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A massive black hole at 
the very centre of our 
galaxy
Daniel Rouan, LESIA—CNRS—Observatoire de Paris, Meudon, 
France

It's now almost a dozen years that astronomers have gazed at the 
centre of the Milky Way—the galaxy our sun belongs to—with 

instruments which are more and more acute. They suspect that 
this region harbours a very massive black hole of several million 
times the mass of our sun. Transforming this guess into a certi
tude is important because it would have consequences for the 
related question: what is the engine that powers Quasars, the most 
luminous objects in the universe?

A black hole to power Quasars?
The idea that the centre of certain galaxies is hosting a monstrous 
black hole as massive as one billion times the sun’s mass (denoted 
M )  is not a new one. In the 70’s it became clear that the quasars 
(Quasi Stellar Objects or QSO) were both compact, as their name 
indicates, and extremely distant objects, thus of an exceptional 
luminosity. It has been then necessary to imagine a mechanism 
able to convert mass into energy in a much more efficient way 
than the nuclear fusion that was unable to account for the obser
vations. Retrieving the potential energy of matter reaching the 
horizon of a black hole was then proposed by Rees and Van del Bel 
as an efficient mechanism: it allows one in principle to extract 
1/2 mc2, and thus to reach a yield of 50% (see Box), compared to 
the 1% of nuclear fusion. This mechanism is effective, provided 
that the matter in question, star or gas, does not fall directly onto 
the horizon but rather follows some spiralling trajectories, form
ing ah accretion disk, where collisions, friction and tidal forces will 
cut it into pieces and warm it to extremely high temperatures, thus 
allowing the conversion of energy into X and UV radiation. Accre
tion of only 10 Mo per year is then sufficient to produce the IO40 
W typical of a quasar’s luminosity. This model has a fair coher
ence, based on different considerations about typical lifetime of 
quasar activity, short term variability, etc. One deduces that the 
mass of those hypothetical black holes should be of the order of

109 Mo, i.e. a signifi
cant fraction of the 
mass of the whole 
galaxy (a few 1011 
Mo, for the Milky 
Way).

Because they are so far away—in fact at cosmological distances 
—studying the host galaxy of a QSO is difficult. However, 
astronomers have identified a bestiary of analogous objects, but 
far less violent, called Active Galactic Nuclei (AGN), that are sit
ting at the centre of closer galaxies. With the improvement of the 
instruments’ capabilities, the end of the 90’s brought the confir
mation that in all galaxies where an AGN was found, the star’s 
velocity distribution—measured through the Doppler shift of 
the light—exhibited a dramatic change at the heart of the galaxy, 
a testimony to the presence of a very high mass, strongly concen
trated but not luminous. This was a good indication, but not yet 
a proof that a black hole was indeed carrying this mass. Within the 
error bars of the measurements, another hypothesis was still pos
sible: a dark stellar cluster made of low luminosity objects such as 
white dwarfs, brown dwarfs or even stellar black holes. At the 
same time it became clearer that a large majority of galaxies, if not 
all, were featuring a compact massive dark nuclear condensation 
even if no sign of activity was detected. It also became clear that 
our own galaxy was a member of the club. Demonstrating that the 
Galactic Centre was actually harbouring a black hole then became 
an important quest with consequences far beyond the simple 
knowledge of our own galaxy: such a discovery could heavily 
strengthen the hypothesis of QSO powered by monstrous black 
holes. The hunt for the Galactic Center black hole had begun!

The Galactic Center
A traveller that would make for the constellation of Sagittarius 
and continue his trip along some 24000 light-years, would arrive 
in regions very different from that of his departing point, the sun. 
He would probably be first struck by the density of stars around 
him: one million times larger than in the sun’s neighbourhood. 
He would also be amazed by the beauty of mixed blue and red 
luminous ribbons that wrap as some spiral arms around what 
appears as a dense cluster of particularly bright stars, very blue 
because they are very hot. All these features, he could not see 
before his arrival, because an opaque veil of sub-micronic dust 
grains is indeed totally hiding the heart of the galaxy; despite there 
being only one grain per thousand cubic meters, distances are so 
large that the cumulative effect finally builds this veil. In the 
infrared however, the wavelength becomes large enough with 
respect to the grain size for the electromagnetic waves to propa
gate more easily: in other words, the absorption by the veil 
decreases with wavelength to a point that, while the fraction trans
mitted at 550nm is only one billionth, about 10% of the fight is 
left to go through it at 2200 nm.

At radio wavelength there is a total transparency and it is while 
pointing a radio telescope towards this region that Balick and 
Brown found in 1974 a strong radio source they called SgrA*, the 
A meaning that it was the most luminous in the Sagittarius con
stellation. Not only strong in radio signal, SgrA* is also variable, 
an additional clue that it could belong to the class of AGN. If this 
hypothesis is correct, the radio emission could then be some 
indirect trace of the accretion process; however one would deal

 Fig.1: An infrared (X = 3.7 pm) view of the field, 3.2 light-year wide, around the radio 
source SgrA*, at the very centre of the Milky Way, our own Galaxy. The image was taken 
with the tandem instrument NAOS and CONICA on the VIT. NAOS is the adaptive optics 
system while CONICA is an infrared camera.To have an idea of the crowding, one should 
note that only one percent of the stars on this image are bright enough to be recorded 
and that in the region around our Sun, there would be only one star in this field.The 
diffuse ribbons delineate bubble of ionized gas, seen through radiative recombination of 
H+.
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here with an especially low level of activity, since there was no 
emission detected at other wavelengths. If it’s not by its emission, 
then why not try to hunt the super-massive object through its 
gravitational signature? The fact is that a big mass should have 
some effect on the trajectories of stars close enough to it and 
even some stars could be gravitationally bound to SgrA*. The 
cluster of bright stars appeared then especially well suited for this 
quest: at those distances, only the most luminous stars have a 
chance to be separated from the herd.

The infrared image of Fig. 1, taken at 3700 nm gives an idea of 
the crowding in a field of only a few light-years around SgrA*. 
Even this picture is far from fully expressing the reality since only 
one percent—the brightest members—of the whole stellar popu
lation is showing up. However, even restricting our study to those 
light-houses, confusion is still too high if one uses classical imag
ing on a telescope, even the largest such as the European Very 
Large Telescope of ESO in Chile (8m diameter). As long as the 
sharpness of the images does not reach one tenth of an arcsec 
(0.5 pradians), it’s impossible to separate stars in a reliable way 
and to follow them in their trajectory around a putative black 
hole. Now it’s a fact that a telescope, even in a very good site gives 
images not much better than 5 pradians. Gaining this order of 
magnitude on the sharpness of the images is what adaptive optics 
has brought. Some obstinacy and some luck were the other 
ingredients of success.

NAOS, the adaptive optics system of the Very Large 
Telescope
The fight from distant sources that reaches our planet after, some
times, a journey of millions or billions of years, first meets the 
atmosphere. It does not have a very good welcome, since within a 
few micro-seconds, the wavefront will suffer some twisting due 
to inhomogeneities in the optical medium, that is the air, with 
the consequence that the image sharpness is severely reduced, by 
a factor of at least 10 with respect to the diffraction limit of a 
large telescope. Adaptive optics, whose concept is due to Babcock 
(who passed away recently) was actually developed during the 
90’s: in short, this is the art of reshaping in real-time an embossed 
wavefront to recover the full resolving power of a telescope. For 
this purpose, a flexible mirror of a dozen centimetres in diameter 
is subtly distorted at a rate of typically 500 times a second, so that 
bumps and slumps are compensated on the reflected beam. A 
wavefront sensor, using the fight from a star close to the source of 
interest, provides at each moment the residual error on the wave- 
front and feeds a fast real-time computer that builds through 
some clever algorithm the command to the deformable mirror. 
Adaptive optics is now becoming a standard equipment of large 
telescopes.

The Very Large Telescope ( VLT) is one of the few European 
“big science” equipment assemblies. Made of four 8m telescopes, 
it was built at the top of mount Paranal in the north of Chile (see 
Fig. 2), under the responsibility of the European Southern

 Fig  2: The four units of the Very Large Telescope. Each 
telescope features an 8m primary mirror.VLT has been built 
by European Southern Observatory on Cerro Paranal in the 
north of Chile.

Observatory (ESO). It is a great success, both on the technical 
and on the operational sides, producing at a regular pace results 
that are at the forefront of astronomy.

A French consortium (Onera, Lesia at Observatoire de Paris 
and Laboratoire d’Astrophysique de Grenoble) provided the 
adaptive optics system NAOS which equips Yepun, one of the four 
telescopes [1, 2], Installed at the end of 2001, NAOS began to 
produce top quality images for the astronomical community in 
spring 2002. In brief, NAOS is 2.3 tons of sophisticated optics, 
mechanics, detectors and electronics (see Fig. 3), built around a 
deformable mirror comprising 185 actuators, which accepts as an 
input a perturbed image and provides at its output a quasi-perfect 
one. Coupled to the infrared camera CONICA built by a German 
consortium (Max Planck Institutes from Heidelberg and Garch
ing)) NAOS must be considered as the best system in the world in 
several respects: the most sensitive in terms of the star used to 
servo the system, it also produces diffraction-limited images in the 
largest wavelength range (1.2 to 5 pm) and has many specialised 
features, including a unique infrared wavefront sensor that allows 
one to servo the correction loop on purely infrared sources. 
Because the dust grains afore mentioned are found everywhere in 
the galaxy, such infrared sources are the only ones actually 
detectable in heavily obscured regions such as the Galactic Centre.

The infrared hunt for the Galactic Centre black hole
For almost ten years, several stars close to the radio source SgrA* 
have been followed by a German team of the Max Planck Institute

 ►Fig. 3: NAOS, the adaptive optics 
 system built by a French consortium is 
the blue cylinder on the right ; it is 

 installed on the Nasmyth platform of 
the Yepun telescope of VLT. One can see 
the actively supported thin primary 

 mirror of Yepun at the bottom.
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in Garching lead by Pr R. Genzel. Part of the French team of 
NAOS joined the group in 2002 with the goal of benefiting from 
the unique capabilities of the NAOS / CONICA tandem (later 
nicknamed NACO) in this peculiar hunt for the black hole. The 
idea behind those difficult measurements is that the trajectory of 
the stars orbiting a big mass should reveal differences depending 
on the way this mass is distributed: either as a cluster of a finite 
dimension or as a collapsed object. Despite those trajectories 
being only a fraction of one arcsec wide on the sky, many points 
along them were recorded over several years, especially using the 
first ESO adaptive optics system—ADONIS—developed by the 
same groups that built NAOS. This first set of data indeed revealed 
extremely large velocities for certain stars, implying effectively that 
a mass as large as several millions of M© should lie in a very small 
volume practically at the position SgrA*, an important first step. 
The hypothesis of a dense dark cluster was however not yet 
excluded at this point.

It was during the spring and summer of 2002, in the course of 
the science verification phase before final delivery to the commu
nity, that a dramatic advance occurred. The Galactic Centre was 
one of the targets of the program and the infrared wavefront sen
sor was pointed at a bright infrared star, only 6 arcsec north of 
SgrA*, thus providing an excellent quality of the correction. Good 
luck occurred then in a twofold way. First it happened that one of

the monitored stars was passing at its closest approach to the cen
tre of mass during this time (on a 15 years orbital period... ) and 
second, it appeared that this approach was at an especially small 
distance: only 17 light-hours (Fig. 4). This star (called S2) thus 
played the role of a probe that sensed the gravitational field at a 
distance of only three times Pluto’s orbit around the sun. The fact 
that the trajectory remained a pure Keplerian one constrained 
the mass distribution to a point such that it was no longer possi
ble to consider a mass distributed as a dark cluster of stellar-like 
objects or even, another plausible hypothesis, as a ball of fermi
ons—neutrinos or the more exotic gravitinos or 
axinos—sustained by Fermi pressure. The size of all those struc
tures would have been larger than the 17 fight-hours and the star 
trajectory would have been significantly modified. The only 
acceptable solution remained the black hole [3]. This is certainly 
the strongest piece of evidence ever produced of the existence of 
what was until now a purely theoretical object. In turn, this non- 
ambiguous result gave strong support to the proposal of a very 
massive black hole at the centre of most of, if not all, galaxies, and 
in particular of those hosting a quasar whose engine powering it 
is then most likely to be the accretion mechanism proposed by 
Rees and Van del Bel.

Since then, NACO and its unique capabilities have confirmed 
this result with new genuine discoveries: the infrared (1.7 to 5 pm)

Supermassive black holes and accretion
First proposed by Laplace during the 18th 
century, the black hole concept obtains its 
full coherent status with Einstein’s general 
relativity. The theory interprets gravitation 
in terms of the distortion of space-time: the 
fight rays that exhibit its weave, are twisted 
close to massive objects. The theory associ
ates with any mass a critical radius: if the 
mass is concentrated within the sphere of 
critical radius, then no particle, even the 
photon, can escape. This radius, called the 
Schwarzschild’s radius, or horizon, is 
defined by equating the potential energy 
GmMtn/Rh of a mass m with its maximum 
kinetic energy 1/2 mc2, leading to the rela
tionship : Rh (Km) = 3 M/M.

Several types of black holes are predicted 
by astrophysicists. The collapse of the heart 
of a star whose initial mass is larger than 45 
M leads to the formation of a stellar black 
hole. When the core is beyond 3 M , even 
the repulsive forces of the degenerated mat
ter (electrons and neutrons) cannot resist 
the huge pressure of gravity. One may note 
that although a black hole of one Earth mass 
would be extremely compact (1 cubic cen
timetre!), this is no longer the case for a 
black hole of several billions of solar masses. 
Such ultra-massive black holes may have 
formed from the fusion of stellar black 
holes, themselves resulting from a very 
dense stellar cluster such as those found at 
the centre of galaxies.

This postulate that ultra-massive black 
holes do exist at the very centre of certain 
galaxies (indeed probably all) is at the basis 
of the QSO central engine paradigm.

Quasars, found in 1961, exhibit three char
acteristics: they are extremely luminous, 
extremely compact and are intense sources 
of X-ray and UV radiation. The first char
acteristic is deduced from comparison 
between their apparent brightness and their 
enormous distance—several billions of 
light-years—measured by the redshift; one 
then finds that they radiate IO40 W typically, 
i.e. several hundred times the luminosity of 
the brightest galaxies. Compactness, the sec
ond characteristic, is first indicated by then- 
apparent small size on the sky: in fact they 
look like unresolved stars, hence their name 
of Quasi-Stellar objects. Even more, the time 
scale of the variations of their flux is short: 
from a few hours to a few weeks, so that 
their linear size, which is expressed in light- 
days, is far below the size of condensation at 
the heart of any galaxy. The third character
istic, the X-UV emission, testifies that the 
emission process is likely the black body 
emission of a plasma at several millions 
degrees Kelvin.

How is it possible to produce such a 
huge luminosity in so small a volume? 
Nuclear fusion is unable to do it because its 
yield when converting mass into energy is 
only 1% of mc2. A much more efficient 
mechanism consists of bringing a mass m 
from infinity down to the horizon of a black 
hole: if the whole potential energy can be 
retrieved, then by definition of the horizon, 
50% of mc2 becomes available. One condi
tion, however, is that the matter does not 
cross the horizon following a free fall but 
rather spends a certain time in an accretion

disk where it will be torn by collisions and 
tidal forces and will eventually be heated to 
extremely high temperatures through some 
viscosity effect and finally will radiate in the 
X-UV spectral range.

Viscosity is an important ingredient that 
must be efficient because at the relativistic 
velocities we are dealing with, differential 
velocities are indeed extremely large ; viscos
ity provides in addition a good mechanism 
to loose angular momentum, a required 
condition for the matter to fall towards the 
centre. This proposed mechanism is not 
just a theoretical one: in fact it can explain 
the X-ray emission of X binaries, a system of 
two stars where the external layers of one 
component is accreted by a very compact 
companion, a neutron star. Applied to a 
quasar, one finds that this process requires 
an accretion of only 10 solar masses per year 
on a black hole of 109 M© to explain the 
observed luminosity of lO40W.

The next question is then why 109 Mo? It 
is the great physicist Eddington who 
remarked that there should be an upper 
limit to the luminosity of a black hole of a 
given mass because the radiation pressure is 
responsible for a self-limitation of the accre
tion process. From this simple relationship 
between luminosity and mass, one may 
derive that IO9 M© is the minimum mass 
required to provide the observed 1O40 W. In 
addition, a 109 Moblackhole has a Schwarz
schild radius of 3 light-hours, fully 
consistent with the observed variability 
time-scale.
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counterpart of the radio source which was eagerly looked for has 
been eventually detected with, here also, an unexpected behaviour 
that brought a superb bonus. Rather faint and difficult to sepa
rate from other sources (especially the star S2 which brought 
certitude to the existence of the black hole), the quiet emission 
observed unambiguously [4] at 3.6 and 4.8 pm (see Fig. 5) corre
sponded precisely to what was expected, i.e. the synchrotron 
emission of relativistic electrons most likely associated with a sta
ble collimated jet of plasma, indeed the same that is responsible 
for the radio emission. On the other hand, what came as a real 
surprise was the observation at several infrared wavelengths of 
sudden flares lasting for typically 90 minutes, with an estimated 
frequency of 3 per day [5]. Those bursts would rather be associ
ated with episodic phases of accretion of matter on the horizon 
of the BH, i.e. the same mechanism that is invoked for the 
Quasar engine, but here with a much more modest efficiency. This 
hypothesis is even more attractive since a quasi-periodic modula
tion of 17 minutes is observed during the flare that could 
correspond to the period of the Last Stable Orbit (LSO). This is a 
well defined orbit, predicted by General Relativity, where matter 
could accumulate for a time but, when it eventually leaves, falls 
irremediably onto the black hole horizon. Such an orbit is 
strongly constrained by the theory in the case of a rotating black 
hole (named a Kerr black hole): if the hypothesis is correct, then 
the observed period of 17 minutes could correspond to twice the 
minimum value for a 3.6 106 Mo black hole. The inferred rota
tional period of the black hole itself would then be 13 minutes.

F i g .4: The orbit of the star S2 around the radio source 
SgrA*, determined using several years of precise 
measurements of its relative positions. Note that the 
projected great axis of the complete orbit is only 0.18 arcsec, 
i.e. about one third of the size of the spot of a star on the 
best standard images obtained in the best sites in the world. 
The data points brought by NACO are those on the bottom 
left.The cross marks the position of the putative black hole 
at the location of the radio source SgrA*.The extremely close 
approach (only 17 hour-lights) to SgrA* during which the 
orbit remained Keplerian implies a mass concentrated in a 
quasi point-like object, i.e. a black hole.The figure is taken 
from Adenhauer 2003.

Fig. 5: A close-up of the image of Fig. 1 .The infrared 
emission at 3.7 pm of the black-hole direct environment 
(accretion disk and/or jet) which has been eagerly looked for 
was detected unambiguously by NACO : it corresponds to the  
slightly diffuse patch in the circle marked SgrA*.The point 
source marked S2 is the star whose orbit made certain the 
presence of a black hole of 4 millions solar mass at the 
position of SgrA*.

Black holes are all in all rather simple physical objects: one can 
show that they are totally described with three parameters only, 
their mass, their angular momentum, i.e. their spin, and their 
charge. With the infrared measurements at high angular resolu
tion provided by NACO, the first of those three parameters is 
well determined. It may well be the case for the second parame
ter, spin. In any case, the year 2004 with its intensive campaign of 
measurements should confirm or invalidate this guess. If it is con
firmed, as we expect, then the charge will remain the last 
parameter to measure. We will then be in a position to claim that 
the era of experimental physics of black holes has indeed begun.
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Fig. 5: A close-up of the image of Fig. 1 .The infrared 
emission at 3.7 pm of the black-hole direct environment 
(accretion disk and/or jet) which has been eagerly looked for 
was detected unambiguously by NACO : it corresponds to the 
slightly diffuse patch in the circle marked SgrA*.The point 
source marked S2 is the star whose orbit made certain the 
presence of a black hole of 4 millions solar mass at the 
position of SgrA*.

http://www.lesia.obspm.fr/astro/optada/pages/naos.html
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The self-similar rippling 
of leaf edges and torn 
plastic sheets
Basile Audoly, Laboratoire de modélisation en mécanique, 
Université Pierre et Marie Curie, Paris, France

Patterns in biology are naturally appealing to physicists with a 
background in nonlinear sciences where structures appear 

spontaneously in simple, featureless systems driven out of equi
librium. How do beautiful and complex shapes like that of a 
flower emerge from just a simple seed? What can we learn from 
physics?

To some extent, the organisation of living organisms follows 
the same basic rules as that of complex inert systems. Some of the 
patterns arising in biological sciences have recently been shown to 
rely on the elementary principles of physics and mechanics. 
Steele et al., and Shipman and Newell for instance found that 
phyllotaxy—the spiral pattern of seeds on flowers or of leaves on 
a stem—could result from the buckling of a cell layer. Couder et 
al. showed a striking similarity between the patterns of veins on 
leaves, and cracks on drying gels. Goriely and Tabor, and 
Boudaoud investigated cell growth in analogy with inflating a bal
loon.

Here, we present a simple mechanical system that reproduces 
fascinating fractal structures observed in several biological sys
tems: our analysis starts with a careful inspection of torn plastic 
packages...

