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Physics in cultural heritage
Horizon 2020, the next EU Framework Programme for Research and
Innovation, which is presently being launched, has been presented to
our community on several occasions and its many appealing research
themes have been established and duly emphasized. Besides the declared
priorities, these themes span a very large spectrum of subjects and related
disciplines. (http://ec.europa.eu/research/horizon2020/index_en.cfm)
However, one theme seems to be missing: research to explore our cultural heritage.
An ardent petition is circulating on the web, vigorously supported by the scientific community, and we are confident that this appeal will not be left unheeded.
Physics and physics-derived techniques applied to the investigation, diagnostics, and preservation of cultural heritage represent one of our very noble tasks,
particularly in Europe, so rich in cultural and artistic assets. The interdisciplinarity of "physics applied to cultural heritage" activity also represents very
interesting and promising characteristics. Many by-products of this activity
can be envisaged, going from accurate environmental monitoring for damage
prevention and protection, to unprecedented structural studies of statues and
monuments in 3D, to more and more precise dating of artworks and artefacts,
and even to improved investigations in art forensics.
The EPS, in particular within its Nuclear Physics Division, has been engaged in this
theme for many years.Let me also mention the EPS prospectus for the declaration of
an International World Year of Light in 2015, where one can read that a major goal
will be "to highlight and explain the intimate link between light and art, also enhancing the increasing role of optical technology to study and preserve cultural heritage".
This goal would be translated into a number of attractive yearlong activities.

Communication in Physics
Let me now come to the second item of this Editorial: Just a few lines concerning the issue of physics results with respect to communication and outreach.
The ever growing development of modern communication tools has changed
the "scientific communication system" and unavoidably along with it our
mentality as researchers. The immediate access to scientific information has
changed more than just the time to publication. Today the preliminary and/or
provisional results of ongoing research can reach the web before being fully
crosschecked and completed. Sometimes the news spreads out around the
world before a result is announced in a scientific meeting and much longer
before the related paper is peer reviewed and published. Such immediacy has
many advantages, but also some drawbacks.
In the age of Internet and the worldwide web, scientific communication and
outreach have obviously changed their features and means, scientific competition as well. We are now "forced" to announce our results through press releases,
we nurture the media and the media have become a crucial and often rewarding
ingredient of our scientific activity.Announcement, communication and transparency are essential duties for scientists, as well as dissemination of scientific culture
at large.We must take advantage of the current modern communication system.
But we must constantly be aware of its inherent dangers: over magnification,
exploitation, distortion, misinterpretation, unforeseen implications, etc. What
may be challenged in the end is our credibility, which is our major concern. n
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llLuisa Cifarelli
President of the EPS
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EPL, the letters journal,
goes extraterrestrial (a manuscript from the ISS)
In November 2011 EPL has explored and crossed one more frontier, exceeding the limits of
globalization. How? By publishing a manuscript submitted from beyond the globe, namely
from the international space station ISS.

I

n May 2011 EPL celebrated its
25th anniversary with a scientific
symposium on “Frontiers in Physics” in Munich. There plasma physicist
Hubertus Thomas from the MaxPlanck-Institute for Extraterrestrial
Physics in Garching gave an overview
over the excellent research at the ISS.
Afterwards in a video interview with
physicsworld.com I wanted to dispel
the notion that EPL (formerly Europhysics Letters) was only for European
science. I pointed out that - although
being European based - EPL is indeed
a truly global journal and takes many
papers from countries as the US, Japan,
India, China, and Brazil. And I added:
“If a scientist would submit an excellent paper from the ISS, the International Space Station, I’m sure we would
accept it too.” That was said, more or
less, in fun. Nevertheless I contacted
Thomas, sending him a link to the
video interview and asked whether he
and his team of German and Russian
scientists would consider submitting
their research to EPL – but from the

c Floating

manuscript,
duly stamped
in the ISS.
Photograph
courtesy of
RSC-Energia.

Ernest Rutherford – Omission
Table 1, in my historical perspective “Ernest
Rutherford – his genius shaped our modern world”
(EPN 42/5,18 (2011)), presented a list of Nobel
Prize winners whose awards were made in fields
which are related to, or which have developed
from, Rutherford’s discovery of the nucleus.
Two prizewinners (A. Bohr and S. Glashow) were
inadvertently omitted from this table. I would now
like to correct this error. The 1975 Nobel Prize in
Physics was shared by A. Bohr, B. Mottelson and
J. Rainwater. The 1979 Physics Nobel Prize was
awarded to S. Glashow, A. Salam and S. Weinberg.
llI.J. Douglas MacGregor
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ISS? After obtaining permission, the
team agreed. On 27 October, Russian
cosmonaut Sergey Alexandrovich
Volkov submitted a manuscript to EPL
from the ISS. Thus I have been taken
at my words.
Microgravity is essential for investigations of three-dimensional complex
plasmas. This led to respective studies
during 29 missions on the ISS since
2001. The experiments which are described in the manuscript have mainly
been performed in July 2010 by Alexander Alexandrovich Skvortsov on
the space station. Many people have
been involved in their simulation and
evaluation, among them S.A. Volkov
himself who has run the experiment
of the complex plasma laboratory on
the ISS in July 2008 as well as in June
and October 2011; his address on the
paper is listed as “International Space
Station (Present address).” That Volkov
happened to still be on the ISS was
luck, good luck for EPL, bad luck for
Volkov, who was originally scheduled to return to Earth two months

