space
science.

Milan M. Cirkovic
Astronomical Observatory ofBelgrade, Belgrade, Serbia

Books for review
Bad Astronomy
P. Pl.ait,JlJil WHey &Sons, Inc.,2002

Biophysics: An Introduction
R. Cotterill,Jon Wiley & Sons, Inc., 2002

Computational Physics (Fortran version)
S. E. Koonin, D. C. Meredith, Westview Press, 2002

Design of High Frequency Integrated Analogue Filters
Y. Sun, The Institution ofE/eetriea/ Engineers (lEE),2002

Evaluating the Measurement Uncertainty
I. Ura, loPP,)OO2

from Semiconductors to Proteins
5.1. L Billinge &M. F.Thorpe, K/uwer AcademiC/Plenum PubJ., 2002

Frontiers in Surfa(e and Interface Science
CB. Duke &E.W. Plummer, E/sevier, 2002

Informataion and Measurement (Se(ond Edition)
J.c.G. Lesurf, /oPP, 2002

Introduction to Dusty Plasma Physics
p.K. Shukla & AA Mamun, /oPP, 2002

If you are interested in reviewing one of the above books, or jh
receiving books for review in general, please send us name, and
contact co-ordinates, along with the your field(s) ofspecialisation
to:

Book Reviews, EPS Secretariat
BP 2136, 68060 Mulhouse Cedex, France
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europhysics news recruitment
Contact Susan Mackie • EDP Sciences. 250, rue Saint Jacques • F-75005 Paris. France
Phone +33 (0)1 5542 80 51 • fax +33 (0)1 463321 06 • e-mail mackie@edpsciences.org

European Research ~ith Synchrotron Radiation

February 21, 2003

CALL FOR PROPOSALS

Two Post-doctoral Positions in Con
densed Matter Theory: Electronic
Structure of f-electron Materials or
Optical Properties of Solids.
Applications are invited for two post
doctoral positions funded by the
European Research Training Networks,
Psi-k f-electron: 'Ab-initio Com
putation of Elecqonic Properties of f
electron Materials' and EXCITING:
'First-Principles Approach to the
Calculation of Optical Properties of
Solids', respectively.

The positions are available for a
period of 2 years starting first half of
2003. Extension is possible.

The applicants must comply with
the RTN rules for network employ
ment of young scientists: The appli
cants should hold a PhD. degree or
equivalent in PhysicS or Chemistry, be
aged 35 or younger, and should have
some experience in computational
Condensed Matter Theory. They must
be of European Union nationality, or
from one of the Associated Nations, or
have resided in an EU country for the
last five years or longer. Danish citi
zens are excluded, however.

The successful applicants shall par
ticipate in either of the above network
projects. This implies applications of
present computer codes to solid sys
tems of high current interest as well as
development of improved computer
codes. The projects are collaborations
in international teams and some travel
activity between the research centers
involved must be foreseen. More de
tailed information concerning the pro-'
ject can be obtained upon request.

Salery as agreed between the Danish
Ministry of Finance and the Confede
ration of Professional Unions.

Before applying for this position
please read the full job description at,
http://www.nat.au.dk/stilling
The job description is also obtainable
from the Department of Physics and
Astronomy, Phone no. (+45) 89423706.
Deadline: December 16th, 2002, at
12,00 noon. Please number the appli
cation: 212/5·27.

Two Post-doctoral
Positions
DEPARTMENT OF PHYSICS
AND ASTRONOMY

AARHUS
UNIVERSITET

EC-Human Potential Programme
Transnational Access to Major Research
Infrastructures
EU Contract No HPRI-CT-2001-00135

IlAAX-lab
••••

Address:
MAX-Iab, Lund University
p.a. Box 118
SE-221 00 Lund
SWEDEN.
Fax +46-(0)46-222 47 10
http://www.maxlab.lu.se
Contact person:
Prof. Ralf Nyholm,
tel. +46-(0)46-22244 52
e-mail ralf.nyholm@maxlab.lu.se
EU-Contract Manager:
Prof. Nils Martensson,
tel. +46-(0)46-2229695
e-mail: nils.martensson@maxlab.lu.se

General description of the laboratory

The laboratory operates two storage rings for
electrons, MAX I (550 MeV) and MAX 11 (1.5 GeV),
which provide synchrotron radiation from the infrared
spectral region to the x-ray (1A) region. Research is
carried out in physics, chemistry, biology, materials
science and technology. Beamlines and experimental
stations are available for experiments utilising various
electron and photon spectroscopies, x-ray diffraction
and lithography. More detailed information about the
laboratory and the available experimental facilities are
found at our web-site http://www.maxlab.lu.se

Instructions on how to prepare and submit proposals
can be found on our web-site.

http:"w~.maxlab.lu.se

Proposals are selected on the basis of scientific merit
by an independent peer review panel. Successful
applicants will be allocated facility access free of
charge, including logistical, technical and scientific
support.
Travel and subsistence expenses for eligible users will
be reimbursed. Information on the eligibility of research
teams is found on
http://www.cordis.lu/improving/infrastructure/arLeligi.htm