Take a regular plastic sheet such as a supermarket plastic bag, 
make a notch at one of its edges and slowly tear the bag apart. 
Along the edges that are formed by tearing, a characteristic wavy 
pattern involving many lengthscales, shown in Fig. 1, is often 
observed. What is the origin of this complex pattern? Is it some
how related to the similar patterns present along the edges of 
some leaves and other slender biological tissues (Fig. 1)?

To address these questions, we have performed a controlled 
version of the above tearing experiment. Homogeneous Polyeth
ylene sheets of thickness in the range 12-500 µm were torn with 
a constant velocity much smaller than the typical sound speed in 
the material, by applying a transverse tension. A fine grid of dots 
printed upon the sheet surface allowed the visualization of the 
deformation field around the advancing tip. This visualization 
revealed that the sheet is irreversibly stretched within a region of 
the order of one centimeter around the advancing tip. Such irre
versible deformations are caused by plastic flow of the material, 
which is triggered by the concentration of stresses near the crack 
tip. After a short transient following crack initiation, a steady, 
quasi-static regime of propagation is reached. As a result, the pro
file of deformation far behind the tip was found to be 
independent of the x coordinate. This invariance makes it possi
ble to fully characterize the irreversible deformations in the sheet 
after the crack has passed through by means of a single function 
g(y). Here, y  denotes the coordinate perpendicular to the crack 
direction, that is the distance to the edge. This function g(y) gives 
the rate of elongation of the sheet in the direction x parallel to 
the edge, measured at a distance y from this edge (see Fig. 2).

From a geometrical point of view, the tearing is a process that 
prepares the sheet in a new state, as the irreversible plastic flow 
near the crack tip redefines the “natural distances” between neigh
bouring points on the sheet. The origin of the rippled patterns 
localised near the edge can now be understood: they allow the 
sheet to match its edge, which has significantly been elongated by 
plasticity, with its undisturbed, flat profile far away from this edge. 
In terms of elastic energy, the flat configuration of the new elon
gated state is no longer a minimum of energy. To minimize its 
energy, the sheet has to adopt a non-planar configuration, which 
has fewer symmetries than a half-plane; this symmetry breaking is 
called buckling in the context of elasticity. While this simple argu
ment successfully accounts for ripples, it fails to explain the 
complex patterns observed in the experiments: a pattern made of 
single wavelength, instead of many superimposed wavelengths, 
can as well accommodate the presence of a stretched edge. The 
explanation of the self-similar cascade requires more elaborate 
arguments, and will be elucidated below using the theory of thin 
elastic plates.

We now come back to the measurement of g(y), which is the 
rate of elongation of a curve drawn parallel to the sheet edge at a 
distance y from this edge, caused by irreversible plastic deforma
tions. Torn sheets were placed under a profilometer to obtain the 
maps z(x,y) of the surface. By integration of this profile, the length 
of the sheet in the direction x parallel to the edge, measured at a 
fixed distance y from it, could be determined; the value of this 
length normalized by the length of the sheet in the undisturbed 
flat region is (l+g(y)), hence the elongation profile g(y), see Fig. 
2. All profiles g(y) measured this way showed a monotonie 
increase and got steeper towards the edge; the function g(y) was 
systematically found to be convex, g”(y)>0, a remark that plays 
an important role in the forthcoming geometric analysis. While it 
is possible in principle to determine this function g(y) by taking

 Fig. 1: Self-similar ripples in torn plastic sheets and plant 
leaves. (Top) The newly formed edge of a torn plastic sheet 
shows a rippled pattern involving many different 
wavelengths, reminiscent of the classical Koch'snowflake 
fractal construction, whose first iterations are shown in inset. 
(Bottom) Self-similar ripples on a beet leaf.
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into account the coupling of plastic flow with crack propagation 
(theory of ductile fracture), we simply took the elongation profile 
g(y) as a parameter of the problem, which was measured directly 
from the experiments.

In contrast with the ‘featureless’ deformation field characterized 
by the smooth profile g{y), a typical plot of which is given in Fig. 
2b, the relaxed sheet shapes are far from simple, see Fig. 1. The 
newly formed edges show cascades of waves upon waves, where 
long wavelengths are visible relatively far from the edge while 
shorter and shorter waves are superimposed upon the formers as 
the edge is approached. Many of these cascades are self-similar: 
waves belonging to different generations have the same profile, 
while the dilation ratio between successive generations is a con
stant number in a given sheet, typically close to 3. Up to six 
generation of such self-similar structures could be observed 
along the edge of thin (12 µm) Polyethylene sheet, thus creating a 
fractal scaling over two and a half decades. Unlike many systems 
that adopt fractal geometry in a transient, unstable configura
tion, the fractal geometry here is the stable energy minimum of 
the system. It is important, however, to note that the self-similar 
cascades with a ratio close to 3 between successive generations 
are not the only one observed. By using different tearing condi
tions and different materials, we have obtained different cascades, 
some of which exhibit a ratio close to 5 between successive gener
ations, and some which were not self-similar.

An exciting question concerns the relevance of this analysis of 
patterns in thin plastic sheets for the similar rippled structures 
that are found in naturally growing sheets such as leaves, lichens, 
fungi and flowers (see Fig. 1). If the growth rates are inhomoge
neous on the leaf, and more active towards its edge, then an 
“excess of length” is generated near the edge, and similar buckling 
patterns can be expected. There are indeed some experimental 
evidences that an enhanced growth near the margins of leaves can 
lead to the formation of rippled leaves. However, a thorough bio
logical work is required in order to properly address this question.

This section and the next one aim at deriving a quantitative 
analysis of the buckling process discussed above. The natural the
oretical framework for doing so involves the equations for elastic 
plates, derived by Föppl and von Karman in the early 20th centu
ry. Unfortunately, these equations have a very complex structure. 
To get a first insight into this problem, we present a simplified 
elastic model for the sheet, which is based on the theory of rods. 
Elastic rods are one-dimensional elastic objects, and follow much 
simpler equations than (two-dimensional) elastic plates. This sim
plified rod model has been introduced by Marder et al , and 
further studied by Audoly & Boudaoud. When one cuts a thin 
strip of width w along the edge of a sheet with a stretched edge, 
as shown in Fig. 3, a-c, the natural length of one side of the strip 
is larger than the other, as plasticity effects are more pronounced 
on one side than the other. Therefore, the strip cut out from the 
edge of the sheet spontaneously coils into a planar ring, see Fig. 3c. 
Its radius of curvature is given by R=(l+g)/|g’|, which is propor
tional to the small typical length scale 1/g' for the function g(y). 
This planar ring configuration is the equilibrium shape, with min
imal elastic energy, of the strip cut out from sheet. Now the 
problem is to cancel the cutting process, that is to glue this strip 
back onto the rest of the sheet. This operation is not simple: the 
coiled strip in Fig. 3c has to uncoil into a shape that is rectilinear 
on average. The analysis of the uncoiling of a flat elastic ring, stud
ied below, constitutes our first simple model to approach the 
formation of ripples.

By simulating the effect of an unfolding moment applied on 
the elastic ring, we obtained a periodic pattern, shown in Fig. 3e,

reminiscent of a single oscillation in the patterns shown in Fig. 1. 
We have reproduced this pattern experimentally using a popular 
toy called slinky, which has the same geometry as a planar ring in 
its rest configuration (Fig. 3f-g). This simple theory based on the 
solution of the one dimensional Kirchhoff equations for elastic 
rods predicts a rippling wavelength of the order of the radius of 
curvature of the ring, or of the small length scale 1/|g'|.

Since this length scale l / | / g'(y)| decreases steeply as the edge of 
the torn sheet is approached, this suggests that smaller and small
er wavelength should indeed develop towards the edge. However, 
the self-similar character of the patterns cannot be fully under
stood from this rough strip model, which overlooks the two 
dimensional nature of in-plane stresses in the actual sheet. This 
calls for solving the full elastic plate problem.

Before attempting to solve the fu ll problem, we would like to 
gain insight on how thin elastic sheets select their energy mini
mum. For isotropic elastic bodies, the material parameters are 
the elastic (Young’s) modulus E and the Poisson ratio v. The first 
parameter, E, characterizes the intrinsic stiffness of a material: a 
bar with cross-section area S and length L has a spring constant 
ES/L. The other parameter, the Poisson ratio v, is dimensionless, 
and characterizes how the cross-section of the bar shrinks (or 
eventually expands if v<0) when it undergoes simple tension. 
Thin sheets have two modes of deformation: bending, which 
only affects how the sheet is curved in the three dimensional 
space, and stretching, which also changes the lengths measured 
along the sheet. Everyday experience teaches us that it is much eas
ier to bend a sheet, like a sheet of paper, than to stretch it. This

 Fig. 2: A torn plastic sheet is irreversibly stretched near its 
edge by plastic flow during crack propagation, a) As a result, 
residual compressive stresses are present in its planar 
configuration.These stresses are oriented parallel to the 
sheet edge and are concentrated near this edge as indicated 
by gray levels, b) An equivalent geometrical picture is 
provided by surfaces having an excess of area near an edge. 
Such surfaces can be constructed by inserting sequentially 
triangular patches into an initially flat half-plane, after 
Nechaev and Voiturier (incidentally, this same construction is 
used by fashion dressmakers to design skirts with ripples at 
the bottom edge, called 'godets skirts'). Distribution of the 
area in excess near the edge is characterized by a profile g(y). 
c) The in-plane compressive stresses (or equivalently the 
presence of material in excess near the edge) make the 
sheet buckle into a complex rippled pattern.This elastic 
buckling allows the sheet to relax its in-plane compression. 
In this buckled configuration, the elongation profile g(y) can 
be recovered by measuring the lengths ly of curves drawn on 
the surface parallel to the edge:
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 Fig. 3: A simple elastic model for ripples based on the 
theory of elastic rods, (a) When one cuts a thin elastic strip 
along the edge of a sheet with an elongated edge, one 
obtains (b) a thin strip which is longer than the original 
sheet due to plasticity and (c) which moreover coils 
spontaneously into a planar ring configuration due the 
differential stretching of its lateral edges. By unfolding such a 
ring, one obtains a periodic pattern (d-e), similar to a single 
wavelength in the original sheet,This provides a first,simple 
explanation of the ripples in torn plastic sheet and plant 
leaves.This process is demonstrated experimentally using a 
well-known toy called slinky (f) unfolded using tethers (g), 
not shown.

corresponds to the fact that stretching costs much more energy 
than bending. This key property is reflected by the typical bend
ing energy, Eb~Eh3, h being the thickness of the plate, and the 
typical stretching energy Es~EhL2, L being the macroscopic size 
of the sheet; their ratio Eb/Es~{h/L)2 is a small number, as the 
aspect ratio of the thin sheet h/L is typically of order 10-3. So, equi
librium configurations of a sheet favour pure bending 
deformations over the energetically expensive stretching ones. In 
other words energy minima of thin elastic sheets are very close to 
configurations conserving natural distances along the surface. How 
can we find these configurations?

It is important to notice that this last question, the existence of 
deformations conserving distances along a surface, is purely geo
metrical. To address it we must use the powerful tools of 
differential geometry. Within this mathematical framework, the 
plastic deformations, which have in some sense reset the natural 
distances between points on the sheet, amount to a distortion of 
its metric

ds2 = (l+g(y))2dx2 + dy2 ,

where x and y are the coordinates along and perpendicular to the 
free edge respectively (see Fig. 2a), ds is the infinitesimal distance 
between arbitrary neighbouring points separated by dx and dy, 
and g(y) is the function that characterizes how this free edge has 
been stretched, as defined above. When g(y)=0, plasticity is 
absent and we indeed recover the standard, flat Euclidean metric. 
When g(y)>0, equation (1) provides a rule to compute lengths of 
paths drawn along the surface.

There is a strong link between the metric and the curvature of 
a surface, which we explain now. The shape of a surface in space 
is described by its local curvatures. At any tangent plane to a sur
face, one can define two orthogonal directions, called the principal 
directions, along which the curvature of the surface is extremal, 
and has the values c\ and C2, called principal curvatures. The mean
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curvature of the surface is defined as M=(c1+c2)/2 and its Gauss 
curvature as G=c1c2. For a flat plane, for instance, both curvatures 
vanish: M= 0 and G=0; a cylinder of radius R is flat in one direc
tion and has a curvature l/R  in the orthoradial direction: 
M=1/(2R) and G=0; a sphere of radius R (Fig. 4a) has curvature 
l/R in all directions: M=l/R and G=1AR2 ; also, note that for a sad
dle-like surface (Fig. 4b), the two principal curvatures have 
opposite signs: G<0, while M can have any sign (for instance, for 
minimal surfaces, M= 0).

There is a remarkable connection between the Gauss curva
ture G introduced just above and the metric properties of the 
surface, as established by Gauss in his Theorema egregium 
(‘remarkable theorem’ in Latin). Consider a small circle of radius 
r drawn on a sphere. This radius r is measured along the surface of 
the sphere (and not in the three dimensional space). Using ele
mentary geometric relations, see Fig. 5, the perimeter p is easily 
computed as:

the approximation being correct for small r/R. The Euclidean 
value 2πr of the perimeter p comes in this formula with a correc
tion that depends on the Gauss curvature G. In fact, this equation 
(2) is very general and gives a purely geometric interpretation of 
the Gauss curvature G. Knowing the metric (i.e. the distances mea
sured along the surface between arbitrary points), one can 
compute the perimeters of‘circles’, and hence the Gauss curvature. 
Depending on the sign of this Gauss curvature, the perimeters of 
circles are larger or smaller than in Euclidean geometry, namely 
smaller for so-called elliptic surfaces (G>0) as a sphere, larger for 
hyperbolic (saddle-like) surfaces (G<0), and equal to this order for 
parabolic surfaces (G=0) like cylinders. The possibility to compute 
the Gauss curvature of a surface by only carrying out lengths mea
surements within the surface is remarkable. In fact, the ‘curvature’ 
of space-time in general relativity is defined using similar ideas.

 Fig. 4: The Gauss curvature G is the product of the two 
principal curvatures of a surface and can be computed from 
the length of circles drawn on the surface (see Eq.2). For 
elliptic surfaces such as the sphere (a), the Gauss curvature is 
positive as the two principal curvatures have the same sign, 
and small circles of a given radius have a smaller perimeter 
than for a flat surface — note that this radius must be 
measured by convention along the surface;for hyperbolic 
surfaces (b) with a saddle-like profile, the Gauss curvature is 
negative as the two principal curvatures have opposite 
signs, and small circles of a given radius have a larger 
perimeter than for a flat surface. In his Theorema egregium, 
Gauss showed that a length-conserving deformation of a 
surface also conserves the Gauss curvature.
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a Fia. 5: Numerical minimization of a plate energy, as in 
equation (3), yielding self-similar patterns : we have observed 
up to 5 generation of self-similar wrinkles in the simulations.

Plasticity, by effectively imposing a new metric on the sheet, 
therefore imposes the Gauss curvature of the surface in its buck
led configuration. This is a strong geometrical constraint on the 
final state of the sheet. Calculation of the Gauss curvature of the 
abstract surface defined by the metric of Eq. (1) yields 
G=-g”(y)l(l+g(y)). From the experimental profiles g(y), we find 
g”(y)>0 and the buckled surface must therefore be hyperbolic 
(G<0), with stronger and stronger Gauss curvature towards the 
edge. This predicts that all the points on our torn plastic sheet are 
locally saddle-like, which indeed can be easily checked on the 
buckling patterns.

Although it puts constraints on the buckled configuration of 
the sheet, geometry is not sufficient to fully predict the buckling 
patterns. The exact analysis of these patterns is based on the elas
tic energy of a sheet (Föppl-von Kàrmàn equations):

(3)

The first term stands for the bending energy (proportional to 
Eh3 as stated above); its magnitude is given by the squared 
mean curvature M, which characterizes how much the surface 
bends. The second term (with inverse Laplacian) stands for the 
stretching energy (proportional to Eh). The Gauss curvature G 
gives an indirect measure of how much the surface has been 
stretched compared to its natural state, Go=-g” (for small g): as 
explained above, an isometric deformation of the surface, that 
is a deformation with no tangential stretching, does not 
change the Gauss curvature and consequently does not con
tribute to the second term in Eq. (3). Conversely, any deviation 
of the Gauss curvature G from Go corresponds to a deformation 
of the surface that involves some stretching energy. Such defor
mations are penalized by the relatively large prefactor Eh in the 
elastic energy.

We have implemented a slightly simplified variant of these 
Föppl-von Kàrmàn equations, based on a justified adiabatic 
approximation of the elastic energy, essentially corresponding 
to a small slope approximation in the y direction. This approx
imation allowed a significant gain in CPU time, something 
that is very valuable given the computational complexity of the 
minimization problem. The numerical model was further based 
on a Fourier decomposition of the sheet profile along the x 
direction, that is along the torn edge, and uses ID finite ele
ments (i.e. polynomial interpolation) in the transverse y 
direction. The elastic energy of the sheet was then computed 
symbolically as a function of the various parameters of the 
problem, and then minimized. This minimization led to self
similar buckling profiles, with cascades containing up to 5 
generations of wrinkles (Fig. 5). The self-similar rippled pat
terns observed in torn plastic sheets and in plant leaves were 
therefore shown to result from the combination of two rela

tively simple ingredients: the elasticity of thin plates and a 
non-Euclidian metric.

As noted above, the typical lengthscale 1/g’ of the metric 
decreases towards the edge, which qualitatively explain why super
imposed modes of smaller and smaller wavelengths are generated. 
We now interpret the self-similarity factor a between two succes
sive wavelengths in the cascade, using symmetry arguments. 
Consider the Fourier decomposition along x of the sheet profile. 
As the problem under study is invariant by the up-down symme
try, only Fourier modes with the same parity are coupled. In 
particular, the fundamental wavelength of the cascade is only cou
pled to its odd harmonics. If a pattern is self-similar, the invariant 
dilation factor α must therefore map these odd harmonics onto 
odd harmonics. This leaves only the odd integers as possible can
didates for this factor α. The numerics shows that 3 is preferred, 
although 5 is sometimes only very slightly more expensive ener
getically. This is in good agreement with the experimentally 
measured factors, either α=3.2, or a  close to 5, depending on the 
material and tearing conditions. Energetic arguments also show 
that the larger wavelength in the cascade is of the order of the 
system size (e.g. the width of the sheet), whereas the smaller wave
length, which is due to regularization by bending effects at small 
scales, is a combination of the thickness and the small typical 
length scale of the metric g(y).

The simple tearing of a plastic sheet leads to complex shapes. 
Our theory, which addresses the budding of a thin elastic sheet 
caused by an ‘excess of area’ near a free edge, shows that these 
complex shapes simply result from the minimization of the elas
tic energy of the sheet: by the combined effects of geometry and 
elasticity, simple featureless elongation profiles lead naturally to 
fractal-like patterns. This elastic cascade is probably at stake in 
the morphogenesis of ripples in leaves: it suffices that the in
plane growth rate is increased near the edge of the leaf, resulting 
in an excess of area, for the same elastic buckling instability to 
induce a complex fractal pattern.
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EUV lithography: 
technology for the semi
conductor industry in 2010
H. Enkisch and J. Trenkler
Carl Zeiss SMT AG, Oberkochen, Germany

n 1965, Moore described the progress in the development of 
semiconductor devices by a sentence that is now commonly 

known as Moore’s Law: “the number of transistors on a comput
er chip doubles every two years”. Moore’s Law is not only a 
description of the evolution until 1965 but rather has served as a 
roadmap for both the chip manufacturers and the suppliers of 
chip production tools since then.

Lithography is the only manufacturing method ensuring both 
sufficient quality and high throughput of the chip production. 
The principle of lithography is similar to that of a slide projector 
as illustrated in Fig. 1. Light from a source passes through a con
denser optics (illumination system) that ensured the homogenous 
illumination of a slide (mask) containing e.g. a black and white 
pattern of the structure to be printed. Another set of lenses pro
jects the slide onto the screen (photo-resist coated wafer) thereby 
performing a certain demagnification. By means of wet chemical 
processes, the illuminated areas of the resist are removed (if a 
“positive resist” is utilized), followed by etching or coating steps of 
the then uncovered parts. To produce a computer chip, numer
ous repetitions of the above cycle with different patterns are 
required. All patterns have to be accurately superimposed on top 
of each other demanding a positioning accuracy of the mask and 
the wafer better than the dimension of the pattern on the mask 
and on the wafer, respectively.

Although the semiconductor lithography has basically existed 
since the sixties, the basic equations governing the imaging 
process have been known for about a century. They have been 
found by Ernst Abbe in the late 1860s while he was a professor

 Fig. 1: A lithography tool works similarly to a slide 
projector. A homogenously illuminated pattern (slide) is 
projected onto a resist-coated wafer (screen).

 Fig.2:The "realization"of Moore's Law.

(“Privatdozent”) for physics at the University of Jena. Nowadays, 
Abbe’s equation reads as:
The resolution of any optical tool is given by

RES = k1 λ /NA,

where RES is the half pitch, λ the wavelength of the utilized radi
ation, NA the numerical aperture given by n sinα, n and a being 
the refractive index of the medium and the opening angle of the 
bunch of rays in the image point and k1 is a complex process fac
tor.

The other fundamental quantity is the depth of focus (DOF) 
described by

DOF = λ l NA2.

The DOF basically defines the process window. The larger the 
DOF, the larger the process window of the machine.

Thus, if smaller structures have to be produced by the litho
graphic process, one can either reduce k1, reduce the wavelength 
of the utilized fight or increase the numerical aperture. All three 
approaches have been extensively used during the last two decades 
as illustrated by Fig. 2.