earlier when troubles with the Soyuz
rocket delayed the launch that should
have brought him home. He returned
safely on 22 November, 12 days after the paper was published: EPL 96
(2011) 55001.
So in the year of its silver jubilee EPL
went into space. Now EPL hopes to attract further manuscripts on excellent
research from beyond the globe. Probably we will not receive manuscripts
from the moon or from behind the
moon in the near future. In a decade of
economic crises the financial cuts limit
the development of space research and
travel, so that it is unclear when mankind will venture further into space. But
maybe that the first Mars mission happens just in time to email a manuscript
in 2036, the year of EPL’s golden jubilee.
With great expectations I look forward
to such an extraterrestrial publication
in EPL – a letters journal exploring the
frontiers of physics. n
llMichael Schreiber,
Editor in Chief of EPL

Opinion news

Opinion: physics and politics
Column for Europhysics News written by the current president
of the Dutch Physical Society [NNV] Gerard van der Steenhoven.

A

t the typical physics conference dinner, conversation
turns to politics during –
or shortly after – the main course.
Earlier, one discusses the key developments in one’s field and major
personnel changes (“Did you know
that my postdoc got a position as an
assistant professor at EPFL?”); then,
after a few glasses of wine, the usual
complaints about administrators
and governments - who do not understand the needs of physicists, are
aired. During such dinners I notice
that the political opinions of physicists do not – on average – reflect the
results of straw polls among the electorate of the various Western countries. Physicists seem to have little
sympathy for the more right-wing
nationalistic parties: which is not
unexpected given the international
orientation of the professional life
of physicists, whether in academia
or industry.
Does this mean that the physics
community has a single political
opinion? Presumably not, but this
does not stop the European Commission wishing for a single e-mail
address and telephone number to get
the opinion of all the physicists in
Europe. What should the president
of the European Physical Society
[EPS] say, when one of the European Union [EU] commissioners
calls from Brussels? In some cases,
the answer is easy. Yes, all physicists
in Europe would like to see fewer
and simpler forms for submitting an
EU-framework program proposal to
the commission. This is the easy part.
But what should Luisa Cifarelli answer when asked about the future of

If it is not
possible
to phrase
a common
opinion on
science &
technology
issues, is
there any
subject of
importance
on which
(almost) all
European
physicists
agree?

nuclear fission power, following the
Fukushima disaster? I am quite sure
that different opinions exist among
the European physics community
on this subject: so this is more difficult already.
Yet, in discussions about the opinion of European physicists it is often
argued that, as long as these opinions are restricted to the domain of
science and technology, it should
be possible to speak with a single
voice in Brussels. This may not,
however, be true. We cannot expect
the EPS to make a choice between
investments in the construction of
a new synchrotron facility, a new
deep-sea neutrino detector or an
upgrade of a high-energy particle
accelerator. Such a choice requires
a careful peer-review process, and
the EPS can only argue in favor of
more investments in science and the
paramount application of quality as
a selection criterion.
If it is not possible to phrase a common opinion on science & technology issues, is there any subject of
importance on which (almost) all
European physicists agree? Perhaps.
In fact, it may be easier for the EPS to
phrase a common opinion on some
non-scientific issues. For example:
the euro crisis. It is clearly in the
interest of all European physicists
to support the euro as a strong currency in as many European countries as possible. Why? Physicists
– again, whether active in academia
or industry – work in international
collaborations involving many European institutes and enterprises; they
travel a lot and exchange ideas and
concepts all the time. The increasing

budgets made available by the new
EU Framework Programme “Horizon 2020” stimulate this development. A large single market with a
single currency would lead to further reinforcements of this trend,
as it has stimulated European research in the past decades. The opposite – a fragmenting Europe with
many different currencies – would
severely hamper the development of
physics in Europe and should thus
be strongly opposed. This is what I
think our president could safely respond on behalf of all of us when the
EU commissioner calls. Therefore I
welcome an increased presence of
the EPS (and our president, Luisa
Cifarelli) in Brussels. n