MAX-Iab provides researchers from the European
Union and Associated States access to the facility
through the Access to Research Infrastructure action
of the Improving Human Potential Programme.
Researchers using synchrotron radiation are invited to
submit proposals for experiments to be carried out
during the time period July 2003 to June 2004.
Applications must reach MAX-Iab no later than



fJaurentian
Laurentlenne

Postdoctoral Research Positions
at Sudbury Neutrino Observatory

Laurentian University has immediate needs for two postdoctoral Research
Associates to support SNO research efforls. The SNO detector studies
fundamental properties of neutrinos from the Sun, the atmosphere, and
supernovae. The recent first results from SNO have provided strong evidence of
solar neutrino oscillation, a solution to the longstanding Solar Neutrino Problem.

Laurentian University's commitments to SNO include research into low energy
background analysis and removal; the development of SNO's supernova trigger
and participation in the Supernova Early Warning System (SNEWS); solar
neutrino data analysis and near-line data processing. The Research Associates
would take leading roles in one or more of these areas. The recently funded
expansion of SNO into an International Facility for Underground Science will
create other interesting opportunities for the Research Associates.

Candidates must have a PhD in experimental particle physics, nuclear physics or
radiochemistry. .For the low background work, experience with particle detectors
and low rate counting is required, with radiochemistry experience an asset. For
the other areas, experience with particle physics data analysis is required, with
strong programming skills an asset.

Review of applications will begin no later than November 30th, 2002, until the
positions are filled. Emad Dr J. Farine (farinetWsurf.sno.laurentian.ca) or Dr C.J.
Virtue (ci,·rulrm.l'hvs burenrien Cl), or see the SNO web site at
www SIlo phy rrueensu.ca for further information.

Laboratory for Instrumentation and Experimental Particle Physics

Applications are invited for a post-doctnral position at LIP-Lisbon (www.1ip.pt).
The position is funded by the European Research Training Network 'Physics

.Reconstruction and Selection at the Large Hadron Collider'
(bUp:!!cem.chlspbigsIPRSA11.,HCI). The main purpose of the proposed network
is to study, design and implement the pbysics event selection of the CMS
experiment in the LHC environment.

The position will be given for 2 to 3 years with a highly competitive salary
determined according to qualification.

Qualifications required include a PhD or equivalent in High Energy Physics. and a
clear demonstration of the ability to carry out a research program. Knowledge of
modem programming techniques, Object-Oriented software and C++ will be an
asset.

Applicants must satisfy the following eligibility criteria:

• Aged 35 or less at the time of their appointment to the network.

• Nationals of an EU Member State or Associated State or have resided in an EU
Member State for at least five years immediately prior to their appointment
in a network.

• International Mobility - they must not be Portuguese and must not have carried
out their normal activities in Portugal for more than 12 of the 24 months prior to

their appointment.

The position will remain open until suitable candidates are found.

Applications, including CV and reference letters, shnuld be sent to:

Laboratory for Instrumentation and Experimental Particle Physics
Research Training Network-PRSATLHC

Av.Elias Garcia, nO 14 -I" , 1011O-149 LISBON, PORTUGAL

EC-Human Potential Programme (HPP)
Transnational Access to Major Research Infrastructures
EU Contract No HPRI-GT-2001-00122

CALL FOR PROPOSALS
for the time period March 2003 to February 2004.

Researchers in the European Union and
associated states are offered access to the
research facilities atthe Institute for Storage Ring
Facilities (ISA) through the Human Potential
Programme of the European Commission.
Access is offered to the following installations:
The storage ring ASTRlD operating with ions
The storage ring ELlSA operating with ions
The synchrotron-radiation beamlines at
ASTRID (2-1000 eV)
The extracted 580-MeV electron beam from
ASTRID
Fora detailed description of the facilities, please
visit our web site.
Project proposals are evaluated on the basis of

I scientific merit by an independent panel.

Approved projects will receive access and sup
port free of charge. Travel expenses and sub
sistence for eligible users will be reimbursed.
Application forms can be obtained from ISAat the
address below, or from our web site. Forms
must reach ISA no later than December 20,
2002.

For further information, please contact:

ISA, Aarhus University,
DK-8000 Aarhus C, Denmark.
Tel.: +4589423778 Fax: +4586120740
Email: fyssp@phys.au.dk
Web site: http://www.isa.au.dk

EU-Contract Manager: S0ren Pape M011er



POSTDOCTORAL VACANCIES

European Research Training Network

COLD MOLECULES

Since September 1st 2002, a Research Training Network entitled

Cold Molecules: Formation, Trapping, and Dynamics

is funded by the European Commission (contract HPRN-CT-2002-00290).

The aim ofthe network is to take a major step forward in the emerging field ofcold molecules.
Experimental techniques (e.g. photoassociation of laser-cooled atoms, Stark deceleration and
buffer gas cooling) are developed, first to create dense samples of various molecules at
temperatures below milliKelvin, then to store and to detect them. Such samples will be used
for high-precision measurements, making a molecular BEC and coherent control experiments.
New theoretical tools are designed for interpretation.