It (implicitly) shows how the combination of a change of k1, a 
change of X, and a strong change of the NA resulted in a reduction 
of the smallest achievable structure by a factor of 10. By using the 
immersion technique (between the last lens of the projection 
optics and the resist, a liquid medium with high refractive index is 
introduced) a NA of well above 1 may be possible. It is expected 
that with immersion tools operating for instance at 193nm, a res
olution of 50 nm and below can be achieved.

Although a change in X from 365nm to 157nm does not 
seem to be too dramatic at first glance, the consequences for the 
choice of materials for'the optical elements are severe: DUV 
and VUV light will be completely absorbed in optical glass. 
Thus, the material of the lens elements had to be changed from 
glass via quartz to CaF2. In Tab. 1, the transmission of a single 
lens element coated with anti-reflective coatings is shown. 
Assuming that a full optical column (illumination and projec
tion system together) consists of up to 60 lens elements, the 
total transmission of a lithography tool drops from about 
60% to 20%, significantly reducing the throughput (i.e. the illu
minated wafer per hour) of the whole tool. Without an 
appropriate anti-reflective coating on every surface, the losses 
due to reflection would further reduce the transmission to an 
unacceptable level.

europhysics news september/ october 2004 149

fe
at

ur
es



FEATURES

Fig. 3; Stringent demands are put on any element in an 
EUV Lithography tool.

If X has to be further reduced in order to go beyond the above 
stated limits of resolution, the absorption in refractive systems 
becomes an insurmountable problem.

λ [nm] wavelength
regime

material transmission of a 
coated lens element [%]

365 i-line glass >99
248 DUV quartz >99
193 VUV quartz >98.5
157 VUV CaF2 >97.5
13.5 EUV any 0

-  Table 1: Absorption becomes a severe problem as the 
wavelength is decreased in order to obtain lower resolution. In 
the EUV regime, any material absorbs so strongly that one has to 
use reflective instead of refractive optics.

Below 157nm (i.e. above 7.9eV), light is increasingly absorbed 
by practically any material so that it is impossible to build a refrac
tive optics for small wavelength. The only way to work around 
the absorption is to use purely reflective optics instead. Unfortu
nately, also the reflectance of a highly polished optical element is 
usually of the order of a few percent, except for the case of graz

 Fig.4: If Germany was a mirror for EUVL with 100mm 
diameter,the highest mountains would not exceed a height 
of 5mm instead of the 295.0m of the Zugspitze.

ing incidence, which is not suited for a lithography tool.
In order to achieve an acceptable reflectance for normal inci

dence radiation, a periodic stack of spacer and absorber layers 
possessing different refractive indices at the desired wavelength is 
coated onto the mirror substrates. These multilayer stacks work 
analogously to Bragg’s Law and thus have a periodic length of 
about half the wavelength. However, multilayer coatings with high 
reflectance as well as a proper light source are only available for a 
few narrow wavelength bands. The presently operating and devel
oped pre-production tools are designed for extreme ultraviolet 
(EUV) light of 13.5nm (i.e. ~92eV).

In the EUV regime, extreme challenges are put on all parts of 
the lithography tool, as illustrated by Fig. 3. First of all, the light 
source has to deliver a high EUV in-band power, preferentially 
with a high spectral purity, in order to guarantee high throughput. 
Laser plasma or plasma discharge sources are the best candidates 
so far. Secondly, all elements have to be operated in ultra high vac
uum (UHV) which, especially for the movement of the mask with 
velocities around lm/s (and the wafer with the proper demagni
fication ratio), is a severe problem as both require a precision in 
the nm range. Moreover, the mirrors of the projection optics need 
dynamic positioning in the Angström-range. The surface of the 
mirrors and the coatings have to be produced with the same pre
cision. The multilayer coatings must not degrade the excellent 
surface finish of the (low-thermal expansion) substrate on which 
it is coated. The same holds for the mask which also needs a reflec
tive multilayer with a structured absorbing layer on top. Moreover, 
the mask must not be contaminated by particles larger than a few 
nanometers. Even in UHV conditions, the residual water and 
hydrocarbon molecules are so numerous that they cause oxida
tion and carbon contamination of the multilayer coatings on a 
nanometer scale, respectively, thereby degrading the optical 
properties of the coatings. One solution is to terminate the multi
layer with a special protective capping layer ensuring long term 
stability of the reflectance.

To illustrate the demands of EUV lithography, we will now 
focus on the mirror surface finish and the multilayer coatings. It is 
apparent that the shape of the optical elements needs to be precise 
down to a small fraction of the operating wavelength in order 
not to degrade the imaging properties due to destructive interfer
ence effects. For an EUV tool, the surface figure error (i.e. the long 
range deviations on a cm-scale from the ideal surface) must not 
exceed 0.2nm rms (root mean square value). Magnifying a mirror 
with a diameter of about 100mm to the size of Germany (about

 Fig.5: Roughnesses of all spatial regimes are described by 
the power spectral density (PSD).
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 Fig. 6: The best 
multilayers reflect 
about 70% today 
using EUV 
radiation.To 
achieve this, 
extremely high 
periodicity of the 
coating is required.

1000km), its height profile must not exceed a rms of 2mm. This 
corresponds to highest mountains of about 5mm instead of 
2963m as is the case for Germany, as illustrated in Fig. 4. This 
requirement has not only to be fulfilled for long-range oscillations 
on a cm scale but also for the mid spatial frequency range (MSFR) 
(pm-range) and the high spatial frequency range (HSFR) 
(nm-range). The roughness in the fu ll range of spatial frequencies 
is described by the PSD (power spectral density) of which an 
example is given in Fig. 5. Surface errors in the MSFR give rise to 
stray light that reduces the contrast between illuminated and 
shadowed areas on the wafer, whereas surface errors in the HSFR 
lead to multilayer coatings with primarily reduced reflectance.

For a wavelength of 13.5nm, multilayers consisting of Molyb
denum (absorber layer) and Silicon (spacer layer) yield maximum 
reflectance with a theoretical limit of 75%. The highest 
reflectances achieved so far are still considerably lower at about 
70% as shown in Fig. 6.

A reflectance of 70% is not easy to reach. First of all, the inter
faces between the layers must not be rougher than a few 
Angstroms within the HSFR. For this reason, a smoothening step 
may be applied during the deposition of the multilayer in order to 
compensate for the natural roughness of the growing film. More
over, 40 to 50 bilayers have to be coated on top of each other while 
the thickness of every single layer must not deviate from the aver
age single layer thickness by more than a fraction of an Angstrom 
(rms value), demanding a coating process that is highly stable 
throughout the deposition of the fiali multilayer stack. In Fig. 6, a

F i g . 7: Schematic setup of the "Micro Exposure Tool"for 
the EXITECH microstepper M-13.

 Fig. 8: With the Micro Exposure Tool, it is possible to print 
structures down to 35nm.

TEM picture of a typical Mo/Si stack is shown.
For the development of EUV lithography (EUVL), Carl Zeiss 

SMT AG in cooperation with the Lawrence Livermore National 
Lab and with the FOM Institute in Rijnhuizen has developed the 
projection optics together with a specially designed illumination 
system for a “Micro Exposure Tool” (MET). The projection 
optics consists of a two-mirror Schwarzschild-like optical system. 
It has a NA of 0.3, a demagnification of 5:1 and a field size of 
0.6x0.6mm2. The schematic setup for this commercial microstep
per is shown in Fig. 7. In order to illustrate the technical 
accomplishments, this projection optics together with a illumi
nation system designed for synchrotron use was installed at the 
Physikalisch Technische Bundesanstalt (PTB) at the BESSY2 syn
chrotron in Berlin, making use of the EUV radiation emitted from 
the undulator U180. As shown in Fig. 8, this system is capable of 
printing semi-dense lines (1:3) down to 35nm (!) into the resist. 
Those figures demonstrate impressively that all sub-technologies 
are well in place, thereby proving that the demanding specifica
tions can be met.

Carl Zeiss SMT AG has demonstrated that the EUVL technol
ogy is capable of fulfilling the requirements to print semi-dense 
lines down to 35nm and below. Presently, an advanced system is 
built with a large field size (26x32 mm2) to enable chip manufac
turers to develop their processes in production conditions. 
Further development on substrate processing, coating, and 
metrology is on-going to meet future specifications. Customers 
will be the leading chip manufacturers. No show stoppers are dis
cernible today.

This article is adapted from a presentation given by one of the 
authors (J.T.) within the frame of the “Technology Foresight Sem
inar” organized by the European Physical Society in August 2003 
in Munich. The work presented here was performed in the teams 
by Peter Kürz and Erik Sohmen at the Carl Zeiss SMT AG, at the 
FOM Institute in Rijnhuizen in the group of F. Bijkerk, at the 
Physikalisch Technische Bundesanstalt in the group of G. Ulm 
and at the Lawrence Livermoore National Laboratory. The 
authors would like also to thank EXITECH Ltd (UK), Stephan 
Müllender, Udo Dinger and Eric Louis. This research was sup
ported by the European Community within the EUCLIDES 
program and by the German government (BMBF) under contract
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Ion tracks -  a new route 
to nanotechnology
Alois Weidinger, Hahn-Meitner Institute Berlin, Berlin, Germany

Ion tracks are created when high-energetic heavy ions with ener
gy of about 1 MeV/nucleon (e.g. 140 MeV Xe ions) pass 

through matter. The extremely high local energy deposition along 
the path leads to a material transformation within a narrow cylin
der of about 10 nm width. Unlike in the more conventional 
lithographic techniques based on ion or electron beam irradia
tion, a single heavy ion suffices to transform the material. Thus, 
problems like straggling or diffusively broadened features do not 
occur. Ion beams with the required properties are available e.g. at 
the national accelerator centres HMI Berlin, GSI Darmstadt and 
GANIL Caen. Some recent developments of this field are 
described in Ref. 1 and 2.

Ion tracks have a long tradition in science and technology. They 
play a role, e.g., in geology where the dating of geological forma
tions is based in some cases on fission fragment tracks. 
Industrially, ion tracks are used for the production of porous 
media, e.g. for particle filters. Here, polymer foils are irradiated 
with heavy ions and subsequently etched to remove the material 
from the track region. A unique variant of this ion beam method 
is the single-hole filter which reaches an extremely high selectivi
ty for particle filtering [3]. With modern microbeam facilities, 
the tracks can be placed in an ordered array [4] (see Fig.l). This 
is important for electronic applications since it facilitates the 
addressing, which is problematic for statistically distributed 
tracks.

Recently it became clear that heavy ion beams can also be used 
in nanotechnology [5,6] since ion tracks have just the right size for 
nanostructuring: the track diameter is of the order of 10 run and 
the track length can be varied from a few nanometers up to sev
eral micrometers by choosing the appropriate sample thickness. In 
this way, quasi zero-dimensional nanodots or quasi one-dimen
sional nanowires can be created.

There are essentially two ways to use ion tracks for nanostruc
turing. The first is based on track etching as used in the filter 
production, i.e. one irradiates a polymer foil and etches the tracks 
to create thin pores in the foil. These pores are subsequently filled 
with an appropriate material to make nanostructures. In this 
process, the polymer foil serves as a template and can be removed 
(dissolved) if required.

The second method uses the ion tracks directly without addi
tional etching and refilling steps. This method is simpler than the 
template technique since no filling of the pores is required but it is 
of course strongly limited in the choice of materials and struc
tures. The often occurring material transformation in the track 
from crystalline to amorphous is mostly not very useful for 
applications. Recently however, a dramatic increase of the electri
cal conductivity in ion irradiated diamond-like carbon (DLC) was 
found [6], the material changing from insulating (diamond-like) 
to conducting (graphite-like) carbon in the track. In this way, thin 
conducting wires in an insulating matrix are created.

Another material with a potentially useful ion irradiation effect 
is zinc-ferrite (ZnFe2O4) which is paramagnetic in its original state 
but converted to ferrimagnetic by ion irradiation [7]. A similar

conversion can be induced in 
YC02 [8]. The number of 
such examples is certainly 
limited but two good ones, 
one for electronic and one 
for magnetic (spintronic) 
devices is in principle suffi
cient to further pursue this 
field.

In the following, some 
examples of already realized 
nanostructures will be pre
sented and some proposed 
devices implementing ion 
track-induced structures will

F i g . 1 :  Regularly spaced (10 pm apart) single ion tracks in a 
 polymer matrix [4].The picture (from GSI Darmstadt) shows  
the pores which are produced by etching the polymer foil 
after irradiation.The close and regular spacing is achieved by 
using a focused ion beam (microbeam) and single ion 
detection. After the detection of an ion impact, the beam is 
switched to the next position. |

be discussed showing the great potential of this technique in 
nanotechnology.

Template-grown nanostructures
The method of etching thin long pores along ion tracks in poly
mer foils is well developed [2] and, as mentioned above, is used 
in the production of filters for various applications. To give an idea 
of possible pore sizes and pore densities, table 1 of Ref. 2 is repro
duced here. Other combinations of pore diameter, foil thickness 
and pore density are of course also possible.

These hollow channels in the solid material can be used as tem
plates to grow nanostructures in them. The material deposition 
into the channels is usually performed by chemical or electro
chemical methods from solutions. The track etched polymer foils 
have in some cases advantages over other template structures (e.g. 
porous alumina or lithographically prepared membranes) since 
they are more variable in the choice of parameters (radius, dis
tance and length of the pores and the material to be used) and, 
compared to lithography, they reach a much larger aspect ratio 
(length to diameter) of the pores. Aspect ratios of 100 to 1000 are 
possible.

A large variety of nanostructures has been grown in polymer 
pores [5] in the form of compact cylinders of single or multi-lay
ered material but it is also possible to create tubules [2], i.e. hollow 
cylinders, if the material deposition starts from the walls of the 
pores. In the following, two examples of compact structures will 
be discussed in more detail.

Magnetic multilayered nanowires
Magnetic multilayered materials are of great interest because of the 
so-called giant magnetoresistance (GMR) effect which occurs in 
some materials if magnetic and non-magnetic layers are stacked. 
The current through these layers depends on the relative orienta
tion of the magnetisation. If this orientation is anti-parallel in 
zero external field -  this can be achieved by choosing the appro
priate spacing -  it can be switched to parallel orientation by 
applying a magnetic field, thereby lowering the resistance by some 
per cent. This effect can be used in reading devices for magnetic 
recording media.
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Pore diameter (nm) Pore density (cm-2) Thickness (µm)
20 4.0x109 10
50 2.0x109 10
80 2.0x109 10oo 6.0x108 10
200 5.0x108 20
220 5.0x108 10
600 4.0x107 19
1000 2.2x107 19

 Table 1: Typical parameters of ion track-etched polymer 
templates [2].The pore diameter is determined by the etching 
time, the pore density corresponds to the fluence of the ions 
(number of ions per cm2) and the thickness of the foil determines 
the pore length.

An ideal arrangement of these devices is a thin nanometric wire 
with the current perpendicular to the plane. Such a structure was 
grown in an ion track template and the magnetoresistance was 
measured [5]. The arrangement of the layers, i.e. their spacing and 
thickness, can be adjusted to obtain the optimum effect (high 
GMR and reasonable switching field and switching time).

Nanotransistor
Because of its central role in electronic devices, the realisation of 
a transistor is usually the primary goal of a new research field in 
this area. The progressing miniaturisation in electronics requires 
structure dimensions in the nanometer range. Here the perpen- 
dicular-to-plane orientation is advantageous for close packing. In 
some cases a flexible transistor which does not break upon bend
ing is desirable. A device with these specifications, a vertical 
nanotransistor in a flexible polymer matrix, was recently realised 
[9]. The principal concept is shown in Fig.2.

A two-terminal device, i.e. a semiconductor structure with 
source and drain contacts, is usually easy to fabricate, the problem 
is the third contact, the gate. Here the ion track method allows an 
elegant solution: A polymer foil is metallized on one side and 
glued to a second foil to form a polymer stack with a central 
metallic layer. After ion irradiation, the material in the track, first 
in the polymer sheets and afterwards the exposed part of the 
metal are etched away. Then the metal adjacent to the channel 
has to be insulated either by oxidation or by under-etching, before

►Fig. 2: Schematics of 
the production process 
of a nanotransistor in a 
track-etched membrane 
(picture by courtesy of 
R. Könenkamp [9]):Two 
polymer foils, one with a 
metal bottom layer,are 
glued together and 
irradiated with heavy 
ions (upper part). After 
etching, the ion track 
pores are filled with a 
semiconductor material 
and contacted with 
electrodes.The important part is the gate electrode which is 
formed by the middle metal sheet.The metal must be 
oxidized or otherwise insulated after pore opening in order 
to avoid the direct contact to the semiconductor. Such a 
device, a vertical nanotransistor in a flexible polymer matrix, 
was recently realized [9].

Fig.3: Scanning probe 
microscopy images of 
topography and current 
of a diamond-like carbon 
(DLQ film [6].The 50 nm 
thick DLC film was 
irradiated with 1-GeV 
Uranium ions. Each ion 
impact is characterised by 
a surface hillock (top) and 
an increased electrical 
conductivity (bottom). 
The measurements were 
performed with an 
atomicforce microscope 
(AFM) in contact mode. 
The current is measured 
between the substrate 
and conducting AFM tip.

finally the semiconductor material is introduced and contacts are 
deposited. The principal operation of such a device has been 
demonstrated [9].

Direct use of ion tracks

Conducting ion tracks in diamond-like carbon
Diamond-like carbon (DLC) is a well developed material and, 
e.g., used in industry for protective coating. The structure of 
DLC is amorphous and the bonding is primarily sp3 (tetrahedral) - 
like as in crystalline diamond and therefore the material is 
insulating. Hydrogen-free DLC, as necessary for the present appli
cation, is produced in thin sheets on substrates (e.g. Si) by plasma 
deposition. The energy of the deposited particles has to be about 
100 eV in order to form the compact tetrahedral (sp3) structure.

High energy heavy ions, e.g. 1 GeV uranium ions, convert the 
material along their path from insulating diamond-like to con
ducting graphite-like carbon [6]. The large change in the 
conductivity is easily seen with a scanning probe microscope. Fig. 
4 shows the topography and current image of an irradiated film. 
Each ion track is characterized by a small hillock at the impact site 
of a single ion and by a huge increase of the current through the 
film.

The electrical resistivity of the tracks is on the order of 1-10 
S/cm and is approximately four orders of magnitude larger than 
outside of the tracks, depending on the properties of the original 
DLC layer. Transmission electron microscopy (TEM) measure
ments have shown that the diameter of this converted region is 
approximately 8 nm [6]. Thus, by this ion irradiation, a thin 
straight wire in an inert matrix has been created. It can be used as 
a building block in nanoelectronics, as is discussed below.

Ferrimagnetic filaments in a paramagnetic matrix
It was found [7] that ZnFe2O4 converts along the ion track from a 
paramagnetic to a ferrimagnetically ordered material. This effect 
is due to a randomization of the Fe atoms on the Zn and Fe sites. 
Thus the effective magnetic interaction becomes stronger and 
leads to magnetic ordering up to temperatures well above room 
temperature (about 500 K). The nm-sized converted region can 
be used in spintronic applications.

A similar magnetic conversion of ZnFe2O4 is known for nanos- 
tructured material obtained by mechanochemical milling. That 
this conversion can be induced also by ion tracks was clearly
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demonstrated by Mössbauer measurements that exhibit the well 
known six line splitting after irradiation [7]. Since this effect is 
present also for widely separated tracks (low dose irradiation), it 
is demonstrated that the conversion takes place in the individual 
tracks. Thus magnetic filaments in a non-magnetic environment 
are produced by ion irradiation.

Self-aligned contacts
Contacting nanostructures is usually a considerable problem 
since the contacts must be small (nm sized) themselves and 
must be aligned with the structures for which the contacts are 
made. The situation is even worse for statistically distributed 
ion tracks since a safe distance between the structures has to be 
maintained in order to avoid overlapping. A partial solution, 
which regulates at least the immediate environment of the 
track, is a lithographic process initiated by the track itself. In 
this procedure, one applies a resist (polymer) on top of the 
sample. After passage of the ion, the resist is developed giving 
access to the track in a well aligned manner. Through this open 
space, the contact can be applied, e.g. by metal deposition. The 
continuation of the contact to the outside can be achieved with 
less precise but well-established methods like electron-beam 
lithography.

A further development of this technique would be to align 
complete electronic circuits to the tracks. This can be achieved by 
using multilayer systems and multiple etching and deposition 
processes as in conventional device fabrication. A proposed Sim

 Fig.4: Production scheme for a close-spaced gate 
electrode (highly doped poly-Si) aligned with the 
conducting ion track in DLC:A stack of layers of different 
materials with a resist (polymer) as the last layer is irradiated 
with heavy ions. After developing the resist at the ion 
impacts,the lower lying layers are etched in the freely 
accessible region to create the structure shown in the figure. 
Because of its compact design, it is expected that such a 
structure could be useful in field emission devices. A similar 
device, but without the conducting track in DLC, was realized 
in Ref. 10.