COMING EPS EVENTS
•• ICN+T 2012,
International Conference on
Nanoscience + Technology
23-27 July 2012,
Paris, France
www.icnt2012.org
•• UP 2012
XVIIIth International
Conference on Ultrafast
Phenomena
9-13 July 2012,
Lausanne, Switzerland
www.up2012.org
•• EUROPHOTON 2012
26-31 August 2012,
Stockholm, Sweden
www.europhoton.org
•• MORE ON:
www.eps.org
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SOLID STATE PHYSICS

APPLIED PHYSICS

How massless electrons
tunnel through graphene

Towards high-temperature
superconductors

Electrons moving in graphene behave in an unusual way, as
demonstrated by 2010 Nobel Prize laureates for physics A. Geim
and K. Novoselov, who performed transport experiments on this
one-carbon-atom-thick material. The present review explores
the theoretical and experimental results to date of electrons
tunnelling through energy barriers in graphene.
What could partly explain graphene’s properties is that
electrons travelling inside the material behave as if they
were massless. Their behaviour is described by the so-called
Dirac equation, which is normally used for high-energy
particles such as neutrinos in vacuum moving at a velocity 300 times greater than that of electrons, nearing the
speed of light.

Scientists have produced a new type of superconductor by manipulating graphene, the study of which led to a Nobel Prize. A
team of Chinese scientists have manipulated the charge and
the degree of freedom, known as spin, of electrons and their
associated magnetic properties in a single-layer carbon material
called graphene, making it suitable for applications involving
superconductivity, a quantum mechanical phenomenon in
which electrons travel in a material with no electrical resistance.
The authors investigated the means of exploiting a superconducting graphene flake. They looked at how unconventional
electron pairing – known as d-wave pairing symmetries – would
affect coherent subatomic – i.e., quantum – level transport
within the material. In particular, they focused on electrical
conductance in a system called a spin valve, which consists of
two conducting magnetic materials, including a normal metal
and graphene superconductor, the electrical resistance of which
alternates from so-called giant magnetic resistance to none,
depending on the alignment of its magnetic layers.
By reversing the magnetisation direction of one of the layers
of the valve, researchers found that it is possible to achieve a
spin-switch effect, whereby a normal current is converted into
a superconducting current.
The authors hope that their theoretical results can provide the
basis to design a spin-switch electron device able to operate
at so-called high temperature, where liquid nitrogen can be
used as a refrigerant. n

m Klein tunnelling in one dimension. An electron incident from the left on a sharp

potential step (the blue arrow indicates its direction of motion)

In this review, the authors focus on the tunnelling effect occurring when Dirac electrons found in graphene are transmitted through different types of energy barriers. Contrary
to the laws of classical mechanics, which govern larger scale
particles that cannot cross energy barriers, electron tunnelling is possible in quantum mechanics – though only under
restricted conditions, depending on the width and energy
height of the barrier.
However, the Dirac electrons found in graphene can tunnel
through energy barriers regardless of their width and energy height; a phenomenon called Klein tunnelling, described
theoretically for 3D massive Dirac electrons by the Swedish
physicist Oskar Klein in 1929. Graphene was the first material
in which Klein tunnelling was observed experimentally, as
massive Dirac electrons required energy barriers too large
to be observed. n
llP.E. Allain and J.N. Fuchs,
‘Klein tunnelling in graphene: optics with massless
electrons’, Eur. Phys. J. B 83, 301 (2011)
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llC. Bai, J.T. Wang, H.X. Tang and Y.L. Yang,
‘Spin-switch effect in a graphene d-wave superconductor
spin valve’, Eur. Phys. J. B 84, 83 (2011)

. Honeycomb lattice of graphene that provides the basis for new high-

temperature superconductors.

from europeans journals highlights

CONDENSED MATTER

Cosmology in a Petri dish
Methods to study the formation of our universe are used to understand long-range interactions between particles at the micrometric scale. In the article summarised here, it is shown that micron-size
particles trapped at fluid interfaces exhibit a collective dynamic
that is subject to seemingly unrelated governing laws smoothly
transitioning from long-ranged cosmological-style gravitational
attraction down to short-range attractive and repulsive forces.

m Illustration of a single colloid adsorbed at a fluid interface represented by the

dotted line.