The network is organizing an efficient and creative collaboration between leading
experimental and theoretical groups from France (Orsay), the Netherlands (Utrecht),
Germany (Hannover, Heidelberg, Diisseldorf, Konstanz), Italy (pisa, Roma), Israel
(Jerusalem), Austria (Innsbruck, Graz), United Kingdom (Brighton), associated with one
group from Croatia (Zagreb), and one from the US (StOffS, CT).

Details on postdoctoral and PhD vacancies are posted on the network website:

http://wW\.i.lac.u-psud.fr/coldmolecules/network

together with links to the websites of the members, and on the vacancy searchtool of the
CORDIS website :

http://www.cordis.lu/improYin2/networks/home.htm



LlMANS Ill: European Cluster of Large Scale Laser Installations

:USBO
:entre for Ultrafast Science
.nd Biomedical Optics
tfilano, Italy

"CVU
"aser Centre Vrije
Jniversiteit
\.msterdam, Netherlands

"ENS
:uropean Laboratory
or Non-Linear Spectroscopy
'irenze, Italy

"IF-LOA
Jaboratoire
l'Optique Appliquee
~cole Polytechnique
'alaiseau, France

JLC
Jund Laser Centre
,und University
,und, Sweden

mI
tfax-Born-Institut
:)r Nonlinear Optics and
,hort Pulse Spectroscopy
lerlin, Germany

;LIC
,aclay Laser-Matter
nteraction Center
,aclay, France

JLF-FORTH
JItraviolet Laser Facility
'oundation for Research
nd Technology - Hellas
[eraklion, Crete, Greece

Call for proposals
The LIMANS III institutions are funded under the current nIP Pro
gramme of the European Union to provide access to researchers or
research teams of Member States and Associated States. Within the
cluster they offer state-of-the-art scientific laser equipment and
research environments with a wide range of research opportunities,
allowing for today's most advanced light-matter interaction experi
ments in broad regimes of power, wavelengths, or pulse durations.
Access is provided free of charge; travel and living expenses are
covered by the host institution.

Interested researchers are invited to contact the LIMANS III website at
http://limans3.mbi-berlin.de, from where they find all relevant
information about the participating facilities and local contact points.
Access is granted on the basis of proposals, which will be reviewed by
an external panel of referees. Details about the submission procedure
may be found on the LIMANS III website. Applicants are encouraged
to contact any of the facilities directly to obtain additional information
and assistance in preparing a proposal. Proposals are accepted at any
time and from any eligible researcher or research team.



23-27 March Heriot-Watt University

The Physics Congress 2003

The Institute of Physics' landmark event for physicists world-wide

23-27 March The Edinburgh Conference Centre,
Heriot-Watt University, Edinburgh, UK

Congress provides a combination of scientific conferences,
exhibitions, meetings on science policy, activities and social events for all

ages and interests making it a unique opportunity for physicists to meet,
discuss and collaborate. Conference fees, including special packages for

some conferences and concessions for students can be found at
congress.iop.org or in the registration pack.

Conferences
Electrostatics, Single Bio-molecule Interactions, Optics in Biosciences and
Life Sciences, Preservation and Conservation Issues Related to Digital
Printing and Photography, Dielectrics for Emerging Technologies, Waste
Management, Industry Day- Physics and the Modern Economy,
Structured Optical Materials, ITECC 2003, Worried about Nothing
Measurements and Safety in Vacuum Practice, and Novel Light
Sources and Displays.

Industry Exhibition
An exhibition of physics-based industry and enterprise, focusing on
Scottish business and including workshop sessions.

Plenary lectures
All participants are invited to plenary lectures addressing today's issues in

physics and science policy. Speakers include Professor TomJones
(University of Rochester, USA), Mr Tarn Dalyell MP (Father of the House

and MP for Linlithgow, Scotland) and Professor David Wallace (Institute
President and Vice-Chancellor, Loughborough University).

Scottish Science Policy Meeting
Discuss policy issues affecting physics in Scotland. Talks will focus on the newly

established Scottish Science Advisory Committee (SSAC) and the role of the Scottish
Executive and the Scottish Higher Education Funding Council (SHEFC) in supporting

physics higher education and research.

Activities for Physics Students and Recent Graduates
A social programme and opportunities for networking. Activities will be open to all Congress participants, but aimed
towards students and young professionals.

Schools Programme for staff and pupils
Workshops for school staff will run alongside activities for pupils including an interactive hands-on programme,
"Science in a Suitcase," Astrodomes, demonstrations and information about careers in science.

Public Programme
A Family Fun Day will include activities for toddlers and upwards with a programme of talks, theatre, demonstrations
and hands-on activities.

The Institute of Physics, 76 Pordand Place, London WIB INT
Tel: +44 (0)2074704800 Fax: +44 (0)20 7470 4900 Email: congress@iop.org
Website: congress.iop.org