► Fig.5: Scheme of a quantum dot and a nanotransistor 
structure.The upper part shows the ion track in an insulating DLC 
multilayer stack. The track is electrically connected via the 
conducting substrate and the conducting AFM tip.The gate 
electrode is placed on the surface close to the track structure.The 
lower part shows an enlarged view of the track region.The 
approximately 8 nm wide cylinder corresponds to the ion track 
embedded in the insulating DLC matrix.The interruptions of the 
conducting track may consist e.g.of SiO2.They serve as tunneling 
junctions to the quantum dot.The length of the conductors, 
insulators and dot are determined by the respective film 
thickness and can be adjusted to meet the requirements for 
Coulomb-blockade.The values for the thickness are just first 
guesses;they have to be optimized by experiment. The contact to 
the nano-wire is made by an atomic force microscope (AFM) tip 
and can be ultimately replaced by a self-aligned metal contact.

pie example is shown in Fig.4. Here, a multilayer stack with a 
resist on top is irradiated with heavy ions. After etching with dif
ferent solutions, the final structure of an aligned gate electrode 
(heavily doped poly-Si) is obtained. A similar structure as shown 
in Fig. 4 has been realized by the Livermore-Candescent group for 
field emission applications [10].

Outlook
Presently, there exist research collaborations on a European level 
to realize some of the basic structures with this new technique. 
The national research centres, GANIL in France, GSI Darmstadt 
and HMI Berlin in Germany are involved in this research. In the 
following, three proposed devices will be discussed, one from elec
tronics, one from magnetism and one from field emission.

i) Quantum dot and Coulomb blockade
The basic concept for making a small dot is to interrupt the con
ducting track at two points by insulating intersects. This can be 
achieved by inserting insulating layers which do not convert to 
conductors by the ion passage. In this way, one obtains pieces of 
nano-wires connected by tunnel junctions. The multilayer sam
ples, consisting of DLC layers and insulating layers (e. g. SiO2), 
are prepared by conventional deposition techniques and irradiat
ed after preparation.
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Figure 5 shows a proposed design of this structure. The ion 
track (upper part of Fig.5) is embedded in an insulating matrix 
and connected with two leads (conducting substrate and con
ducting AFM tip) to the outside. For a solid-state device, the AFM 
tip can be ultimately replaced by a self-aligned metal contact as 
indicated in Fig. 4.

An enlargement of the track region is shown in the lower part 
of the figure. The approximately 8 nm wide cylinder corresponds 
to the ion track region. The insulating layers serve as tunneling 
junctions to the quantum dot (small island). The length of the 
conductors, insulators and dot are determined by the respective 
film thickness and can be adjusted to meet the requirements of the 
specific application.

Since the dimensions of the dot are on the order of 10 nm or 
less, one is in a regime where quantum effects become dominant. 
In particular, single electron effects, as evidenced by Coulomb 
blockade, should become observable even at room temperature. 
The blockade arises from the fact that each additional electron 
on the dot requires a certain amount of charging energy to over
come the Coulomb repulsion. This effect should be seen as a 
regular step function in the current-voltage curve.

The structure in the lower part of Fig.5 represents a two-ter
minal device (diode), the two terminals serving as source and 
drain, respectively. The addition of a third terminal, the gate, in 
order to complete the transistor may be achieved by the self-align
ment process described above. A possible arrangement is shown 
in the upper part of Fig.5.

ii) Nano- spin valve
The proposed nano-spin valve structure (Fig.6) consists of a 
nanometric island of a ferromagnetic material (ion track convert
ed ZnFe204) on top of a conducting ion track. The second 
magnetic material, required for a spin valve, is the ferromagnetic

tip of the scanning probe microscope. As before, the MFM tip 
can ultimately be replaced by self-aligned contacts.

The two ferromagnetic structures are connected by a tunnel 
junction consisting of an oxide and/or a vacuum gap. The cur
rent through this structure is measured as a function of the 
magnetization direction of the island, the magnetization of the tip 
remaining constant (or vice versa). The spin valve effect is evi
denced as a difference in currents through the circuit for parallel 
and antiparallel orientation of the two magnetic entities.

Decreasing the size of these structures to nanometric dimen
sions increases the sensitivity to few electron spin detection. A 
final goal would be to reach single spin sensitivity (important e.g. 
for quantum computer read out) but this is beyond the present 
possibilities of the method.

iii) Field emission
Cold cathode field emission devices are interesting e.g. as field 
emitters in flat panel displays. In this case, no individual address
ing of the tracks is required since many emitters can be used to 
form one pixel. Thus the contacting problem is somewhat allevi
ated.
Enhanced field emission from the conducting ion tracks in DLC 
is expected due to the high aspect ratio of the emitting structure. 
Together with a narrow extraction geometry, which can be real
ized by the self-alignment as shown in Fig.4, an efficient emission 
structure could be realized.
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Fig. 6: Scheme of a nano spin filter device consisting of a 
magnetic island in Zn ferrite (ZnFe204) on a diamond-like 
carbon (DLC) film.The ion passage transforms ZnFe204from 
para-to ferri magnetic, thus forming a magnetic island in a 
paramagnetic environment. With a magnetic force 
microscope (MFM) the magnetization can be measured.This 
arrangement constitutes a spin filter and can be used in a 
spin valve application. For a demonstration of spin valve 
operation, the current between the MFM tip and conducting 
ion track has to be measured as a function of the 
polarization of the magnetic island. Ultimately,the MFM tip 
can be replaced by a self-aligned magnetic metal contact.
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E. Holmberg, University of Helsinki, Finland 
R.Karazija, Vilnius University,Lithuania 
L,Kovacs, Berzsenyi College, Szombathely, Hungary 
J. Lajzerowicz, Université Joseph Fourier, France
P. Lazarova, Bulgaria
A.Moreno Gonzalez, Universidad Complutense de 

Madrid, Spain
J.Sebesta, Comenius University, Bratislava, Slovakia 
CSymeonidis, University of Athens, Greece 
G.VIahakis, National Hellenic Research Foundation, 

Greece
A.K. Wroblewski,Warsaw University, Poland

Physics for Development Group___________
Chair M.Chergui
Institut de Physique de la Matière Condensée
Faculté des Sciences, BSP
Université de Lausanne
CH-1015 Lausanne,Switzerland
TEL/FAX+41 21 692 3664 or 3678/+41 21 692 363S
email majed.chergui@epfl.ch

Board Members
M.C. Abreu E Silva, Universidade do Algarve, Portugal 
F. Brouillard, Université Catholique de Louvain, 

Belgium
I. Nadrchal, Academy of Sciences of the Czech 

Republic, Czech Republic
F. Piuzzi, CEA-Saclay, France
A. Suzor-Weiner, Université de Paris-Sud -  LPP, France 
LWoeste,Freie Universität Berlin,Germany

Co-opted Members
G. Delgado Barrio, Institute de Matematica y Fisica 

Fundamental, CSIC, Spain
V.L.Fara, Polytechnical Institute of Physics, Romania 
G. Furlan, UniversitaTrieste, Italy 
L.Hasselgren,LPPS, Upsala University, Sweden 
E.Lillethun, University of Bergen, Norway

Technology Group
Chair F.Bourgeois 
CERN

AT Division
CH-1211 Geneva 23, Switzerland 
TEL/FAX +41 22 767 2041 /+41227676180 
EMAIL francois.bourgeois@cern.ch

Board Members
G.Demorder, University of Namur, Belgium 
J.P.Huignard,THALES-Thomson CSF, France 
C.Rossel, IBM Zurich Research, Switzerland
G. Orlandi.Torino internazionale, Istituto Superiore 

Mario Boella, Italy
H. Wenninger, CERN, Switzerland 
KJ.Wittamore,Triskel, UK

NATIONAL SOCIETIES

Albania

Albanian Physical Society
Secretary A. Deda
Universiteti ITiranes
Fakulteti I Shkencave Natyrore
Eulevardi Zogu 1
AL-Tirana, Albania
TEL/FAX +355 427669 /  +355 427669
EMAIL antonetad@yahoo.com or adeda@fshn.edu.al

President P. Berberi 
Polytechnic University of Tirana 
Department of Physics 
AL-Tirana, Albania
TEL/FAX +355 42 27914/ +355 42 27914 
EMAIL pberberi@yahoo.com

Vice-President D. Spahiu 
Tirana University 
Faculty of Natural Sciences 
Department of Physics 
Rr. D.Hima15 
AL-Tirana, Albania 
EMAIL dspahiu@yahoo.com

Armenia
Armenian Physical Society
Secretary General E. Babakhanyan 
Armenian Physical Society 
Aiikhanian Brothers St 2 
AM-375 036 Yerevan, Armenia 
TEL/FAX +374 2 34 13 47 / +374 2 35 00 30 
EMAIL eri@lx2.yerphi.am

President R. Avakian
See address of the Secretary General 
EMAIL ravakian@hermes.desy.de

Austria

Austrian Physical Society
Secretariat G.Zobl-Kratschmann 
Universität Wien
Institut für Isotopenforschung und Kernphysik 
Währinger Strasse 17 
AT-1090 Wien, Austria
TEL/FAX +43 1 4277-51203 /+43 1 4277-9512
Email oepg-office@ap.univie.ac.at

President G.Vogl 
University of Vien na 
institute of Materials Physics 
Boltzmanngasse 5 
AT-1090 Vienna, Austria 
TEL/FAX +43 1 4277 513 05 / -  
EMAIL vogl@ap.univie.ac.at

Vice-President W.Kutschera
Institut für Isotopenforschung und Kernphysik
Währinger Str. 17
AT-1090 Wien, Austria
TEL/FAX +43 1 4277-51700 /+43 1 4277-9517 
EMAIL walter.kutschera@univie.ac.at

Treasurer H. Feichtinger 
Institut Fuer Experimentalphysik 
Karl-Franzens-Universitaet Graz 
Universitaetplatz 5 
AT-8010 Graz, Austria
TEL/FAX +43 316 380-5185 / +43 316 380-9816 
EM Al L he1mutfeichtînger@uni-graz.at
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Belarus
Belarusian Physical Society
Secretary E.A. Ershov-Pavlov 
Institute of Molecular and Atomic Physics 
National Academy of Sciences of Belarus 
70, F. Skaryna Ave.
BY-220072 Minsk, Belarus
TEL/FAX +375 172 84 09 54 / +375 172 84 00 30
EMAIL ershov@imaph.bas-net.by

President P.A. Apanasevich
B.l. Stepanov Institute Of Physics
National Academy Of Sciences Of Belarus
70, F. Skaryna Ave
BY-220072 Minsk, Belarus
TEL/FAX +375 172 84 06 54 / +375 172 39 31 31
EMAIL ifanbel@ifanbekbas-netby

Vice-Presidents
V.M.Anischik, Belarussian State University 
TEL+375 172 066001 (-2066190)
N.M.OIehnovich, National Academy of Sciences of 
Belarus
TEL +375 172 841203

Belgium
Belgian Physical Society
General Secretary JJngels
Belgisch Intituut voor Rulmte-Aëronomie
Institut d'Aéronomie Spatiale de Belgique
Editor Physicalia Info
Ringlaan 3
BE-l 180 Ukkel, Belgium
TEL/FAX +32 2 373 03 78/ +32 2 374 84 23
EMAiLjohan.ingels@bira-iasb.oma.be

President V .Pierrard
Institut d'Aéronomie Spatiale de Belgique 
3, Avenue Circulaire 
BE-1180, Uccle, Belgium 
email viviane.pierrard@bira-iasb.oma.be

Vice-President J. Indekeu
Katholieke Universiteit Leuven
Laboratorium voor Vaste-Stoffysica en Magnetisme
Celestijnenlaan 200d
BE-3001 Heverlee, Belgium
TEL/FAX +32 16 32 71 27/+32 16 32 79 83
EMAiLjoseph.indekeu@fys.kuieuven.ac.be

Treasurer J. Hellemans
Katholieke Universiteit Leuven
Academische Lelarenopleiding Natuurkunde
Naamsestraatôl
BE-3000, Leuven, Belgium
TEL/FAX +3216 32 42 50 / +32 16 32 42 54
EMAIL jacquelîne.he[lemans@fys,kuleuven.ac.be

Bulgaria
Union of Physicists in Bulgaria
Secretary S. lorda nova
Union of Physicists In Bulgaria
Administrative Council
5, James Bourchier Blvd
BG-1164 Sofia, Bulgaria
TEL/FAX +359 2 62 76 60 / +359 2 96 25 276
EMAIL upb@phys.uni-sofia.bg

Executive Secretary T. Popov 
Sofia University 
5 James Bourchier Blvd 
BG-1164, Sofia, Bulgaria 
TEL/FAX +359 2 81 61 880 
EMAIL tpopov@phys.uni-sofia.bg

President M. Mateev
See address of the Secretary
TEL/FAX +359 2 62 29 38 / +359 2 96 25 276
EMAIL mateev@phys.uni-sofia.bg

Vice-Presidents
l.lliev, Shoumen University, Bulgaria
EMAIL iliev@shu-bg.net
S. Saltiel, Sofia University, Bulgaria
EMAIL saltiel@phys.uni-sofia.bg
N.Tonchev, Institute of Solid State Physics, Bulgarian

Academy of Science, Bulgaria 
email tonchev@issp.bas.bg

Treasurer
S. Saltiel, Sofia University, Bulgaria 
email saltiel@phys.uni-sofia.bg

Croatia
Croatian Physical Society 
Secretary L Bistricic
Faculty of Electrical Engineering and Computing 
Department of Applied Physics 
Unska 3
HR-10000, Zagreb, Croatia
TEL/FAX+385 1 6129 622/+385 1 6129 605
EMAIL lbistric@cedrus.cc.fer.hr

President G. Pichler
Institute of Physics
Bijenicka Cesta 46
HR-10000 Zagreb, Croatia
TEL/FAX +385 1 469 8888 / +385 I 469 8889
email pichler@ifs.hr

Vice-President M.Jaksic 
Institut "Rudjer Boskovic”
Bijenicka Cesta 54
HR-10000, Zagreb, Croatia
TEL/FAX +385 1 468 09 42 / +385 1 468 02 39
email jaksic@irb.hr

Treasurer RBeuc
Institut Za Fiziku
Bijenicka Cesta 46
HR-10000, Zagreb, Croatia
TEL/FAX +385 1 469 88 52 / +385 1 469 88 89
EMAIL beuc@ifs.hr

Czech Republic
Czech Physical Society
Administrative Secretary A. Bernathova 
Czech Physical Society 
Na Slovance 2
CZ-182 21, Prague 8, Czech Republic 
TEL/FAX +420 266 052 910 / - 
EMAIL cieply@ujf.cas.cz

General Secretary A.Cieply
Nuclear Physics Institute ASCR
CZ-250 68, Rez near Prague, Czech Republic
TEL/FAX +420 266 173 284 / +420 220 940 165
EMAIL cieply@ujf.cascz

President J. Dittrich 
See address of the General Secretary 
TEL/FAX +420 220941 147/+420 220 941 130 
EMAIL dittrich@ujf.cas.cz

Vice-Presidents
D. Slavinska, Charles University, Prague, Czech 
Republic
EMAILslavinsk@mbox.troja.mff.cuni.cz
D. Novotny, University of J.EPurkyne, Usti nad Labem,
Czech Republic
EMAIL novotnyd@pf.ujep.cz

Treasurer P. Bydzovsky
Nuclear Physics Institute ASCR
CZ-250 68, Rez near Prague, Czech Republic
TEL/FAX +420 266 173 283 / +420 220 940 165
EMAIL bydzovsky@ujf.cas.cz

Accountant L.Zizkovska 
Institute of Physics ASCR 
Cukrovarnicka 10
CZ-162 53, Prague 6, Czech Republic 
EMAlLziz@fzu.cz

Denmark
Danish Physical Society
Secretary B. Andresen
University of Copenhagen
Physics Laboratory
Universitetsparken 5
DK-2100 Copenhagen, Denmark
TEL/FAX +45 35 32 04 70 / +45 35 32 04 60
EMAIL andresen@fys, ku.dk

President J.W.Thomsen 
Orsted Laboratory 
University of Copenhagen 
Universitetsparken 5 
DK-2100 Copenhagen 0 
Denmark
TEL/FAX +45 3532 0463 / +45 3532 0460 
EMAIL jwt@fys.ku.dk

Treasurer E.H. Pedersen 
University of Aarhus 
Institute of Physics and Astronomy 
EMAIL horsdal@ifa.au.dk

Estonia
Estonian Physical Society 
Secretariat
Estonian Physical Society 
Tahe4
EE-51010 Tartu, Estonia
TEL/FAX +372 7 428182 / +372 7 383033
EMAIL efs@fi.tartu.ee

President A. Kikas 
University of Tartu 
Institute of Physics 
Rfia 142
EE-51014Tartu, Estonia
TEL/FAX +372 7 428182 / +372 7 383033
EMAIL Arvo.Kikas@ut.ee

Vice-Presidents

LKihk, University of Tartu, Estonia 
TEL/FAX +372 7 428886 / +372 7 383033 
EMAIL llmar.Kink@ft.tartu.ee

P.Suurvarik,Tallinn Universityof Technology, Estonia 
TEL/FAX +372 6203000 / +372 6202020 
EMAIL spaul@edu.ttu.ee

Treasurer P.Tenjes 
University of Tartu 
Tähe 4
EE-51010Tartu,Estonia
TEL/FAX +372 7 375576/ +372 7 375570

Finland
Finnish Physical Society
General Secretary E. Hänninen
Universityof Helsinki
Finnish Physical Society
FI-00014 Helsinki, Finland
TEL/FAX +358 9 191 50523 / +358 9191 50553
email finphys@helsinki.fi

President T. Ramala
Tampere University ofTechnology
Department Of Physics
FI-33101,Tampere, Finland
TEL/FAX +358 3 3115 4226 / +358 3 3115 2600
EMAIL tapio.rantala@tut.fi

Vice-President K. Hämäläinen 
Department of Physical Sciences 
Division of X-ray Physics 
P.O. Box 64
FIN-00014 Helsinki, Finland
TEL/FAX +3589 191 50640/+358 9 191 50610
EMAIL Keijo.Hamalainen@helsinki.fi

France
French Physical Society
Secretary V. Lemaitre 
Société Française De Physique 
33 rue Croulebarbe
FR-75013, Paris, France
TEL/FAX +33 1 44 08 67 13 / +33 1 44 08 67 19 
EMAIL sfp@sfpnet.org

General Secretary J Vannimenus 
Ecole Normale Superieure 
Laboratoire de Physique Statistique 
24 rue Lhomond 
FR-75231,Paris Cedex 05, France 
TEL/FAX +33 1 44 32 37 62 
EMAIL jean.vannimenus@ens.fr
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President E.Brezin
Ecole Normale Supérieure
Département de Physique
24 rue Lhomond
FR-75231, Paris Cedex 05, France
TEL/FAX +33 1 44 32 34 95 /+33 1 47 07 13 99
EMAIL brezin@physique.ens.fr

Vice-President R. Maynard 
CNRS-UJF 
Physique Numérique 
BP166X
F-38042 Grenoble Cedex
TEL/FAX +33 4 76 88 10 19 /  +33 4 76 88 79 81
EMAILRoger.Maynard@grenoble.cnrs.fr

Treasurer J. Le Duff
Laboratoire de L'accélérateur Linéaire
FR-91898, Orsay Cedex, France
TEL/FAX +33 1 64 46 84 30 /  +33 1 69 0714 99
EMAIL Ieduff@lal.in2p3.fr

Georgia

Georgian Physical Society
Secretariat N. Kevlishvili 
Institute of Physics 
Georgian Academy of Sciences 
6Tamarashvili Str.
GE-380077 Tbilisi, Georgia 
TEL/FAX +995 32 395626 /- 
EMAIL kev@iph.hepi.edu.ge

President J.L.Chkareuli 
institute of Physics 
GE-380077 Tbilisi, Georgia 
TEL/FAX +995 32 395626 /  - 
EMAIL jlc@physics.iberiapac.ge

Vice-Presidents
A.Gerasimov,Tbilisi State University,Georgia 
Z. Saralidze, Georgian Academy of Sciences, Georgia

Germany

German Physical Society 
Secretariat G.Tschäge 
Deutsche Physikalische Gesellschaft E.V. 
Magnus-Haus
Am Kupfergraben 7
DE-10117, Berlin, Germany
TEL/FAX+49 30 20 1748 -  0/+49 30 201748-50
EMAIL magnus@dpg-physik.de

General Secretary V. Haeselbarth 
Deutsche Physikalische Gesellschaft E.V. 
Hauptstrasse 5
DE-53604,Bad Honnef, Germany 
TEL/FAX +49 2224 923 20 / +49 2224 92 32 50 
EMAIL dpg@dpg-physik,de

President R. Sauerbrey 
UniversitätJena
Institut Für Optik Und Quantenelektronik
Max-Wien-Platz 1
DE-07743, Jena, Germany
TEL/FAX+49 3641 947 200/+49 3641 947202
EMAIL sauerbrey@ioq.uni-jena.de

Vice-President D. Basting 
Lambda Physik Gmbh 
Hans-Böckler Str. 12 
DE-37079 Göttingen, Germany 
TEL/FAX +49 551 6938 100 / 6938 104 
EMAIL basting@lambdaphysik.com

Treasurer H. Bechte
Stiftung Caesar
Friedensplatz 16
DE-53111, Bonn, Germany
TEL/FAX +49 228 9656105 / +49 228 9656 111
EMAIL bechte@caesar.de

Greece

Hellenic Physical Society
Secretariat M. Kazangi 
Hellenic Physical Society
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6 Grivaion Str.
GR-106 80 Athens, Greece 
TEL/FAX +30 1 765 56 26 / -