The authors used so-called colloidal particles that are larger
than molecules but too small to be observed with the naked
eye, which are adsorbed at the interface between two fluids
and assembled into a monolayer. This constitutes a 2D model in
which particles larger than a micron deform the interface through
their own weight and generate an effective long-range attraction
which looks like gravitation in 2D, and thus assemble in clusters.
To model long-range forces between particles, numerical simulations based on random movement of particles, known as Brownian
dynamics, have been used. It takes advantage of the formal analogy
between so-called capillary attraction – the long-ranged interaction
through interface deformation – and gravitational attraction.
It is also found that this long-range interaction no longer matters beyond a certain length determined by the properties of
both the particles and the interface, and short-range forces
come into play. This means that for systems exceeding this
length, particles first tend to self-assemble into several clusters
which eventually merge into a single, large cluster.
The study of monolayer aggregates of micron-size colloids are
used in nanotechnology applications. n

either release or absorb large amounts of energy in an impact.
In dynamic atomic force microscopy (AFM), a microsized cantilever, with a sharp tip at its end, vibrates in the proximity of
a surface and its dynamics are monitored to reveal chemical and mechanical properties about the sample. The effective volume affecting the dynamics of the cantilever is small
enough that atomic and molecular processes can be probed.
In particular, it is the phase lag between the drive and the
oscillation amplitude of the cantilever that has been shown
to provide information about dissipative processes. This link
between energy dissipation and phase lag has attracted much
attention since it is clear that it allows experimentally probing
energy transfer in the nanoscale thus opening the door to
fundamental discoveries in the field.
In this work, a direct and experimentally plausible method to
disentangle two fundamental dissipative mechanisms, namely
viscous and hysteretic processes, is provided. It further shows that
the versatility of the AFM allows probing short- and long-range
dissipative interactions. Short-range dissipation is identified with
processes occurring at the interface where mechanical contact
occurs whereas long-range dissipation is related to the chemical
affinity between the interacting surfaces. Experimentally, we use
a carbon nanotube grown on a quartz surface as a model system
and show how both visco-elastic and hysteretic processes can
be easily disentangled from the phase signal. The identification
of dissipative mechanisms in samples of current interest should
prove useful for the rapid advancement of nanotechnology. n
llK.R. Gadelrab, S. Santos, T. Souier and M. Chiesa,
‘Disentangling viscous and hysteretic components in
dynamic nanoscale interactions’, J. of Phys. D: Appl. Phys.
45, 012002 (2012)
. (a) Topographic and (b) phase contrast images of a carbon nanotube grown on

a quartz surface. (c) Viscous and hysteretic dissipative processes are identified as
the two predominant dissipative mechanisms occurring between a sharp silicon
tip and the carbon nanotube.

llJ. Bleibel, A. Dominguez, M. Oettel and S. Dietrich,

‘Collective dynamics of colloids at fluid interfaces’, 		
Eur. Phys. J. E 34, 125 (2011)

MATERIAL SCIENCE

Analysis of dynamic
nano-scale interactions
The understanding of energy transfer in the nanoscale could lead
to a myriad of novel applications from the development of highly
energy-efficient systems to the fabrication of materials that can
EPN 43/2 07
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atomic and molecular physics

PARTICLE PHYSICS

Strong-field ionization yields
in linear and asymmetric
top molecules

“Spooky action at distance”
in particle physics?!

Ionization is a ubiquitous process when atoms and molecules
are exposed to strong laser fields from femtosecond (fs) laser
pulses. For molecules the understanding of how the direction
of the electric field from the laser, with respect to the molecular orientation, influences ionization represents a particularly
important point. Here we present a joint experimental and
theoretical study on the orientational dependence of ionization of carbonyl sulphide (OCS), benzonitrile and naphthalene
molecules by an intense linearly polarized laser pulse. Experimentally this is achieved by fixing the spatial orientation, by
laser-based methods, of the molecules prior to the ionization
event. For naphthalene and benzonitrile, the orientational dependence of the ionization yield agrees well with the calculated
results, in particular, we observe that ionization is maximized
when the probe laser is polarized along the most polarizable
molecular axis. For OCS maximum ionization yield occurs when
the probe is perpendicular to the internuclear axis, which is at
odds with the calculated results.
Our findings suggest that the orientational dependence of
the total ionization yields in linearly polarized fields is not only
determined by the ionization rate but re-scattering of the released electron on the parent ion, left behind, must also be
accounted for. This possesses new challenges for future theoretical modeling. n

The article summarised here presents the first conclusive test
to better understand high-energy particles correlations: A proposal is devised for the first conclusive experimental test of
a phenomenon known as ‘Bell’s nonlocality’. It is designed to
reveal correlations that are stronger than any classical correlations, and to do so between high-energy particles that do not
consist of ordinary matter and light. These results are relevant
to the so-called ‘CP violation’ principle, which is used to explain
the dominance of matter over antimatter.
In 1964, John Bell found that so-called local realistic hidden
parameter theories imply that the relations between these highenergy particles correlations could be experimentally tested
through so-called Bell tests.