General Secretary S.Vanikioti 
Hellenic Physical Society,Greece

Contact A. Angelopoulos 
EMAIL angel@phys,uoa.gr

President G. Papadopoulos 
See address of the Secretariat 
TEL/FAX+30 1 72341 00/361 0690

Vice-Presidents
P. Phildissis, Hellenic Physical Society, Greece 
S.Tsitomeneas, Hellenic Physical Society, Greece

Treasurer K. Panourgias 
Hellenic Physical Society, Greece

Hungary
Roland Eotvos Physical Society
Secretariat M. Nagy
ELFT
FÖU.68
Pf.433
HU-1371, Budapest, Hungary 
TEL/FAX+36 1 201 8682 
EMAIL mail.elft@mtesz.hu

Secretary General G.Szabo 
University of Szeged
Department of Optics & Quantum Electronics 
DomTér9
HU-6720, Szeged, Hungary
TEL/FAX +36 62 544 272 / +36 62 544 658
EMAIL gszabo@sol.cc.u-szeged.hu

Deputies Secretary General
K. Härtlein,T U Budapest, Department of Physics, 
Budapest, Hungary
email hartlein@cik.bme.hu
L. Kotek, University of Pécs, Department of General 
Physics, Pecs, Hungary
EMAIL kotek@fizika.ttk.pte.hu
A. Mester, Diosgyör High School,Miskolc, Hungary
EMAIL xkibandiàgold.uni-miskolc.hu
S. Ujvari, K. Lanczos High School, Székesfehérvar,
Hungary
EMAIL ujvari@mail.datatrans.hu

President J. Németh
Eötvös University
Department ofTheoretical Physics
Pazmany P. Setany 1 /A
HU-1117, Budapest, Hungary
TEL/FAX+36 1 209 0555 (Ext. 6121 ) /+36 1 3722509
EMAIL nemeth@dnj.elte.hu

Vice-Presidents
A. Kovach, Institute of Nuclear Research (Atomki), 
Hungarian Academy of Sciences, Debrecen, Hungary 
EMAIL kovach@atomki.hu 
A. Patkos, Eötvös Lorand University of Sciences, 
Department of Atomic Physics, Budapest, Hungary 
EMAIL patkos@hector.elte.hu 
K Papp, University of Szeged, Department of 
Experimental Physics,Szeged, Hungary 
EMAIL pkat@physx.u-szeged.hu

Iceland

Icelandic Physical Society
Secretary G. A. Saevarsdottir 
Department of Engineering 
University of Iceland 
EMAIL gudrunsa@hi.is

President Ö. Helgason 
Science institute 
University of Iceland 
Dunhagi 3
15-107 Reykjavik, Iceland
TEL/FAX +354 5254800/+354 5528911
EMAIL ornh@hi.is

Treasurer H. Bjornsson 
National Meteorological Institute 
EMAIL halldor@vedur.is

Contact A.OIafson, Science Institute, University, of 
Iceland
TEL/FAX+354 5254800/+354 5528911 
email ario@raunvis.hi.is

Ireland

Royal Irish Academy 
Secretariat S. Breath nach 
Programme Manager 
Physical Sciences Committee 
Royal Irish Academy 
19 Dawson Street 
Dublin 2, Ireland
TEL/FAX +353 1 676 2570 or 638 0919 /+3S3 1 676 2346 
email 5.breathnach@ria.ie

Secretary C. Dainty 
Department of Experimental Physics 
National University of Ireland 
Galway, Ireland 
EMAIL c.dainty@nuigalway.ie

Chairman M. Hopkins
Physics Department
Dublin City University
Glasnevin
Dublin 9,lreland
email mike.hopkins@dcu.ie

Vice-Chairman J. Boland
Chemistry Department 
Trinity College Dublin 
Dublin 2, Ireland 
EMAIL jboland@tcd.ie

Israel

Israel Physical Society
Secretary T.Ben-Gai 
HEMDA
Center for Science Education 
7 HaPardess St.
Tel Aviv 64245, Israel
TEL/FAX+972 3 5233111 /+972 3 5231120 
EMAIL bengai@hemda.org.il

President E. Ben-Jacob
School of Physics and Astronomy, Sackler Faculty of
Exact Sciences
Tel-Aviv University
IL-69978Tel Aviv, Israel
TEL/FAX +972 3 6425 787 /  +972 3 6422 979
email eshel@albert.tau.ac.il

Vice-President J. Adler 
Department of Physics 
Technion 
Haifa 32000, Israel
TEL/FAX +972 4 8293937 /  +972 4 8221514
EMAILphr76ja@techunix.technion.ac.il

Treasurer N. Savin
Ramat HaSharon, Israel
TEL/FAX +972 2 5603610 /+972 2 5603596
EMAIL ntsavin@mail.biu.ac.il

Italian Physical Society
Secretariat B.AIzani 
Società italiana di Fìsica
Via Saragozza 12
IT-40123 Bologna, Italy
TEL/FAX+39 051 33 1554/+39051 581340
EMAILsif@Sif.it

President G.F. Bassani 
See address of the Secretariat

Vice-President L Cifarelli 
Università'di Salerno, Italy

Honorary President R.A. Ricci 
Laboratori Nazionali di Legnaro (INFN), Italy
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Latvia

Latvian Physical Society
Secretariat 0. Docenko 
University of Latvia 
Department of Physics 
Zellu Str.8 
LV-1002 Riga, Latvia 
TEL/FAX +371 7033 793/- 
EMAIL odocenko@latnet.lv

President I.Drikis 
University of Latvia
Department of Physics 
Zellu Str.8-F341 
LV-1002 Riga, Latvia
TEL/FAX+371 9467244/+371 7033 7S1 
email lvars.Drikis@lu.lv

Vice-President I. Bersons 
University of Latvia
Institute of Atomic Physics and Spectroscopy
Skunuiela4
LV-1002 Riga, Latvia
TEL/FAX+371 7229 7477-
EMAIL bersons@latnet.lv

Lithuania

Lithuanian Physical Society 
Secretariat
Lithuanian Physical Society
Lietuvos Fiziku Draugija
A.Gostauto 12
LT-Q1108 Vilnius, Lithuania
TEL/FAX +370 5 262 0668 /  +370 5 212 5361
EMAIL lfd@itpa.lt

Secretary A. Bernotas 
Vilnius University
Research institute ofTheoretical Physics and 
Astronomy
A.Gostauto 12
LT-01108, Vilnius,Lithuania
EMAIL bernotas@itpa.lt

President Z.R. Rudzikas
Lithuanian Academy of Sciences
GediminoAve.3
LT-01103 Vilnius, Lithuania
TEL/FAX +370 5 2613 651 /+370 5 2124694
EMAIL tmkc.plls@wllb.lt

Treasurer R. Sadzius
Vilnius University, Lithuania 
EMAIL sadzius@delfi.lt

Vice-Presidents
J.Vaitkus,Vilnius University, Lithuania 
EMAILjuozas.vaitkus@ff.vu.lt 
S.AsmontasS tate Institute of Semiconductor Physics 
of Lithuania
email asmontas@uj.pfi.lt

Republic of Macedonia

Physics Society of the Republic of Macedonia 
Secretariat
Society of Physicists of Macedonia 
Institute of Physics 
St. Cyril and Methodius University 
MK-91000 Skopje, Macedonia 
TEL/FAX +389 9111 70 55 /  22 81 41 
EMAIL fizmak@iunona.pmf.ukirn,edu.mk

Secretary N.Stojanov
Faculty of Natural Sciences and Mathematics,
Macedonia

President M. Ristova 
University of Skopje 
Physics Department 
P.O.Box 162 
Skopje, Macedonia
TEL/FAX +41 22 785 17 00 /+41 22 782 94 18 
email mristova@iunona-pmf.ukim.edu.mk
Treasurer A.Kanevce 
Department of Physics, Macedonia

Republic of Moldova

Moldovan Physical Society

Secretariat M.Timoshinina 
Center LISES - Academy of Sciences 
Institute of Applied Physics 
3/3 Academy Street
MD-2028 Chisinau, Republic of Moldova 
TEL/FAX 373 2 739 033 /  373 2 739 068

General Secretary E.Condrea 
Academy of Sciences 
Center LISES - Institute of Applied Physics 
3/3 Academy Street
MD- 2028 Chisinau, Republic of Moldova 
TEL/FAX 373 2 739 033 / 373 2 739 068
EMAIL condrea@lises.asm.md

President V.Kantser 
Academy of Sciences of Moldova 
institute of Applied Physics 
5 Academy Street
MD-2023 Chisinau, Republic of Moldova 
TEL/FAX +373 2 739060/+373 2 739068 
EMAIL kantser@lises.asm.md

Vice-Presidents
Ueru, Moldavian State University, Chisinau 
TEL/FAX 373 2 577 590 
EMAIL geru@usm.md

■ I.Tighineanu, Moldavian Technical University, Chisinau 
TEL/FAX 373 2 235 459 
EMAIL tiginyanu@yahoo.com

Treasurer S.Carlig
Moldavian State University
60a Mateevici Street
MD-2009 Chisinau, Republic of Moldova
TEL/FAX 373 2 272 917
EMAIL carlig@usm.md

The Netherlands
The Netherlands' Physical Society 
Secretariat A. Jedes
Nederlandse Natuurkundìge Vereniginy - NNV 
P.O.Box 3140
NL-3502 Utrecht,The Netherlands
TEL/FAX+31 (0)30 2844586/+31 (0)302844501
EMAIL a.jelles@nnv.nl

Secretary EW.A. Lingeman 
c/o NIKHEF.The Netherlands 
IMAILed@nikhef.nl

President H. E. A. van den Akker 
Kramers Laboratorium, Prins Bernardlaan 6 
NL-2623 BW Delft The Netherlands 
TEL/FAX +31 15 2781400/27 82 838 
EMAIL vdakker@klft.tn.tudelft.nl

Treasurer J.Konïjn 
NIKHEF.The Netherlands 
EMAIL j.konijn@nikhef.nl

Norway
Norwegian Physical Society 
Secretary H.Bruvoll
Department of Physics, University of Oslo 
POB1048
N-0316 Oslo, Norway
TEL/FAX .-47 22 85 64 29 / 22 85 64 22
EMAIL heidlb@fys.uio.no

President A. Borg 
NTNU
Institut of Physics
NO-7491 Trondheim, Norway
TEL/FAX +47 73 59 50 00 /  +47 73 59 53 10
EMAIL anne.borg@phys.ntnu.no

Poland

Polish Physical Society
Secretariat K. Zakowicz 
Polish Physical Society 
Main Board 
Ul.Hoza69
PL-00-681 Warsaw, Poland

TEL/FAX +48 22 621 26 68 / +48 22 621 26 68
EMAIL ptf@fuw.edu.pl

Secretary General H.Bialkowska 
Institute for Nuclear Studies 
High Energy Physics Department 
Ul. Hoza 69
PL-00-681 Warsaw, Poland
TEL/FAX +48 22 553 2234 / +48 22 621 2804
EMAIL Helena.Bialkowska@fuw.edu.pl

President M. Kolwas
Polish Academy of Sciences, Institute of Physics
International Postgraduate Studies
al.Lotnikow 32/46
PL-2668 Warsaw. Poland
TEL/FAX +48 22 847 09 17 / +48 22 843 09 26
EMAIL kolwas@ifpan.edu.pl

Vice-Presidents
KXhalasinska-Macukow, Warsaw University. Poland 
EMAIL kmacukow@mimuw.edu.pL 
R. Kulessa, Jagiellonian University, Poland 
email kulessa@if.uj.edu.pl

Treasurer M. Kowalski
Warsaw University of Technology, institute of Physics 
EMAIL marko@if.pw.edu.pl

Portugal
Portuguese Physical Society
Secretariat M J. Coucefro da Costa 
Sociedade Portuguesa de Fìsica 
Av. da Repubiîca, 37-4°
PT-1050-187, Lisboa, Portugal
TEL/FAX +351 217 993 665 / +351 217 952 349
email mjose@spf.pt

President J.D. Urbano 
Universidade de Coimbra 
Departamento de Fisica 
Rua Larga
PT-3004-516, Coimbra, Portugal 
TEL/FAX+351 39 410 600/- 
EMAIL urbano@teor.fis.uc.pt

Vice-Presidents
V. Amaral, Universidade de Aveiro, Portugal 
EMAIL vamaral@fis.ua.pt 
A. Barroso, Universidade de Lisboa, Portugal 
EMAIL barroso@cii.fc.ul.pt

Treasurer A. Pedro de Jesus 
Faculdade de Ciencias e Tecnologia 
Universidade Nova de Lisboa 
Departamento de Fisica 
Quinta da Torre
PT-2825-114 Monta da Caparica 
TEL/FAX +351 294 8576/+351 212 948549 
email apjesus@cii.fc.ul.pt

Romania
Romanian Physical Society
Secretariat M. Oancea
Institute of Physics and Nuclear Engineering - IPNE 
Editorial Office (Redactia)
P.O. Box MG-6
Bucharest (Magurele),Romania 
TEL/FAX +40 21 4042 355 
email moancea_rip@yahoo.com

General Secretary D.Grecu 
Polytechnic University, Romania 
EMAIL dgrecu@theor1 .theory.nipne-ro

President A. Calboreanu 
Tandem Laboratory
Institute of Physics and Nuclear Engineering 
POB MG-6, R-Bucharest-Magurele, Romania 
TEL/FAX +40 21 4042 300 Ext.4306 / + 40 21 4574 493 
EMAIL calbo@ifin.nipne.ro

Vice-President V. Grecu 
Faculty of Physics, Romania 
email vvgrecu@olimp.fiz.infim.ro
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Russia

United Physical Society of the Russian 
Federation
Secretary A. P. Kovaleva
National Committee of Russian Physicists
General Physics & Astronomy Dept.
Russian Academy of Sciences 
32 a, Leninsky Prospect 
RU-117993 Moscow, Russia 
TEL/FAX +7 095 938 54 54 / 938 1714 
email alina@gpad.ac.ru

Secretary General V.A.Zayats 
See address of the Secretariat 
TEL/FAX +7 095 938 5500 / 9381714 
EMAILzayats@gpad.ac.ru

President L.V. Keldysh
See address of the Secretariat
TEL/FAX +7 095 938 5454/9381714
EMAIL keldysh@gpad.ac.ru

Vice-President S.N. Bagayev
Siberian Branch of the Russian Academy of Sciences,
Russia
EMAIL bagayev@laser.nsc.ru

Serbia and Montenegro

Physical Society of Serbia and Montenegro 
Secretariat
Physical Society of Serbia and Montenegro
Pregrevica 118
YU-11080, Beograd-Zemun, Serbia and Montenegro 
TEL/FAX+381 11 3160 260 ext.166/+381 11 3162190 
EMAIL jdf@phy.bg.ac.yu or yps@phy.bg.ac.yu

Secretary S. Prvanovic
See address of the Secretariat
TEL/FAX+381 11 3160 260 ext.177/+381 3162 190
EMAIL prvanovic@phy.bg.ac.yu

President M.M. Popovic
See address of the Secretariat
TEL/FAX+381 11 3160 598/+381 11 3160 531
EMAIL marko@phy.bg.ac.yu

Vice-Presidents
I. Savie, see address of the secretariat 
TEL/FAX+381 11 3160 260/+381 113162190
P. Miranovic, University of Montenegro, Podgorica 
TEL/FAX +381 81 245 309/+381 81 244 608 
email pedjam@dell.pmf.cg.ac.yu

Slovakia

Slovak Physical Society
Secretariat
Slovak Physical Society 
Dubravska Cesta 9 
SK - 245 27-BR-45 
Bratislava, Slovak Republic 
EMAIL sfs@savba.sk

Secretary General D. Krupa 
SlovakAcademy of Sciences 
Institute of Physics 
Dubravska Cesta 9 
SK-845 11-BR-45 
Bratislava, Slovakia
TEL/FAX+421 25941 0514/+421 254776085 
EMAIL fyzikrup@savba.sk

President J. Stanicek
Faculty of Mathematics, Physics and Informatics
Comenius University
Mlynska Dolina
SK-84215 Bratislava, Slovakia
TEL/FAX +421 2 6029 5454/ +421 2 6542 5882
EMAIL stanicek@fmph.uniba.sk

Vice-President M. Reiffers
Institute of Experimental Physics
Watsonova 47
SK-043 53, Kosice, Slovakia
TEL/FAX +421 55 622 8158 / +421 55 633 6292
EMAIL reiffers@saske.sk

Treasurer J. Bohacik

Slovak Academy of Sciences 
Institute of Physics
Bratislava, Slovakia 
EMAIL bohacik@savba.sk

Slovenia

Society of Mathematicians, Physicists and 
Astronomers of Slovenia
Secretariat J. Krusic 
Department of Mathematics
University of Ljubljana 
Jadranska 19
SI-1000 Ljubljana, Slovenia 
TEL/FAX +386 1 476 65 59 /12517281

Secretary J. Krusic 
See address of Secretariat

President Z.Trontelj 
See address of Secretariat 
TEL/FAX +386 1 476 65 82/12517281 
EMAIL zvonko.trontelj@fiz.uni-lj.si

Vice-President I.Musevic 
University of Ljubljana, Slovenia

Treasurer A Jaklic 
University of Ljubljana,Slovenia

■ Spain

Spanish Royal Society of Physics
Secretariat C.Z. Exposito
Real Sociedad Espanola de Fisica
Facultad de Ciencias Fisicas
Universidad Complutense de Madrid
ES-28040 Madrid, Spain
TEL/FAX +34 1 394 43 59 - +34 1 394 43 61 /
+34 1 5433879 
EMAIL rsef@fis.ucm.es

Secretary General A. Dobado Gonzalez 
Departamento de Fisica Teorica 
Facultad de Ciencias Fisicas 
Universidad Complutense de Madrid
ES-28040 Madrid, Spain 
email dobado@fis.ucm.es

President G. Delgado Barrio
Institute de Fisica Fundamentale
Serrano 123-CSIC
ES-28006 Madrid, Spain
TEL/FAX +34 9 1 585 51 96 /  +34 9 1 585 53 98
EMAIL gerardo@imaff.cfmac.csic.es

Vice-Presidents
A, Ferrer Soria, IFIC-Universidad de Valencia, Burjassot 
(Valencia),Spain
EMAIL antonio.ferrer@ific.uv.es 
J. M. Fernandez de la Bastida, Universidad de Santiago 
de Compostela, Spain 
EMAIL labasti@fpaxpl.usc.es

Treasurer V.R.Velasco Rodriguez 
Institute de Ciencias de Materiales,
Cantoblanco (Madrid), Spain 
EMAIL vrvr@icmm.csic.es

S w e d e n

Swedish Physical Society
Secretariat
Swedish Physical Society 
Manne Siegbahn Laboratory 
Frescativägen 24 
S-10405 Stockholm, Sweden 
EMAIL kansliet@fysikersamfundet.se

Secretary H. Danared
Manne Siegbahn Laboratory
Frescativägen 24
SE-104 05, Stockholm,Sweden
TEL/FAX +46 8161 038 /+46 8 158 674
EMAIL danared@msl.se

President B.Jonson
Chalmers University of Technology and Göteborg 
University
Department of Experimental Physics

SE-412 96, Göteborg, Sweden
TEL/FAX+46 31 772 32 62/+4631 7723269
EMAIL bjn@fy.chalmers.se

Treasurer K.G. Rensfelt
Stockholm University,Manne Siegbahn Laboratory, 
Sweden
EMAIL rensfelt@msl.se

Switzerland

Swiss Physical Society
Secretariat S. Albietz 
Swiss Physical Society 
SPG Büro 
Universitaet Basel
Institut für Physik
Klingelbergstrasse 82
CH-4056 Basel, Switzerland
TEL/FAX+41 61 267 36 8 6 /+41 61 2673784
EMAIL sps@unibas.ch

Secretary B. Braunecker 
Leica Geosystems AG
CTC System Modeling & Optics Dev.
CH-9435 Heerbrugg, Switzerland
TEL/FAX+41 71 727 35 7 7 /+41 71 726 5577
EMAILbernhard.braunecker@leica-geosystems.com

President J.Ph. Ansermet
EPFL-IPEEcublens
Institut de Physique Expérimentale
CH-1015 Lausanne, Switzerland
TEL/FAX +41 21 693 33 39/+41 21 693 3604
EMAIL jean-philippe.ansermet@epfl.ch

Vice-President A. Züttel 
Département de Physique 
Université de Fribourg 
Pérolles
CH-1700 Fribourg, Switzerland
TEL/FAX +41 26 30090 86/+41 26300 9747
EMAIL andreas.zuettel@unifr.ch

Treasurer T.Gyalog
Universität Basel, Institut für Physik, Pharmazentrum, 
Switzerland
EMAIL tibor.gyalog@unibas.ch

Turkey
Turkish Physical Society 
Secretary General L.Amon
Istanbul University
Department of Physics, Nuclear Physics Division 
Faculty of Sciences
TR-34459,Vezneciler - IstanbufTurkey 
TEL/FAX +90 212 455 5700 (15504) /  +90 519 0834
EMAIL lidyamon@istanbul.edu.tr

President B. Akkus
See contact details of the Secretary General
EMAIL akkus@istanbul.edu.tr

Vice-President M.C.Akyolcu 
Istanbul University 
Biophysics Division 
Cerrahpasa Faculty of Medicine 
TR-lstanbul,Turkey
TEL/FAX +90 212 5299941 / +90 212 5299942 
EMAIL akyolcu@istanbul.edu.tr

Treasurer Elnce
See contact details of the Secretary General
EMAIL elifince@istanbul.edu.tr

Ukraine

Ukrainian Physical Society
Executive Secretary C.V, Usenko 
Taras Shevchenko National Kyiv University 
Faculty of Physics 
Academic Glushkova Ave.6 
UA-3680 Kyiv, Ukraine
TEL/FAX +380 44 266 3060 /  +380 44 266 4036
EMAIL usenko@phys.univ.kiev.ua

President 1.0. Vakarchuk
Ivan Franko National University of Lviv
Department ofTheoretical Physics
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I,UniversitetskaStr.
UA-79000 Lviv, Ukraine
TEL/FAX+380 322 741262/+380 322 97 1668
EMAIL presiden@ups.kiev.ua

Vice-Presidents
V.G. Litovchenko, National Academy of Sciences of 
Ukraine, Kiev,
EMAIL lvg@div9.semicond.kiev.ua
S.G. Nedelko.Kyiv University, Faculty of Physics,
Ukraine
EMAIL nedelko@ups.kiev.ua
V.M.Shulga, National Academy of Sciences of Ukraine, 
EMAIL Kharkov,Ukraine shulga@rian.kharkov.ua
J. M.Stakhira, Lviv University, Faculty of Physics, 
Ukraine
EMAIL stakhira@wups.kiev.ua

United Kingdom

The Institute of Physics
Secretariat
The Institute of Physics
76 Portland Place
UK-W1B1NT, London, England
TEL/FAX +44 20 7470 4800 / +44 20 7470 4848
EMAIL physics@iop.org

Chief Executive J. King
See contact details of the Secretariat
EMAlLjulia.king@iop.org

President
D. Wallace (to 30/9/04)
Sir J. Enderby (from 1 /10/04)
See contact details of the Secretariat 
email physics@iop.org

Contact P. Melville
See contact details of the Secretariat 
EMAIL peter.melville@iop.org

Honorary Treasurer J. A. Scott 
University College, Physics Department 
IRL-Dublin 4, Belfield, Ireland 
TEL/FAX +353 1 706 1681 /+353 1 26928366
EMAIL tony.scott@ucd.ie

ASSOCIATE MEMBERS

BESSY GmbH
Head of Administration
Th. Frederking
Albert-Einstein-Str.15
DE-12489 Berlin,Germany
TEL/FAX +49 03 0 6392 2999 /  +49 030 6392 2990

CEA Saclay
Mrs Gillot
FR-91191 Gif-sur-Yvette Cedex, France 
TEL/FAX +33 1 69 08 24 73 / +33 1 69 08 3816

CERN
M. Metzger
CH-1211 Geneva 23, Switzerland 
TEL/FAX+41 227672414/+41 22767 6760 
email Maximilian.Metzger@cern.ch

CNR
Consiglio Nazionale delle Ricerche 
Dipartimento per le Attivita Internazionali 
Servîzion I sezione 'Organismi Intemazionali' 
Piazzale Aldo Moro 7 
IT-00185 Roma, Italy
TEL/FAX +39 064993 2057 -  3170 /  +39 064993 290S
EMAIL v.codanunziante@dai.cnr.i

DESY
Directorates Office
Notkestrasse85
DE-22603 Hamburg, Germany
TEL/FAX +49 40 89 98 3100 /  +49 40 89 98 3282

DLR
DLR
German Aerospace Center
Linder Hoehe
D-51170 Köln, Germany
TEL/FAX +49 2203 6010 /+492203 67310
email sigmar.wittig@dlr.de

EDP Sciences
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J.P.Hurault
17, avenue du Hoggar 
BP 112, PA de Courtaboeuf 
F-91944 Les Ulis Cedex A, France 
TEL/FAX +33 1 6918 75 75 /  +33 1 69 28 84 91 
EMAIL hurault@edpsciences.org

EFDA-JETS
K1-1-96
J. Pamela, Head
EFDA Close Support Unit
Culham Science Centre
Abingdon, Oxon,0X14 3DB, United Kingdom
TEL/FAX +441235 46 4400 / +44 1235 46 4415
EMAILjerome.pamela@jet.efda.org

EPFL-CRPP
Association EURATOM - Confédération Suisse
CRPP-EPFLPPB
Prof.M.Q.Tran
CH-1015, Lausanne, Switzerland 
TEL/FAX+41 21 603 5474/+41 21 693 5176 
EMAIL minhquang.tran@epfl.ch

EPFL-Ecublens - IPE
J. P. Ansermet 
Département de Physique 
CH-1015, Lausanne, Switzerland
TEL/FAX +41 21 693 33 39/+41 21 693 3604
EMAIL jean-phi!ippe.ansermet@epfl.ch

ESA
D. Southwood
Director of Scientific Programme
8-10. rue Mario Nikis
FR-75738 Paris Cedex 15, France
TEL/FAX +33 1 53 69 71 07 /  +33 1 53 69 72 36
EMAIL David.Southwood@esa.int

ESRF
W.G. Stirling 
BP 200
FR-38043 Grenoble Cedex, France 
TEL/FAX +33 4 76 88 20 30 / +33 4 76 88 24 18 
email stirling@esrf.fr

FNRS
E. Kokkelkoren 
Conseillère FNRS/CREF 
5 rue d’Egmont
B-1000, Bruxelles, Belgium
TEL/FAX +32 2 504 93 00 /+32 2 5140006
email Kokkelkoren@cref.be

FOM
K.H. Chang 
Postbus 3021
NL-3502 GA, UTRECHT, Netherlands 
TEL/FAX +3130 6001226 / +31 30 601 4406 
EMAIL hans.chang@fom.nl

Forschungszentrum Jülich GmbH
J. Treusch
Head of the Board of Directors
DE-52425 Jülich, Germany
TEL/FAX +492461 61 3000/+49 2461 61 2525
EMAILj.treusch@fz-juelich.de

GSI
Wissenschaftlicher Direktor
Postfach 11 05 52
DE-64220 Darmstadt,Germany
TEL/FAX +49615971 0/+49615971 2785

Hahn-Meitner-lnstitut Berlin GmbH (HMI)
M. Steiner
Scientific Director
GlienickerStr.100
DE-14109 Berlin, Germany
TEL/FAX +49 30 8062 2762 / +49 30 8062 2047
EMAIL steiner@hmi.de

IFE -  Institutt for Energiteknikk
K.H. Bendiksen 
Managing Director 
PO Box 40
NO-2007, Kjeller, Norway
TEL/FAX +47 63 80 6000/ +47 63 81 6356
EMAIL bendiksen@ife.no

ILL -  Institut Max von Laue-Paul Langevin
CJ. Cadile 
Director
6. rue Jules Horowitz 
FR-38042 Grenoble Cedex 9, France

TEL/FAX +33 4 7 6 2 0 71 00 / +33 4 76 96 11 95
email carlile@ill.fr
IMEC - Interuniversity Micro-Electronics Entre
G. Declerck 
Kapeldreef 75
B-3001 Leuven, Belgium
TEL/FAX+32 16 28 12 11 / +32 16 22 94 00

INFN - Istituto Nazionale di Fisica Nucleare
E.larocci 
CP56
IT-00044, Frascati, Italy
TEL/FAX +39 06 940 35 73 / +39 06 940 35 82
EMAIL iarocci@inf.infn.it

Institut "Jozef Stefan"
V.Turk 
PO Box 3000 
Jamova39
SI-1001 Ljubljana, Slovenia
TEL/FAX +386 T 477 3900. -386 1251 9385
EMAIL vito.turk@ijs.si

IOP Publishing Ltd
Dirac House 
Temple Back 16
BrîstoIBSI 6BE,United Kingdom
TEL/FAX +44 117 929 74 81 / +44 117 925 19 42
EMAIL kurt.paulus@ioppublishing.co.uk

JINR - Joint Institute for Nuclear Research
V.Kadyshevsky
Director
RU-141980, Dubna-Moscow, Russia 
TEL/FAX +7 09621 62 243 / +7-095 975 23 81 
EMAIL kadyshev@jinr.ru

MPI -  Max-Planck Insitut fuer 
Festkoerperforschung
C. Irslinger
Postfach 80 06 65
D-70506, Stuttgart, Germany
TEL/FAX +49 711 689 0 / +49 711 689 - 1010
EMAIL www@fkf.mpg.de

MPI - Max-Planck-lnsitut fuer Plasmaphysik
H. -S. Bosch
Scientific and Technical Office 
Postfach 1533
D-85740, Garching, Germany
TEL/FAX +4989 3299 2112 / +49 89 3299 10O1
EMAIL bosch@ipp.mpg.de

NORDITA
P.Minhagen
Blegdamsvej 17
DK-2100, Copenhagen, Denmark 
TEL/FAX +45 31 42 16 16/+45 31 38 91 57 
EMAIL nordita@nordita.dk

PSI -  Paul Scherrer Institut
R. Eichler
CH-5232Villigen PSI, Switzerland 
TEL/FAX +41 56 3103216/+41 563102717 
EMAIL ralph.eichler@psi.ch

PTB - Physikalisch-Technische Bundesanstalt
Braunschweig und Berlin
E.O.Göbel
Postfach 33 45
DE-38023 Braunschweig, Germany 
TEL/FAX +49 531 592 1000 /  +49 531 5921005
EMAIL ernst.o.goebel@ptb.de

RISO National Laboratory
J.Kjems 
PO BOX 49
DK-4000 Roskilde, Denmark
TEL/FAX +45 4677 4601 / +45 4677 4607
EMAILdir@risoe.dk

SIA-Società Italiana Avionica
M. Panighini 
Via G. Servais 125 
IT-10146 Torino, Italy
TEL/FAX+39 11 779 48 447+39 11 72 5679
EMAIL panighini@sia-av.it;mariani@sia-av.it

Sincrotrone Trieste ScpA
M. Altarelli
S.S.14 KM.163,5 
Area Science Park
IT 34012, Basovizza-Trieste, Italy 
TEL/FAX +39 040 37581 /  +39 040 9380902

europhysics news september/ october 2004

mailto:presiden@ups.kiev.ua
mailto:lvg@div9.semicond.kiev.ua
mailto:nedelko@ups.kiev.ua
mailto:shulga@rian.kharkov.ua
mailto:stakhira@wups.kiev.ua
mailto:physics@iop.org
mailto:EMAlLjulia.king@iop.org
mailto:physics@iop.org
mailto:peter.melville@iop.org
mailto:tony.scott@ucd.ie
mailto:Maximilian.Metzger@cern.ch
mailto:sigmar.wittig@dlr.de
mailto:hurault@edpsciences.org
mailto:EMAILjerome.pamela@jet.efda.org
mailto:minhquang.tran@epfl.ch
mailto:ippe.ansermet@epfl.ch
mailto:David.Southwood@esa.int
mailto:stirling@esrf.fr
mailto:Kokkelkoren@cref.be
mailto:hans.chang@fom.nl
mailto:EMAILj.treusch@fz-juelich.de
mailto:steiner@hmi.de
mailto:bendiksen@ife.no
mailto:carlile@ill.fr
mailto:iarocci@inf.infn.it
mailto:vito.turk@ijs.si
mailto:kurt.paulus@ioppublishing.co.uk
mailto:kadyshev@jinr.ru
mailto:www@fkf.mpg.de
mailto:bosch@ipp.mpg.de
mailto:nordita@nordita.dk
mailto:ralph.eichler@psi.ch
mailto:ernst.o.goebel@ptb.de
mailto:EMAILdir@risoe.dk
mailto:mariani@sia-av.it


EMAU.elisabetta.dimitri@elettra.trieste.it

SIEMENS Building - Technologies AG
Fire and Security Products 
Alte Landstrasse 411 
CH-8708, Männedorf, Switzerland 
TEL/FAX +41 1 922 6111 /  +41 1 922 6969 
EMAIL gustav.pfister@siemens.com

SISSA
E.Boncinelli 
Via Beirut 2-4
IT-34014 Trieste, Italy
TEL/FAX +39 40 378 7581 / +39 40 378 7528 
EMAIL director@sissa.it

Université Joseph Fourier
Y.Vallee 
BP 53
FR-38041 Grenoble Cedex 09, France 
TEL/FAX +33 4 79 51 40 86/ +33 4 76 51 42 52

Université de Fribourg
Institut de Physique 
A. Weis
Chemin du Musée 3
CH-1700 Fribourg, Switzerland
TEL/FAX +41 26 300 9060/+41 26 3009747
EMAIL antoine.weis@unirr.ch

University of Geneva 
R.Fliikiger
Director Physics Section
24, Quai Ernest Ansermet
CH-1211 Geneva 4,Switzerland
TEL/FAX +41 22 702 62 40 /+41 22 702 68 69
EMAIL rene.flukiger@physics.unige.ch

University of Zurich
Universität Zurich 
Physik Institut 
H. Keller
Winterthurerstrasse 190 
CH-8057 Zurich, Switzerland 
TEL/FAX +41 1 6355 721 /+41 1 6355 704 
EMAIL keller@physik.unizh.ch

Wilhelm und Else Heraeus-Stiftung
E.Dreisigacker
Postfach 15 53
0-63405, Hanau, Germany
TEL/FAX+49 6181 923 250/+49 6181 923 2515
EMAILdreisigacker@we-heraeus-stiftung.de

RECOGNISED JOURNALS

Bulgarian Physical Society
The Bulgarian Journal of Physics

Croatian Physical Society
Fizika A 
Fizika B

Czech Republic Academy of Physics, Institute of 
Physics
Czechoslovak Journal of Physics 

EDP Sciences
Astronomy and Astrophysics (Supp.)
The European Physical Journal: Applied Physics 
The European Physical Journal B 
The European Physical Journal D 
The European Physical Journal E:Soft Matter

Education and Upbringing Publishing
Nonlinear Phenomena in Complex Systems

Elsevier Science Publishers B. V.
Computer Physics Communications 
Physica A 
Physica B 
Physica C

Estonian Academy of Sciences
Physics Mathematics

Institute of Physics Publishing
Classical and Quantum Gravity 
Combustion Theory and Modelling 
European Journal of Physics

High Performance Polymers 
Inverse Problems
Journal of Micromechanics and -Microengineering 
Journal of Optics A: Pure and Applied Optics 
Journal of Optics B: Quantum and Semidassical 

Optics
Journal of Physics A: Mathematical and General 
Journal of Physics B: Atomic,Moiecular and Optical 
Journal of Physics D: Applied physics 
Journal of Physics G: Nuclear and Particle Physics 
Journal of Physics: Condensed Matter 
Measurement Science and Technology 
Modelling and Simulation in Material Science and 

Engineering 
Nanotechnology
Network: Computation in Neural Systems 
Nonlinearity
Physics in Medicine and Biology 
Physiological measurement 
Plasma Physics and Controlled Fusion 
Plasma Sources Science and Technology 
Reports on Progress in Physics 
Semiconductor Science and Technology 
Smart Materials and Structures 
Superconductor Science and Technology 
Waves in Random Media

IOPP and the DPG
The New Journal of Physics

Istituti Editoriali e Poligrafici Internazionali
Physica Medica

John Wiley & Sons Ltd.
Advanced Materials for Optics and Electronics

Kluwer
Journal of Biological Physics

Il Nuovo Cimento
Il Nuovo Cimento B 
Il Nuovo Cimento C

Polish Academy of Sciences Si the Polish Physical 
Society
Acte Physica Polonica A 
Acte Physica Polonica B

Romanian Academy 
Romanian Journal of Physics

Royal Swedish Academy of Sciences 
Physica Scripta

SISSA
The Journal of High Energy Particle Physics

S. Hirzel Verlag
Acustica

SlovakAcademy of Sciences Institute of Physics 
Acta Physica Slovaca

Springer Verlag
Astronomy and Astrophysics 
The European Physical Journal A 
The European Physical Journal B

Taylor and Francis Ltd.
Advances In Physics 
International Journal of Electronics 
International Reviews of Physics Chemistry 
Journal of Modern Optics 
Liquids Crystals 
Molecular Physics 
Philosophical Magazine A 
Philosophical Magazine B 
Philosophical Magazine Letters

Wiley-VCH Verlag Berlin Gmbh 
Annalen der Physik

europhysics news september/october 2004

di
re

ct
or

y

mailto:EMAU.elisabetta.dimitri@elettra.trieste.it
mailto:gustav.pfister@siemens.com
mailto:director@sissa.it
mailto:antoine.weis@unirr.ch
mailto:rene.flukiger@physics.unige.ch
mailto:keller@physik.unizh.ch
mailto:EMAILdreisigacker@we-heraeus-stiftung.de


ACTIVITIES

Europe and scientific 
publications: the 
exception
Publications Commission of the French Physical Society
(D. Jérome, J.M. Raimond, X. Bouju, J.F.Joanny, B van Tiggelen)

esearch feeding off of research, its distribution and transfer 
of knowledge are crucial elements in the progress of science. 

The communication of science is certainly not lacking technical 
means. Distribution by internet is spreading, especially in devel
oping countries where it is becoming a major driving force for 
evolution. One could argue that an unchecked avalanche in the 
internet could produce uncertified and unstructured results, in 
brief, we yearn for information which will help instead of waste 
precious time.

Scientific information is in crisis: it is leaning more and more 
towards a monopoly from American publications. The origin of 
this crisis is not the emergence of the internet, nor that certain are 
tempted to oppose it to traditional printing on paper, but that a 
pernicious drift exists and is particularly harmful for all European 
countries, and even more so for developing countries. Comparing 
the impact of European versus American publications has inspired 
us to write this article. Let us keep in mind, however, that the Unit
ed States are the biggest partners with European researchers, and 
that this association, which is beneficial for both parties, is to be 
preserved and furthermore, encouraged. The problem presented 
in this article is of a different nature all together.

The important role played by the United States in the control 
and distribution of scientific information is not a new phenome
non. By the end of the 19th century, the physical society of 
America (the American Physical Society, APS) had already start
ed publishing the famous Physical Review, in a format which has 
hardly changed across the centuries, not to mention the colour of 
its cover.
European scholars, who have contributed so much scientific 
progress in the first half of the 20th century, published in nation
al journals originating from academic or learned societies. They 
did not ignore US journals in which they also submitted their 
works, which contributed approximately 4% of the articles pub
lished by the APS (during the first 90 years of Physical Review and 
Physical Review Letters -  1893/1983 (1) -  for condensed matter 
and optics).

This balance has now been broken. If we consider publications 
in letter format which have important implications and are a pre
lude to more general full length reports; the partition between 
editors in the US (APS, AIP and OSA) and editors from the EU 
(national or European scholars plus an editor from the private 
sector) is established on the basis of a ratio of 2.70 in favour of 
American editors (2).

The imbalance is even more poignant if we look at citations 
originating from the same journals, since the ratio is a factor of 4 
in favour of US journals. Has Europe become a dwarf compared 
to the United States, as far as publications go? Fortunately, this is 
far from the reality. If we look at the ratio of production (mea
sured by the number of articles published) of EU/US, we find that
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it is 0.85 in 1990, while it is over 1.13 in 2000 (according to the 
Institute of Science and Techniques in France). Out the 90,000 
articles published in the world annually in physics alone, the 
European continent contributes over 39%. It has become the 
geographical centre of science.

But then, where do all these publications go to? In 2002, the 
number of articles submitted by European authors represented 
35% of the total submissions to APS, while those from American 
authors are only 25%. These numbers confirm the trend over the 
past ten years towards an American dominance in publications (in 
physics at least). A crucial situation has arisen, in which all must 
weigh the consequences. While Europe is the leading continent for 
scientific publications, there is a considerably latent vein in the 
activity of European publications.

We also insist that pluralism is necessary not only from the 
commercial point of view, but also from the ethics point of view. 
Peer review evaluation implies some subjectivity. It is a fact that it 
does not occur in the dark. A referee knows the authors and the 
laboratories behind the publications for which he/she must give 
an opinion. The author's recognition can influence the referee's 
judgment. In a more subtle manner, the writing of the article 
(particularly the choice of citations) can be influenced by the edi
torial policies of the journal chosen by the authors. This system is 
not perfect, but no alternative has been proposed yet to replace it, 
except for absolutely no assessment as in the case of electronic 
preprints. It is therefore essential to come up with the most 
objective evaluation process possible. A variety of equally impor
tant journals must be available for authors.

We cannot say that science is declining in Europe, however, 
there does exist a definite drift in the manner in which publica
tions are handled, which is very damaging for the recognition of 
excellence in European science. American publications are more 
often than not considered more credible than European ones. 
What is the cause of this huge distortion between the scientific 
production and the distribution of information?

One of the biggest causes is the role played by scientific publi
cations in 2004. Publications inform, and publications evaluate. 
First of all, as it has always been, scientific publications convey 
information and also place dates on discoveries. However, tradi
tional journals are in close competition with servers which allow 
free and instant distribution of new but unchecked information 
across the world (3). Even if certain researchers are reluctant to 
use this mode of distribution, which does not guarantee the same 
discovery rights as does a journal, it is rather successful. We do not 
believe that there exist any obstacles for complementarity between 
both systems, each fulfilling a different function. In effect, if 
servers allow a large and immediate distribution, scientific jour
nals (whether in the form of paper or internet) bring, with their 
committee and professional intervention by editors (4), significant 
added value (evaluation, layout, electronic links to citations, and 
reverse citations). It is in fact this editorial value which justifies the 
cost of the journal.