llJ. L. Hansen, L. Holmegaard, J. H. Nielsen, 		

H. Stapelfeldt, D. Dimitrovski and L. B. Madsen,
‘Orientation-dependent ionization yields from strong-field
ionization of fixed-in-space linear and asymmetric top
molecules’, J. Phys. B: At. Mol. Opt. Phys. 45, 015101 (2012)
. Total ionization yield of field-free aligned OCS (blue triangles, <cos θ2d> =
2

0.84) and adiabatically aligned OCS molecules (red squares, <cos2θ2d> = 0.90)
as a function of the angle between the polarization axes of the alignment and
probe pulses (dashed curves are included to guide the eye). The ionization yield is
modeled using standard MO-ADK (solid magenta) and Stark-shift-modified MOADK (solid green). Both calculations assume <cos2θ2d> = 0.90.

In this study, the authors have succeeded in devising a new
Bell test taking into account the decay property of high-energy particles systems, called kaon-antikaon systems, while
ensuring that the test is conclusive – a goal that has never
before been achieved – and simultaneously guaranteeing
its experimental testability. Experimental testing requires
equipment such as the KLOE detector at the accelerator facility DAPHNE in Italy.
ll B. C. Hiesmayr, A. Di Domenico, C. Curceanu, 		

A. Gabriel, M. Huber, J-Å. Larsson and P. Moskal,
‘Revealing Bell’s Nonlocality for Unstable Systems in High
Energy Physics’, Eur. Phys. J. C 72, 1856 (2012)
08 EPN 43/2
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applied physics

Exploring charge transport
in nitride heterostructures
One of the most fundamental properties of nitride semiconductors is the presence of strong electronic polarization fields due to its wurtzite crystal structure. A variety of
electronic and optoelectronic devices use or are adversely
affected by the presence of polarization fields and charges
at heterojunctions. For example, high GaN electron mobility transistors (HEMTs) use the high-density 2-dimensional
electron gases induced by polarization discontinuity as the
conductive channel. Optical devices such as light emitting
diodes (LEDs) and lasers have to be designed by taking the
presence of high polarization fields and quantum-confined
Stark-effect into account. As investigations of non-polar and
semi-polar orientations of GaN heterostructures mature for
device applications, a comparative study of charge transport properties for various polar orientations in III-Nitride
semiconductors is especially timely.
. Transport anisotropy in non-polar GaN.

high-mobility enhancement-mode transistors, efficient
quantum well LEDs and possibly open up routes to nitridebased terahertz generation and detection. n
llA. Konar, A. Verma, Tian Fang, Pei Zhao, R. Jana and D. Jena,

‘Charge transport in non-polar and semi-polar III-V nitride
heterostructures’, Semicond. Sci. Technol. 27, 024018 (2012)

APPLIED PHYSICS

Atom distributions in a 		
low-pressure He-Xe discharge
Low-pressure glow discharges in mixtures of xenon with rare
gases are used for lighting purposes in mercury-free fluorescent lamps. Over the last decade investigations have been
carried out on their output characteristics in dependence on
parameters such as mixture composition, pressure, discharge
current and operation mode. However, the lifetime of these
types of fluorescent lamps is limited by the performance of the
electrodes and their interaction with the surrounding plasma.
When using a flat oxide cathode a hot spot and a plasma can
. Visible emission of the discharge in the mixture He+2%Xe, pressure - 5 Torr,

discharge current 40mA. Top: overview of the cathode region; bottom: magnified
view of the spot plasma and the scale for the characteristic sizes.

This article presents such a comparative study. Carrier
transport is anisotropic in semi-polar and non-polar nitrides compared to the polar orientations. New phenomena such as interface charge scattering due to polarization
discontinuity emerge for non-polar heterostructures. It
is shown that for quantum well LEDs, the nitrogen-polar
structure has the best carrier injection properties into
the wells, while the non-polar structure has the highest
electron-hole wave function overlap, enhancing the efficiency of light emission. Thus, depending on the dopant
activation energies, polarization can help improve LED
performance if the direction is chosen carefully. The study
also reveals that by vertically injecting the high-energy
electrons from AlGaN into GaN, the negative mass region
of the GaN band structure can be accessed leading to
current instabilities and current oscillation in the time
domain. This process can be a recipe for generating ac
power at high frequencies. This study will help to design
EPN 43/2 09
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be generated. This spot mode changes the plasma-cathode
interaction and prolongs the lifetime. The source of the plasma
is localized in a very narrow region, but the plasma size is much
bigger than the hot spot size. Outside of the cathode spot the
plasma is sustained by transport of excited species, namely
xenon atoms in the metastable and resonance states. Therefore,
the discharge in spot mode can be used for investigations of
the role of various transport mechanisms.
In the present work the method of laser atom absorption spectroscopy was used to measure the spatial distribution of excited
xenon atoms in radial and axial dimensions. The analysis of the experimental results have been performed by means of a numerical
model which comprises the solution of the transport equations
for metastable and the resonance atoms. Various approximations for the description of particle and radiation transport have
been considered. It has been shown that the expansion of the
plasma is mainly caused by transport of the resonance radiation.
Suggested numerical method can be further used for precise
description of density distribution of excited atoms and predictions of output characteristics of luminescent lamps. n