Another aspect with the information given by journals is that 
of archiving the information. Computers facilitate immediate 
access to articles dating back to the creation of the journal. One 
of the biggest merits of publications from APS, in this domain is 
to offer online access to all publications dating back to the creation 
of the journal in 1893, for a small fee! The APS has thus success
fully created a scientific world in which research is quickly being 
taken over.

The other essential role of publications is the scientific evalua
tion. The scientific community is no longer (fortunately) 
comprised of a few scholars as before. It is organised in universi-
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ties, big organisations, industrial laboratories, and is spread out 
across the world. The evaluation process has become essential. 
Naturally, publications provide a support for the decisions on 
allocation of positions or research funding for instance. For the 
referee, who more often than not acts within a scientific group, 
nothing can replace a thorough reading of the manuscript but the 
existence of an indicator of judgment by the peers cannot be total
ly ignored. It consists of the impact factor (IF), which is attributed 
annually by ISI at each scientific review (5). It is certainly not the 
existence of the IF which causes a problem, but rather its influence 
on the behaviour of a large number of scientists, namely the 
search for greater recognition.

It particularly reinforces the power of attraction towards cer
tain magazines such as Science and Nature, who enjoy great 
recognition among scientists, and often creates links between the 
scientific community and the world of political decisions in sci
ence. These magazines publish commentaries, with strong values 
added from the editors, on articles appearing in other more spe
cialised journals. Furthermore, they publish important specialised 
results and are therefore in growing competition with specialised 
journals. It benefits from the implicit complicity with the authors, 
and thereby an article accepted in Science or Nature becomes a 
“status symbol”.

Based on the IF of the journals, the authors believe that they 
should try anything to publish their results, guaranteed with a 
large distribution and a large recognition that would improve 
their reputation for landing positions, for promotion, or for 
research contracts. In fact, they put a lot of importance on the IF 
of the journal, which in general has little to do with the impor
tance of the published articles. For example, a recent study of the 
individual citations received from published articles in magazines 
with a huge IF (P.O. Seglen in the British Medical Journal, 314, 
498-502,1997), shows that half of them are cited on average 10 
times more often than the other half. Only 10% of the articles 
contribute 90% of the citations of the journal! In other words, 
the distribution in the rate of citations is sharply peaked around 
a very small number of articles. In the case where a researcher 
attributes an IF of this or that prestigious journal, there is in most 
cases an encroachment of recognition.

Does the visibility of European research really benefit from 
this attraction towards American journals, or to strong IF’s? Alas, 
it does not seem to be the case. Although the IF (calculated over a 
2 years delay) for publications from European laboratories is very 
slightly increasing within the time frame of 1990-2000, it still 
remains about 43% below the IF of publications coming from 
American laboratories. The European therefore do not benefit 
from sending their works to American publishers (could anyone 
seriously claim that their works are of lesser scientific quality 
than their American colleagues!).

How can we react to a situation in which the European contri
bution to scientific development is not properly recognised? One 
must come up with several courses of action; with an increased 
attractivity of european publications for the scientific communi
ty, for improved publication tools given to researchers in Europe 
and for changes in the scientists’ behaviour.

Regarding the first point, which concerns the editors, a critical 
mass and a threshold of credibility must be reached. Europe 
must be united, putting together what each of the national con
stituents can offer best. Notwithstanding the noticeable progress, 
including the fusion of various national publications within the 
European continent in the last ten years, European publications 
would not carry any weight without participations from our 
British colleagues (who also suffer from American competition).
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A reasonable coexistence in the future would involve the three 
axes: America, Europe and Asia, where each is guaranteed global 
coverage, as much for the authors as for the readers.

An editorial fusion would also have the great merit of allowing 
the creation of an archive covering all the previous centuries, 
along with all the major discoveries. Let us not forget that the 
international year for physics in 2005 celebrates the publications 
by Einstein and others in European journals. We can say just as 
much about articles from European Nobel price winners such as 
Néel, Kastler, de Gennes, Bednorz and Mueller. This centralised 
archive would then become a serious competitor against the 
reputed PROLA and APS archives. This competition would not 
exclude cooperation between the US and EU archives of course. 
Our British colleagues have already started working on it, and the 
French are in the process. Let us hope that German and Italian can 
do the same.

With a larger distribution favouring visibility and IF’s, the edi
tors must seriously consider subscriptions from institutions, 
replacing individual subscriptions for each laboratory library. Bet
ter yet, let us imagine free online access with, on the other hand 
global contracts between editors and research organisations.

There exists a just balance to be reached regarding publications 
between centralisation, where excesses lead towards a dangerous 
monopolisation of the edition, or an abundance of journals result
ing in financial charges which no library could undertake. It seems 
just as clear for researchers and contributors that we are, that the 
distribution of fundamental scientific knowledge cannot bring 
undue commercial value. This does not exclude the existence of 
commercial editing, but it should be realised that researchers no 
longer have the means of paying twice upon submission of their 
works, and for accessing the journal.

In any case, the scientific leaders, the members of the evaluation 
committee, must all recognise the gravity of the situation, and give 
opinions on the equality of American and European publications. 
The very same people, since they are also co-authors, should no 
longer use the common excuse when choosing an American edi
tor of: “it was preferable for my students who will soon be looking 
for a new position”.

Instead of judging the value of a work by the IF of the journal 
in which it is published, which unfortunately many evaluators do 
time and time again, it is essential to have a more substantial 
approach, taking into account the number of citations directly 
attributed to the concerned article. These data are available online 
through the ISI (not free of charge, this is true, but which the ref
eree should have access to).

These considerations are essentially based on an examination 
of the situation in physics (although the conclusions would not 
differ for other disciplines), and uncovers a paradox. Europe has 
a brilliant past in fundamental discoveries and scientific publica
tions. It continues to play a leading role with its excellent 
researchers, as indicated by their scientific publications. But the 
control and the distribution of their knowledge has escaped them. 
Is it normal that Europe cannot master the distribution of 
acquired knowledge from its own researchers, when a huge frac
tion of the cost of fundamental research in this continent is taken 
care of by the governments? The situation can be modified if the 
European editors accept a common effort which drives 
researchers to satisfy their desires for recognition, which are justi
fied from their publications. Hanna Arendt once said “a global 
government inevitably results in tyranny”; we doubt that this is 
what researchers wish for. In this case action is necessary and a 
radical change is urgently needed from the authors as well as from 
the referees.

169

ac
tiv

iti
es



ACTIVITIES

A French version of this article is also published in the May 2004
issue of the French Physical Society bulletin.

Footnotes
( 1 ) This statistic is determined from the best articles published by the 

APS in the first 90 years.
(2) Data is provided by the ISI in Philadelphia which gives informa

tion from over 3000 scientific journals.
(3) The most popular server is based on arXiv in Cornell which now 

has European access controlled by the CNRS at the Centre of cal
culations in Lyon at IN2P3.

(4) At this point, it is worth noting that European journals resulting 
from a fusion of several national publications, put into question 
later in this article, the function of scientific editors at the top of a 
referee committee are guaranteed by the researchers in filli activity, 
and therefore are particularly competent in controlling the evalua
tion of submitted articles.

(5) The IF of a journal for a given year is obtained by adding up the 
number of citations of this journal in the previous two years as 
found on the ISI web, and then by dividing by the number of arti
cles published by this journal within the same time period.

First EPS Liquid Matter 
Prize

ofessor Jean-Pierre Hansen FRS of the University of Cam- 
bridge will be the first recipient of the new Liquid Matter Prize 

of the European Physical Society. This prize was created in 2002 by 
the EPS to honour outstanding achievements in this field of 
research. The prize will be awarded to Professor Hansen on the 
occasion of the 6th Liquid Matter Conference, to be held in 
Utrecht, July 1-6,2005 (http://www.liquids2005.nl/).

For more than one reason, it is fitting that Jean-Pierre Hansen 
should be the first recipient of this prize. During the past 40 
years, a large and vibrant community of researchers in liquid-state 
physics has grown in Europe and the development of both this 
field and this community is closely linked to the career of Jean- 
Pierre Hansen

Jean-Pierre Hansen is a European scientist, par excellence. He 
was born in Luxemburg and studied physics in Belgium (Liège). 
For his subsequent scientific training he went to the Université de 
Paris-Sud (Orsay) where he obtained ‘Doctorat de Troisième 
Cycle’ under the guidance of Bernard Jancovici and Dominique 
Levesque. He then became a student of Loup Verlet, one of the 
pioneers of computer simulation in Europe. Hansen’s PhD thesis 
(“Contribution à l’Etude des Systèmes de Lennard-Jones clas
siques et quantiques”) and the publications that resulted from it, 
have made a lasting impact. Chairman of his thesis examination 
committee was Jacques Yvon -  one of the founders of theoretical 
liquid-state physics. After spending a year as a postdoctoral fellow 
in the US (Cornell), Hansen returned to France. In 1973, he was 
appointed professor at the Université Pierre et Marie Curie in 
Paris. In 1987 he was the founder and director of the Laboratoire 
de Physique of the new Ecole Normale Supérieure de Lyon.

Jean-Pierre Hansen has transformed liquid-matter research in 
Europe. First of all, because he has made major contributions to 
virtually all aspects of liquid-matter physics. But possibly even

more important has been his 
role in shaping the field. When 
he started his scientific career, 
liquid-matter physics was lag
ging far behind other fields of 
science, mainly because of the 
lack of hard data that could be 
used to discriminate between 
different theories. In the 
1960’s, the Orsay “school”
(Verlet, Hansen, Levesque and 
Weis) completely changed the 
approach to liquid-state theory 
by making use of computer “experiments” to test theoretical con
cepts. Computer experiments had been pioneered by Metropolis, 
Alder and Wood in the US. But, with the emergence of the 
“French school”, the centre of gravity moved to Europe. The fact 
that there now exists an elegant and robust theory of liquid mat
ter is in no small part due to the work of Hansen and 
collaborators.

Hansen is internationally recognized as an authority in the 
application of statistical mechanical methods to the prediction of 
the structure, phase behaviour, thermal and dynamical properties 
of liquid matter. He was the first to apply “exact” computer sim
ulation methods to determine the complete phase diagram of a 
simple fluid. He proposed a successful and widely used freezing 
criterion based on the structure factor of liquids. His pioneering 
work on molten salts and dense plasmas has led the way to a 
quantitative understanding of the structure and dynamics of 
strongly correlated ionic liquids. But he also considered the prop
erties quantum fluids, in particular in an astrophysical context. 
Later, Hansen’s insightful molecular dynamics simulations of 
supercooled binary alloys provided the first quantitative tests of 
the mode-coupling theory of the kinetic glass transition. Aspects 
of this pioneering work are contained in the classic book that 
Jean-Pierre Hansen co-authored with Ian R. McDonald: “Theory 
of Simple Liquids” (1976). This book has already had two editions 
and, to this day, remains the key reference in the field.

From the early 1970’s on, Orsay became the Mecca for scientists 
from all over the world who were interested in the combination of 
liquid-state physics and computer simulation. This was facilitat
ed by the fact that, at that time, Orsay hosted the Centre Européen 
de Calcul Atomique et Moléculaire (CECAM) which offered hos
pitality (and computer time) to visiting scientists. Hansen was 
closely involved in CECAM activities and, in fact, not long after he 
moved to Lyon, CECAM followed him

Hansen’s charisma and unique international reputation were 
illustrated in a rather unexpected way when he organized the first 
EPS Liquid Matter Conference at the ENS in Lyon (1990). The 
number of attendants far exceeded all expectations, so much so 
that large tents had to be rented to host the parallel sessions. There 
can be little doubt that Hansen himself was the magnet that 
attracted this large audience. The scientific quality and unique 
atmosphere of this first meeting have convinced the Liquids 
community, both inside and outside Europe, to return to subse
quent Liquid Matter conferences.

In 1997, Hansen moved to the University of Cambridge where 
he is at present Head of the Theory Sector of the Department of 
Chemistry. In his current research, he applies the concepts of 
“simple” liquids to colloidal suspensions, electrolytes, and 
(bio)polymer solutions In view of his thesis work on Lennard- 
Jones models, it is only fitting that Hansen now occupies the same 
Chair in Cambridge that was once held by Lennard-Jones.
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A quality culture for 
physicists
Michael A. Pick, EFDA, Garching bei München, Germany

The study of physics at universities and in the national labora
tories should include courses in project and quality management. 
The early exposure to and implementation of quality systems in 
these institution will help to instil a “Quality Culture” in the stu
dents and thus be of benefit not only to future large projects but 
also to European industry.

The 2004 Reunion of
r he physics community has in the last 40 years embarked on 

building increasingly intricate and more expensive new 
experimental projects. These endeavours have been associated 
with large risks from an engineering, environmental safety, finan
cial perspective and sometimes even to human life. The fatal break 
up of both the Columbia and Challenger space shuttle are prime 
examples of flawed projects. According to the detailed reports by 
the Columbia Accident Investigation Board (CAIB), and the 
Rogers Commission into Challenger, management blunders and 
organisational errors were as much to blame for the disasters as 
were technical problems. There have been a number of recent 
audits and review committees of European projects, including 
e.g.: on the failure of the Beagle Mars Lander; on CERN in 
response to the revised cost-to-completion of the LHC; on the 
W7-X Stellerator project in Germany which started in 1995 to be 
completed in 2004, and which is now still not expected to be com
pleted before 2010. In the assessment of the causes of the 
problems in these projects, all of the reports put management and 
organisational problems ahead of technical problems, in many 
ways mirroring the CAIB report.

It is imperative that the science community in Europe re-estab
lish its credibility in being able to deliver on its promises. What 
must be done to remedy the situation?

Although European science experiments do not normally 
imperil people as directly as the US manned space programme 
does, it is nevertheless important to take account of the lessons 
learnt from these incidents when planning future European sci
ence projects. More often than not it is physicists who propose 
and run such large scientific projects. The study of physics at 
university does, however, not prepare physicists for this task as it 
does not normally include courses in project and quality manage
ment.

Most projects consist of large and intricate constructions often 
requiring state of the art technology and design. Therefore the 
responsibilities of those who are involved in the concept, design, 
cost estimation, specification, manufacturing, assembly, opera
tion, and in particular the management of such facilities are 
considerable and growing. Effectively leading such an organiza
tion towards its goals in a pre-set time and cost requires in-depth 
knowledge and experience in the modern tools of planning, 
scheduling, costing and human resources. It requires the capacity 
to establish a goal-oriented decision making process, introduce a 
system to constantly monitor the progress and quality of the work 
and accordingly manage through the deployment and adjustment 
of resources whilst maintaining the risk of failure at as low a 
value as necessary over the lifetime of the project. Furthermore, 
and equally important, it demands that those (also often physi
cists) who review and decide on proposals and select the key 
personnel to manage such undertakings, usually politicians and 
committees of funding agencies, must understand and be able to 
judge the consequences of their decisions. Reducing the pro
posed budget, as often occurs, must be seen to be associated with 
an inevitable reduction in scope and/or an increase in risk.

Physics Nobel Laureates
Martin C.E. Huber, EPS President

W hen, a few years after the end of World War II, Count 
Bernadotte invited Nobel laureates to a reunion on the 

shores of Lake Constance, he aimed to restore the connection 
between war-torn Germany and leaders in international science. 
In the meantime, German science has regained a high reputation 
and the emphasis of the Nobel reunions has shifted to giving 
interested students an opportunity to personally meet, and enter 
into discussions with Nobel laureates.

This year’s reunion, held from 27 June to 2 July, brought to
gether Nobel laureates in physics with 500 physics students. Stu
dents came not only from Europe, but also from Africa, Ameri
ca and Asia.

Morning sessions at the ‘Inselhalle’ in the historic island-city of 
Lindau, were devoted to talks by individual laureates and to Pan
el Discussions. The format of the talks presented by the laureates 
varied: ranging from crystal-clear introductions to, and historical 
overviews of the main field of a given speaker, over advanced sem
inars to advice on how to convert scientific ideas into commer
cially viable ventures. One of the talks also presented the physics 
background and management flaws that led to the accident of 
space shuttle ‘Columbia’. Two mornings featured panel discus
sions, one on ‘Astrophysics’ and one on ‘Fundamental and Ap
plied Physics’. Afternoons were reserved for discussions between 
Nobel laureates and students in the afternoon. In order to create 
an atmosphere inducive to freewheeling discussions, only laure
ates and students were admitted to the afternoon sessions.

The reunion started with a lively opening ceremony with en
tertaining musical interludes, where both welcome addresses by 
representatives of local and state authorities and substantial 
speeches on science policy—one of them by the German minis
ter of science, Edelgard Bulmahn—were presented. A dinner for 
all participants with dancing at the end of the first ‘working’ day 
was a perfect ice-breaker. An evening concert of classical music 
with the Verbier Festival Orchestra, and a boat excursion with 
lunch on the island of Mainau, the seat of the Bernadottes, 
rounded off the scientific programme, which required great con
centration, in a most pleasant way.

The students I spoke to were enthusiastic about the meeting: 
through the formal talks and through direct discussions with No
bel laureates, sometimes face-to-face, they had gained insight in
to many areas of physics. This year, the EPS has, for the first time, 
sponsored a student to participate. Having seen the serious, yet 
relaxed atmosphere of a Lindau Nobel reunion, I concluded that 
sponsoring students for these encounters is really worthwhile, 
and aiming at sponsoring at least ten EPS-sponsored students 
for the triennial physics Nobel reunions is a goal that the EPS 
should pursue.

europhysics news september/ october 2004 171

ne
ws

 & 
vie

ws



NEWS AND VIEWS

50 years of CERN
Christine Sutton, CERN, Geneva, Switzerland

On 29 September 1954, a new European institution officially 
came into being. By that day, 12 countries had ratified the 

convention for the establishment of a European organisation for 
nuclear research, and CERN was born. Fifty years later, the 
organisation can rightly claim to be a shining example of success
ful European collaboration. In the intervening years it not only 
has grown to have 20 Member States, but now also has links with 
many non-European countries, from Japan to the US, from Rus
sia to Brazil. It has become the world’s largest laboratory for 
particle physics, based on an unrivalled complex of particle accel
erators.

Beginning with one particle accelerator, the Synchrocyclotron, 
which started up in 1957, CERN slowly added more machines, 
usually with the goal of attaining ever higher particle energies in 
the quest to further understanding of elementary particles and the 
forces that act upon them. A recurrent theme in this has been to 
make use of existing machines as injectors for higher-energy 
accelerators. The consequence today is that following the path of 
a particle today through some of the interlinked accelerators can 
be like a tour through parts of CERN’s history and the scenes of 
its important discoveries.

As early as May 1952, the provisional CERN Council -  the 
Conseil Européen pour la Recherche Nucléaire that gave the 
organisation its familiar acronym -  decided that the new labora
tory should house a 600 MeV synchrocyclotron and a high-energy 
proton synchrotron. By the autumn of the same year, the deci
sion had already been taken that the proton machine should be 
of the so-far untried “strong focussing” or “alternating gradient” 
type, with an energy of about 30 GeV. The principle of strong 
focusing would allow significantly higher energies for a given mass 
of magnet, but brought its own difficulties -  and the decision to 
go ahead with this promising but untested design for the major 
machine in the fledgling laboratory was brave indeed.

The first accelerator of all -  the Synchrocyclotron (SC) -  is no 
more, but this was the machine that brought CERN its first 
important discovery. In August 1958, a year after the SC had start
ed up, physicists working there announced that they had detected 
the previously unobserved decay of a pion to an electron (and a 
neutrino) at a rate about 1 in 10 000 times less than the familiar 
decay to muons. Their findings were in line with theoretical pre

dictions based on the universality of weak interactions, and the 
result was an important step in understanding the weak force, en 
route to the current Standard Model of particles and forces.

As larger machines later took over CERN’s mainstream 
research at the high energy frontier, beginning with the Proton 
Synchrotron (PS) in 1959, the Synchrocyclotron became a tool for 
research groups with wide-ranging complementary aims, includ
ing nuclear physics, solid-state physics and chemistry, and from 
1967 its protons supplied the Isotope Separator On-Line (ISOL
DE) facility. The SC was even completely rebuilt in 1974, but 
finally, after 33 years of service, it was shut down in 1991. Howev
er, its legacy remains with REX-ISOLDE (for Radioactive beam 
Experiment), the neutron time-of flight facility (n-TOF), and the 
Antiproton Decelerator. These machines and facilities continue 
investigations away from the high-energy frontier, with studies of 
exotic atoms and nuclei, nuclear interactions with relevance to 
fields ranging from astrophysics to nuclear waste disposal, and 
even the world’s first production of antihydrogen.

From the start, however, CERN’s front line of research was at 
the high-energy frontier, and in November 1959, the PS, the first 
in a series of innovative high-energy accelerators, started up. For a 
time it was the world’s highest energy particle accelerator, at 28 
GeV, until the slightly larger Alternating Gradient Synchrotron 
(AGS) was successfully commissioned at the Brookhaven Labo
ratory on Long Island, New York.

During its reign as CERN’s principle accelerator, the PS pro
vided a variety of particle beams to a host of experiments. One of 
the most significant of these was the heavy liquid bubble cham
ber Gargamelle, designed to reveal the occasional interactions of 
weakly interacting neutrinos, created in the decays of pions, which 
were in turn produced when protons from the PS interacted in a 
solid target. Named after the mother of the giant Gargantua in the 
story by François Rabelais, Gargamelle was a giant of a bubble 
chamber, built by a French team led by André Lagarrigue, and 
installed in the neutrino beam of the PS in 1971. In July 1973, the 
Gargamelle group announced that they had found evidence of 
weak neutral currents -  weak interactions in which electric charge 
does not change hands between particles. Once fully established, 
this result was fundamental in establishing the validity of elec- 
troweak theory, which unifies electromagnetic and weak 
interactions. So 15 years after one of the first experiments on the 
SC had shown the validity of the universality of the weak force, an 
experiment at the PS had shown that the weak force is in turn 
but one facet of a unified electroweak force. Another important 
contribution from Gargamelle was to confirm the substructure 
of the proton, first revealed by the deep inelastic scattering of elec
trons in experiments at the Stanford Linear Accelerator Center, 
SLAC, in California. Comparisons of neutrino scattering and elec
tron scattering even showed that the “partons” within file proton 
must have charges of 1/3 and 2/3 -  just as predicted in the previ
ous decade for the quarks!

Today, Gargamelle, long retired from active service, is an attrac
tion in the garden of the Microcosm exhibition centre at CERN,

■4 Photo 1 : CERN's Proton Synchrotron accelerated protons for 
the first time on 24 November 1959. Since then, the intensity 
of its proton beam has increased a thousand fold, and in the 
course of its history it has accelerated many other kinds of 
particles. Permanently rejuvenated and upgraded,the PS is 
still the central workhorse of CERN's accelerator complex.The 
combined-function magnets, prominently visible in this 
picture, are still the original ones.
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but the PS continues to serve the thousands of physicists who 
come to CERN as it provides a key stage in the acceleration of pro
tons and heavy ions to far higher energies. In its time it has also 
accelerated electrons, positrons and antiprotons -  a veritable 
accelerator for all particles. Over the 45 years since it started up, 
many parts have been replaced, but the basic structure of the PS 
remains the same, which only serves to underline the soundness 
of the original designs -  and the importance of the courageous 
decision back in 1952 to build a machine based on the untested 
concept of strong focusing.

The first machine that the PS was to serve was the highly inno
vative Intersecting Storage Rings (ISR), which as the world’s first 
proton collider was in many ways a machine ahead of its time. 
Early in the 1960s, the high energy physics community had 
already begun to look to higher energies still, and European physi
cists were considering the possibility of a 300 GeV proton 
accelerator, not necessarily at CERN. At the same time, the idea 
arose to use the PS to reach much higher energies by using it to 
create two proton beams that could be made to collide with each 
other head on. This was the concept behind the ISR -  two inter
laced rings in which proton beams circulated for hours at a time, 
colliding at eight points where the rings crossed. Construction 
began in 1966 and the machine started up in January 1971, a mas
terpiece of accelerator building that ran successfully for 13 years.

The ISR was not only the world’s first proton collider, it was 
also became the first heavy-ion collider when it operated with 
alpha particles instead of protons, and it was the first machine in 
which proton and antiproton beams collided head on. Like the 
SC, the ISR is no more, but a rich legacy remains with the Teva- 
tron at Fermilab, the Relativistic Heavy Ion Collider at 
Brookhaven, and ultimately, the Large Hadron Collider currently 
under construction at CERN.

In the meantime, the 300 GeV machine that was also under 
consideration in the early 1960s, was eventually built as CERN’s 
Super Proton Synchrotron (SPS). That this larger machine was 
built at CERN was ultimately the result of a proposal made by 
CERN’s John Adams in 1969. At the time, the 300-GeV project 
was foundering, both financially as the cost was significant, and 
diplomatically as different countries vied to be the site of the new 
machine. Adams proposed that the PS could be used as injector to 
a larger machine, thus reducing costs and solving the problem of 
site selection at the same time.

To reach 300 GeV, the SPS was designed with an accelerator 
ring about 7 km in circumference, which would occupy a tunnel 
lying beneath not only Swiss but also French countryside to one 
side of the CERN site. To deliver a variety of particle beams to 
experiments, it also required a new laboratory, this time on French 
territory. This required amending the CERN Convention togeth
er with an agreement with France. Construction was approved in 
1971 and the SPS came into operation at the end of 1976 at 400 
GeV -  100 GeV higher than the original design energy.

For more than 20 years the SPS served experiments in two 
experimental areas, one on the main site and one in France, with 
a variety of beams including pions, kaons, muons, neutrinos, and 
from 1980, heavy ions, beginning with oxygen and sulphur, and 
ultimately lead. This broad range of beams led to many important 
results, from studies of the structure of the proton, probed by neu
trinos and muons, to investigations with neutral kaons of the 
subtle asymmetry between matter and antimatter known as CP 
violation.

However, the SPS’s most famous period came when it was con
verted into a proton-antiproton collider and rewarded the 
imagination, skill and sheer hard work of many physicists and

 Photo 2:The inauguration ceremony for the Intersecting 
Storage Rings was held on 16 October 1971. Kjell Johnsen is 
seen in the picture handing a symbolic key to the ISR to 
Edoardo Amaldi. From left to right on the podium: Victor 
Weisskopf, former Director-General of CERN; M. Antonioz; 
Willibald Jentschke then Director-General of CERN; Amaldi; 
Johnsen; and Werner Heisenberg.

engineers with the discovery of the W and Z bosons, the long- 
sought carriers of the weak interaction. Most of all it rewarded the 
tenacity and brilliance of Carlo Rubbia, who pushed hard for the 
conversion scheme, and the ingenuity of Simon van der Meer, 
whose method of stochastic cooling allowed sufficient antiprotons 
to be collected into a beam intense enough to provide a reasonable 
number of collisions. The technique was first tested successfully 
on the ISR, where it was also demonstrated that antiprotons could 
be stored for many hours. In August 1981, the first proton- 
antiproton collisions occurred in the SPS, and in 1983 two 
experiments, UA1 and UA2, announced the observation first of 
the charged W boson, and then its neutral partner, the Z, respon
sible for the weak neutral currents first seen at CERN in 
Gargamelle. A year later, Rubbia and van der Meer were awarded 
the ultimate accolade of the Nobel Prize in physics.

Like the PS, the SPS continues to serve a large community of 
particle physicists, not only as the next stage on the route to high
er energies, but by providing beams for fixed-target experiments. 
In the past few years, the kaon beams have enabled the NA48 
experiment to establish direct CP violation, and muon beams in 
the COMPASS experiment have continued a long tradition of 
probing the proton with neutrinos and muons. Experiments 
with heavy ions have yielded a variety of intriguing results that 
show that matter with unusual properties is created in when heavy 
ions collide at high energies. Taken together the results suggest 
that a new state of matter -  the quark-gluon plasma -  may indeed 
be created in such collisions. For the future, in 2006 the CERN 
Neutrinos to Gran Sasso Project is due to start directing a beam of 
neutrinos, generated by protons from the SPS, at detectors locat
ed 730 km away in the underground Gran Sasso Laboratory in 
Italy.

In 1989, however, both the SPS and the PS took on new roles, 
accelerating not protons, but electrons and positrons for the Large 
Electron Positron collider, LEP. With its ring 27 km in circumfer
ence, LEP took high-energy physics to a new scale of construction, 
collaboration, and organisation. The huge ring was needed to 
keep down losses through synchrotron radiation from the stored 
beams of electrons and positrons. Ultimately the size was a prag
matic choice based on the local geology -  it was the largest ring
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A Photo 3: During its lifetime, from 1989-2000, the The Large 
Electron Positron (LEP) collider became a veritable factory for 
the production of Z bosons. Here the DELPHI detector records 
the decay of a Z into a quark-a ntiquark pair, which create two 
back-to-back jets of particles.

that could be built between Geneva airport to one side of CERN 
and the Jura mountains to the other side.
' Continuing the theme of the weak force, begun with the first 
experiments at the SC, LEP was designed to be a veritable “facto
ry” to mass-produce Z bosons and establish with high precision 
the validity of the Standard Model at the quantum level. Between 
1989 and 1995, with the total energy of the electron and positron 
beams tuned to around 91 GeV, the mass of the Z particle, the 
four detectors -  ALEPH, DELPHI, L3 and OPAL -  collected 18 
million Z bosons. Then, when LEP’s energy was increased in 1996, 
it went on to collect around 80 000 W+W- pairs.when it shut 
down in 2000, LEP had reached a total energy of 209 GeV.

One of the early results from LEP concerned the number of 
neutrino types, or “flavours”. By comparing the width of the Z res
onance line-shape with the contributions from the decay to 
visible, charged particles, the contribution of the invisible neutri
nos could be measured, and found to show unequivocally that 
there are three flavours of light neutrinos, and by implication 
three families (or generations) of quarks and leptons. Other 
achievements were many and various. For example, measure
ments of the decays of the Z revealed the isospin of the bottom (b) 
quark to be ?, indicating that a partner, the top quark must exist, 
and the precision measurement of the mass of the Z led to a pre
diction of the mass of the top quark before it was discovered at 
Fermilab in the US. Only one ingredient of the Standard Model 
lay outside of LEP’s grasp -  the Higgs boson that figures in the 
mechanism proposed to endow the other ingredients of the 
model with mass. However, the results from LEP were able to con
strain the possibilities for the mass of the Higgs boson, indicating 
that it could lie between 115 GeV and 200 GeV.

During the whole of the LEP era, from 1989 to 2000, the PS and 
SPS accelerators continued to provide a variety of particle beams 
for other experiments at CERN. In November 2001 LEP’s beams 
circulated for the last time, as the collider was shut down to be dis-

mantled to make room for a new machine to take particle physics 
to a new high energy frontier -  the Large Hadron Collider (LHC). 
LEP has now joined the SC and the ISR in the history books, but 
the PS and SPS live on. They will again provide earlier stages of 
acceleration, this time on the way to the final energy of 7 TeV -  
7000 GeV - in the LHC. The particles will be either protons or 
lead ions, enabling a wide of range of phenomena to be investi
gated at this new frontier. Many are the possibilities that may 
discovered -  the Higgs boson, a key ingredient of the Standard 
Model but still undetected; the theoretically elegant supersym
metry, which predicts a whole set of new particles; quark gluon 
plasma, as probably existed soon after the Big Bang; evidence for 
extra spatial dimensions; mini black holes ... The list is almost 
endless, and none of it is certain. What is certain, however, is that 
whatever happens the LHC is bound to reveal something new, and 
that the amazing adventure on the border of France and Switzer
land, which begun 50 years ago, will continue to explore the 
high-energy frontier.

25 Years of Gluons
Ilka Flegel, Textlabor, Jena, Germany

7"t was in June 1979 that the TASSO experiment at the DESY 
1  research centre in Hamburg first succeeded in identifying a very 
special kind of particle collision: an electron-positron annihilation 
process with three “jets”, i.e. three collimated bundles of particles 
heading away from the electron-positron collision point into the 
detector. Using DESY’s 2.3-kilometer long PETRA storage ring, 
which had only been completed the previous year, the scientists 
thus recorded the first ever direct experimental proof of the exis
tence of the gluon -  the particle transmitting the strong force 
that acts.between the quarks. Two of the three particle jets were 
produced by a quark-antiquark pair; the third, however, was gen
erated by a gluon. Within a few weeks, the discovery was 
confirmed by the three other experiments running at PETRA: 
JADE, MARK J, and PLUTO.

25 years later almost to the day, the DESY research centre 
commemorated the discovery with a special colloquium “Gluons 
and Quantum Chromodynamics” in Hamburg on June 7, 2004. 
In his opening address to the 400 guests that filled DESY’s main 
auditorium, Hermann Schunck, representative of the German 
Federal Ministry of Education and Research, emphasised the con
sequence of the finding: “The discovery of the gluon at PETRA 
here at DESY marks a truly epochal point in the history of physics 
-  mirroring the pivotal role of the gluon in the house of physics 
comparable to the other exchange particles, the photon and the W 
and Z bosons,” he said. He then left the floor to the three scientif
ic speakers of the colloquium -  Harald Fritzsch from the 
University of Munich, Gerard t’Hooft from the University of 
Utrecht and DESY director general Albrecht Wagner. In turn, they 
recalled the historical emergence of quarks, gluons and quantum 
chromodynamics (QCD), described the structure of the QCD 
theory and reviewed the ground-breaking experiments that led 
from the discovery of the gluon to the establishment of QCD as 
the accepted theory of the strong interaction.

The emergence of QCD
As Harald Fritzsch emphasised, QCD is a most exceptional theo
ry in that it generates an enormous complexity out of a very
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simple Lagrangian -  describing for instance all atomic nuclei out 
of essentially one parameter. It is well established today, and has 
moved on from the testing era into the realm of precision 
physics. But that was quite a long way, which was often paved with 
misunderstandings and false starts. After the success of quantum 
electrodynamics, the theory describing the electromagnetic inter
action, in the 1940s, the general mood turned to one of confusion. 
Particle after particle appeared in the experiments, and the parti
cle physics garden which had seemed so tidy in the 1940s grew 
into a jungle during the 1960s. A major breakthrough was reached 
in 1964, when Murray Gell-Mann and George Zweig proposed 
that all hadrons are in fact composed of even more elementary 
constituents, which Gell-Mann called quarks. At the end of the 
1960s, deep inelastic scattering experiments at the Stanford Linear 
Accelerator Center SLAC in California showed for the first time 
that these quarks were not just hypothetical mathematical entities, 
but indeed the true building blocks of hadrons.

There was a theoretical objection to the quark model, however: 
It appeared to violate the Pauli exclusion principle, which states 
that no two particles with half-integer spin can occupy the same 
state. Thus the D++ particle, which was supposed to consist of 
three identical quarks in the same state, seemed to be inconsistent 
with the Pauli principle. A solution to that problem was proposed 
in 1964 by Oscar Greenberg, and later elaborated in its final form 
by Harald Fritzsch, Murray Gell-Mann and Heinrich Leutwyler: 
They suggested that quarks actually come in three colours, and 
that the only stable states formed by them are colourless combina
tions -  a hypothesis which sounded like sleight of hand at first, but 
in fact proved to be a most fruitful idea providing the basis for 
what later became known as quantum chromodynamics, the 
mathematical description of the strong interaction.

The quark model and with it the QCD gauge theory of the 
strong interaction gained further impetus in the 1970s, as described 
by Gerard t’Hooft at the DESY colloquium: In a seminal work that 
revolutionised the theoretical background of particle physics and 
earned him the 1999 Nobel Prize in physics together with Martinus 
Veltman, t’Hooft showed in 1971 that such “non-abelian” gauge 
theories are renormalisable. He thus eliminated a fundamental 
problem that had hampered the development of a mathematical 
description of the strong interaction for years, and paved the way 
for the development of the complete gauge theory of QCD by 
Fritzsch and Gell-Mann in 1972. Two years later, the discovery of 
the J/y meson marked what became known as the November Rev
olution -  the discovery of a fourth type of quark, and as such an 
eminent confirmation of the quark model and QCD.

The discovery of the gluon
In the late 1960s and early 1970s, experiments had thus provided 
evidence for the reality of the quarks. The gauge theories describ

 Photo: DESY's 2.3-kilometer-long PETRA electron-positron 
storage ring at which the gluons,the particles mediating the 
strong force were discovered in 1979.

ing the various interactions however predicted the existence of 
mediator bosons which transmit the forces between the particles. 
Of these, only the photon was definitely known at that time. A first 
hint at the gluons, the mediators of the strong force, also came 
from deep inelastic scattering experiments which had shown that 
only half of the proton’s momentum is carried by the quarks. 
The missing momentum fraction was interpreted as being carried 
by electrically neutral constituents, presumably the gluons. But 
how could the existence of these gluons actually be demonstrated 
experimentally?

As Albrecht Wagner recollected in his colloquium talk, by the 
end of the 1970s, it was widely accepted that the annihilation of an 
electron and a positron and the subsequent formation of a quark- 
antiquark pair proceeded primarily via the exchange of a photon. 
The generated quark-antiquark pair would then fragment into 
hadrons, which would appear in the detector as two back-to- 
back hadron jets with small transverse momentum and growing 
momenta parallel to the jet axis. Such events with two hadron 
jets were first observed at the SPEAR storage ring at SLAC in 1975, 
and later analysed in detail at DESY’s 5-GeV DORIS storage ring.

The idea of searching for gluon jets was propagated by John 
Ellis, Mary Gaillard and Graham Ross in a seminal paper that 
appeared in 1976. Under the title “Search for Gluons in e+-e- 
Annihilation”, the authors suggested the existence of “hard gluon 
bremsstrahlung”, which should give rise to events with three jets in 
the final state: According to the laws of field theory, the outgoing 
quarks can radiate field quanta of the strong interaction, i.e. glu
ons, which should in turn fragment into hadrons and thus create 
a third hadron jet lying in the same plane as the other two. At the 
particle energies of up to 15 GeV per beam delivered by DESY’s 
newly built PETRA electron-positron storage ring at that time, the 
probability for such hard gluon bremsstrahlung processes to 
occur was expected to be at least a few percent. The four experi
ments constructed at PETRA thus had a good chance to hunt the 
gluons down -  and they did.

Photo: On June 7,2004, DESY celebrated the 25th anniversary 
of the discovery of the gluon with a special colloquium "Gluons 
and Quantum Chromodynamics'.'Speakers included (left to 
right): Hermann Schunck from the German Federal Ministry of 
Education and Research, DESY director general Albrecht Wagner, 
Harald Fritzsch from the University of Munich and Gerard t'Hooft 
from the University of Utrecht,
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On June 18,1979, Bjorn Wiik reported in Bergen, Norway, at 
the International Neutrino Conference on an event observed in 
PETRA’s TASSO detector only a few days earlier. It had been 
analysed in detail by his colleague Sau Lan Wu and her co-work
er Georg Zobernig. During the annihilation of high-energy 
electrons and positrons at PETRA, the TASSO team had observed 
some familiar events with two particle jets created by the outgoing 
quark-antiquark pair. However, the analysis by Wu and Zobernig 
also revealed something unexpected: an annihilation event that 
clearly involved three planar jets. When Paul Söding, who 
belonged to the same team, travelled to Geneva two weeks later for 
the conference of the European Physical Society EPS, he was able 
to present his colleagues with ten of these three-jet events. A whole 
variety of plots displaying various analyses gave convincing evi
dence that the gluon, which had been postulated as the boson 
mediating the strong force, had indeed been discovered.

Shortly after the TASSO collaboration’s finding, the gluon jets 
were confirmed by JADE, MARK J, and PLUTO, the other groups 
working at PETRA. All four collaborations presented their data on 
the Lepton-Photon Symposium at Fermilab, Chicago, in August 
1979. The corresponding publications by TASSO, MARK J and 
PLUTO followed in autumn 1979, while the JADE collaboration 
published an extended analysis which included a first determina
tion of the strong coupling constant aS(q2) in spring 1980. 16 
years later, in July 1995, the discovery of the gluon was honoured 
by the European Physical Society, which awarded its EPS Prize 
for High Energy and Particle Physics to four physicists represent
ing the TASSO collaboration: Paul Söding, Bjorn Wirk, Günter 
Wolf and Sau Lan Wu. Since, as the EPS statement reads, the 
“definite existence (of the gluon) emerged gradually from the 
results of the TASSO collaboration and the other experiments 
working at PETRA, JADE, MARK J and PLUTO,” a special com
plementary prize was awarded to the four collaborations in 
recognition of their combined work.

As Albrecht Wagner emphasised, the results obtained by the 
four experiments and the speed with which they were achieved 
would have been impossible without the initiative and leadership 
of DESY director general Herwig Schopper, and the outstanding 
work of the director of the DESY accelerator division, Gustàv- 
Adolf Voss, under whose leadership the PETRA crew completed 
the accelerator on budget and in record time, six months ahead 
of schedule.

QCD on its way to success
The discovery of the gluon marked the beginning of intensive tests 
of QCD carried out at PETRA. These included the determination of 
the spin of the gluon -  which proved to be a vector particle -, the 
so-called string effect, i.e. the hadronisation of quarks and gluons 
via the formation of colour strings, various tests of second-order 
QCD calculations, and precise determinations of the running 
strong coupling constant aS. By the end of the 1980s, the baton then 
passed on to the LEP storage ring at CERN near Geneva. Although 
it was primarily built to perform precision tests of the electroweak 
force through the production and decays of Z and W bosons, LEP, 
due to the very large event sample, became an excellent testing 
ground for QCD. For instance, whereas the experiments at PETRA 
were unable to distinguish between quark-quark-gluon and gluon- 
gluon-gluon vertices, these differences were measured at LEP’s 
OPAL experiment using a sample of 4x106 Z0 decays.

Today, QCD is put through its most stringent tests both at the 
Tevatron proton-antiproton collider at Fermilab, and at the elec
tron-proton storage ring HERA at DESY. The advances here have 
been remarkable, ranging from an extremely precise determina
tion of the proton structure function to the study of the origin of 
nucleon spin, the exploration of the non-perturbative nature of 
the strong interaction, and the problem of quark confinement. 
Over the past 25 years, QCD has thus emerged as the uniquely 
successful theory of the strong interaction, and it is as such a full 
part of the Standard Model of particle physics. As Harald Fritzsch 
concluded in his colloquium talk, “the phenomena of the strong 
interaction are now ‘in principle’ understood.” With the advent of 
new theoretical approaches such as QCD lattice calculations, and 
new experiments at future accelerators, the “still impressive list of 
unsolved QCD problems” is set to shrink fast.
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