spontaneously invaded by a film of this oil, the network of pillars
acting as a kind of porous medium. At the texture scale (10 μm,
typically), gravity is negligible compared to surface forces, so
that the film gets trapped by the pillars, even when tilted. If now
a drop contacts this substrate, it lands on a substrate mostly wet,
and pinning can be strongly reduced. As an example, a coffee
drop evaporating on a standard substrate leaves behind a coffee stain, primarily arising from the ability of the liquid to stick,
while the coffee powder gets localized on these new slippery
materials – making it easy to remove afterwards.
The condition for achieving these “floating” states was explored:
the pre-suffused oil must wet the substrate with air above, but also
with water (or another oil) above. Apart from its potential applications, this system is one of the very first explored where four phases
(instead of three, in classical wetting) meet. It also has the interesting capacity to dissolve incoming liquid contaminants, again
taking advantage of the mostly-liquid nature of the substrate. n
llA. Lafuma and D. Quéré,
‘Slippery pre-suffused surfaces’, EPL 96, 56001 (2011)

llYu. B. Golubovskii, S. Gorchakov, H. Lange, 		

A. Timofeev, D. Uhrlandt and J. Winter,
‘Spatial distribution of metastable and resonance atoms in
a low-pressure He–Xe discharge in spot mode’, J. Phys. D:
Appl. Phys. 45, 055205 (2012)

MATERIAL SCIENCE

Pre-suffused surfaces
make them slippery
Liquid drops most often stick to solids, which contributes to
degrade these solids and affects their transparency. Slip can be
induced by coating solids with hydrophobic textures: then, liquids only contact the texture tips, which dramatically decrease
adhesion. On these super-hydrophobic materials, water nicely
recovers the mobility expected from its low viscosity.
Another way to make liquids mobile was proposed in this letter
and by Wang et al. (Nature 2011). It uses textures in an oleophilic situation: a solid coated with posts contacting oil can be
m Two similar coffee drops after evaporation: a coffee stain is observed on a usual

solid, while super-slippery oily surfaces concentrate the powder, demonstrating
the absence of pinning.

10 EPN 43/2

ATOMIC AND MOLECULAR PHYSICS

Rydberg-hydrogen collisions with
surfaces: detection of electrons
In the Rydberg electronic states of atoms and molecules, one
electron has been excited into a distant orbital and is very
weakly bound, giving exotic physical and chemical characteristics. The Rydberg orbital can be easily polarized using weak
electric fields, and when the Rydberg state is near a surface the
electron distribution may be selected to be oriented towards,
or away from, the surface (see figure). The van der Waals force
between the atom and surface strongly perturbs the Rydberg
electron, and at a distance of ≈4 times the mean orbital radius
the electron may transfer into the surface conduction band. The
precise distance at which electron-transfer occurs is controllable
by populating Rydberg states with different principal quantum
numbers or different surface orientations.
In previous experiments this process was studied by detecting positive ions formed as the Rydberg species ionizes. In
the present work electrons have been detected experimentally for the first time from the surface-interaction of both H
atoms and H2 molecules in Rydberg states in the presence of
a weak electric field normal to the surface. The electron flux
away from the surface occurs because the surface interaction
lowers the potential energy barrier on the vacuum-facing
side of the atom allowing electron escape in that direction.
In addition to the novel physics of the process, an important
implication of the electron extraction is that it allows the
positive ions to impact with the surface under extremely low
(thermal) energy conditions. The collision energy is dependent on the ionization distance, which is determined by the

from europeans journals highlights

of only a few hundred microKelvins (corresponding to a temperature near the absolute zero of roughly −273 °C).
Given that the results of this study significantly increased the
number of gaseous atoms under study, it will facilitate future
simulation of subatomic-scale phenomena in gases. In particular, it will enable future experiments in which the gas mixture is brought to a so-called degenerate state characterised
by particles of different species with very strong interactions.
Following international efforts to produce the conditions to
study subatomic-scale properties of matter under the quantum
simulation programme, this could ultimately help scientists
to understand quantum mechanical phenomena occurring
in neutron stars and so-called many-body problems such as
high-temperature superconductivity. n

m Wavefunctions and energy levels for n = 10 hydrogen atom approaching 		

llA. Ridinger, S. Chaudhuri, T. Salez, U. Eismann, D. Rio
Fernandes, D. Wilkowski, F. Chevy and C. Salomon,
‘Large atom number dual-species magneto-optical trap
for fermionic 6Li and 40K atoms’, Eur. Phys. J. D 65, 1 (2011).
Cold quantum matter special issue.

a surface

initial Rydberg state selected. This opens opportunities to
exploring novel forms of thermal ion-surface physics with
a range of surfaces and adlayers. n

. Absorption images of the MOTs and the doubly-integrated optical density profile
= recorded with a resonant imaging beam
n,

llE.A. McCormack, E. So, M. Dethlefsen, M.S. Ford 		
and T.P. Softley,
‘Detection of electrons in the surface ionization of 		
H Rydberg atoms and H2 Rydberg molecules’, J. Phys. B: At.
Mol. Opt. Phys. 45, 015204 (2012)
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Largest ever gas mix caught
in ultra-freeze trap
The article summarised here leads to a better understanding of
subatomic particles using a new cold-atom setup. The work makes
it easier to study atomic or subatomic-scale properties of the building blocks of matter (which also include protons, neutrons and
electrons) known as fermions by slowing down the movement
of a large quantity of gaseous atoms at ultra-low temperature.
Thanks to the laser cooling method for which Claude CohenTannoudji, Steven Chu and William D. Phillips received the Nobel
Prize in 1997, the authors succeeded in creating the largest
Lithium 6 (6Li) and Potassium 40 (40K) gas mixture to date. The
experimental approach involved confining gaseous atoms
under ultra-high vacuum using electromagnetic forces, in an
ultra-freeze trap of sorts.
This trap enabled them to load twice as many atoms than previous attempts at studying such gas mixtures, reaching a total on
the order of a few billion atoms under study at a temperature

APPLIED PHYSICS

Tailoring AlGaInAs
quantum dot solar cells
One of the most important challenges in seeking for competitive energy resources is to increase the efficiency of solar cells.
The intermediate band solar cell promises highest efficiencies
in a single gap device, since it allows for the absorption of below-bandgap photons via a subband located within the host
material’s bandgap. In order to generate an isolated subband,
EPN 43/2 11
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m External quantum efficiency of various solar cell devices: 1) Bulk reference;

2) QD-solar cell without delta-doping; 3) QD-solar cell with delta-doping; 4)
Increased number of QD layers; 5) QD-solar cell with delta-doping but reversed
QD-arrangement. Inset: Atomic force microscopy image of uncapped AlGaInAs QDs
with a remarkably high areal density of 5x1010 cm-2.

electronically coupled stacks of quantum dots (QDs) have been
proposed. The built-in potential in the intrinsic region of the
solar cell however unavoidably lifts the approximate degeneracy between the QD electron eigenenergies. Hence, the wave
functions in adjacent layers would be electronically decoupled,
resulting in carrier localization.
To avoid this effect and facilitate the formation of a QD-subband, the present work focuses on the integration of tailored
quaternary AlGaInAs QDs. it deals with three major goals in
quantum dot solar cell research: Increasing QD absorption
by the fabrication of high areal density QDs, engineering the
QD’s bandgap to tailor their absorption range, and preserving
the possibility to maintain an intermediate band despite the
built-in potential being present in solar cell p-n-junctions. By
a suitable choice of QD composition, shape and barrier thickness they show by simulations routes toward QD-IBSC designs,
whereas they experimentally demonstrate a widened spectral
absorption range. n

research on Earth, are very important for the progress in this
field. Complex plasmas consist of micrometre-sized highly
charged particles ("microparticles”) embedded in an ionized
gas (“plasma”). The microparticle ensemble resembles a classical system of interacting atoms. This system can form all of
the classic phases, i.e., crystalline, liquid and gaseous. It can
also support the propagation of sound waves, solitons and
shock waves.
In experiments carried out on Earth, gravity pulls the microparticles downwards resulting in two-dimensional structures.
Under microgravity conditions it is possible to investigate big,
three-dimensional systems. The PK-3 Plus laboratory provides
ideal conditions for such experiments. It is installed in the Russian segment of the ISS and has been used repeatedly over
the last 6 years.
We performed experiments to measure the speed of sound
during two missions with cosmonauts Volkov and Skvortsov.
In Figs. (a) and (b) we show how a bigger "probe" particle penetrated a cloud of smaller microparticles. At a speed several
times faster than the speed of sound it excited a Mach cone. A
double cone structure is discernible in this "atomistic" system.
While moving through the cloud, the probe particle is decelerated to subsonic speeds.
By measuring the Mach cone angle at several probe particle
velocities, we determined the Mach relation. This allows us to
directly measure the speed of sound and to infer the microparticle charge. In addition, the experimental results agree well
with a 3D molecular-dynamics simulation, demonstrating in
particular a double Mach cone structure. n
llM. Schwabe, K. Jiang, S. Zhdanov, T. Hagl, P. Huber,

A.V. Ivlev, A.M. Lipaev, V.I. Molotkov, V.N. Naumkin,
K.R. Sütterlin, H.M. Thomas, V.E. Fortov, G.E. Morfill,
A. Skvortsov and S. Volkov,
‘Direct measurement of the speed of sound in a
complex plasma under microgravity conditions’, 		
EPL 96, 55001 (2011)
. Mach cone relation linking the Mach cone angle θ with the probe particle speed

llC. Schneider, S. Kremling, N.V. Tarakina, T. Braun, 		

M. Adams, M. Lermer, S. Reitzenstein, L. Worschech,
M. Kamp, S. Höfling and A. Forchel,
‘AlGaInAs quantum dot solar cells: tailoring quantum dots
for intermediate band formation’, Semicond. Sci. Technol.
27, 032002 (2012)
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Speed of sound in a complex
plasma under microgravity
Complex plasma experiments under microgravity conditions in the International Space Station ISS, complementing
12 EPN 43/2

v in experiments (crosses) and simulation (triangles). (a) Zoom showing the
subsonic probe particle. (b) Smoothed difference between two successive frames,
highlighting the Mach cone.

[Physics in daily life]
L.J.F. (Jo) Hermans - DOI: 10.1051/epn/2012201

ll

llLeiden University,e Netherlands - Hermans@Physics.LeidenUniv.nl

Boiling water

W

ater is a vital substance for any living
organism. But it is also an extraordinary substance. Take its boiling
point, for example. H2O has a much
higher boiling point than other light molecules. Indeed,
it is roughly a factor of five higher than for a simple diatomic molecule with a comparable mass like nitrogen.
It is also higher than that of polyatomic molecules like
CO2, SO2, CH4, and even higher than that of ordinary
alcohol, C2H5OH.
It is all due to the structure of the water molecule with its
large dipole moment. The attractive well depth is large,
and the molecules can escape from the well only at relatively high temperature. Hence the high boiling point.
But this also means that
the heat of vaporisation is
relatively large. This is fortunate, because it makes
water an efficient medium
to cool our body by evaporation when sweating.
Just how large is the heat
of vaporisation of water?
This is something we
know from experience
without probably realising
it. If we boil water it takes,
for example, 5 minutes to
reach the boiling point. If
we continue heating, it will take another 20 minutes or
so before the water has completely evaporated (which
is good, because it gives us time to save our kettle). This
means that evaporating water takes roughly four times
as much heat as raising its temperature from close to
0°C to 100°C. Since the latter takes about 420 kJ/kg,
the heat of vaporisation must be on the order of 2 MJ/
kg. Which it is.
Now an interesting problem arises when we boil water in
a pan which has a lid on it. Ask any layman this question:
What is the effect of having the lid on the pan: will it take
longer or shorter for the water to completely evaporate
compared to a pan without a lid? Or doesn’t it make any

difference? As we all know, when approaching boiling
point, much of the evaporating water will condense on
the lid and flow back into the liquid. So the answer will
probably be: Of course it takes longer when the lid is
on the pan.
Wrong. Do the experiment and see what happens. It
makes no noticeable difference. The explanation is easy.
Whether or not there is a lid on the pan, the heat supply
to the water remains the same. And where would the
heat go? Except for the (relatively small) heat losses by
radiation and conduction, all heat is used for evaporation. This means that there should be no difference, irrespective of the details of condensation and backflow
that occur under the lid.

If we are a little more precise, it is even the opposite of
what the layman expects. The reason is that radiation
losses are reduced by the metal lid with its emissivity
of perhaps 0.1, to be compared to almost 1 for the water surface. So there is even more net heat available to
vaporise water if the lid is on the pan, and evaporation
should even be a bit faster.
So, a simple kitchen experiment like boiling water
contains some nice physics. And to answer the seemingly complicated question of the influence of the lid
on the evaporation speed, all we need is the first law
of thermodynamics: energy conservation, that’s what
it boils down to. n
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A brief history of
the Coriolis force
Theo Gerkema 1 and Louis Gostiaux 2
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In 1835, Gustave Coriolis derived the
expression of a force acting in rotating
systems, now known as the Coriolis force.
His work was inspired by rotating devices
such as waterwheels. However, the one
rotating device that has always been with
us is the Earth itself. Indeed, the earliest
studies on how moving objects behave
in a rotating system were directed to the
Earth's diurnal rotation. Here we trace
the history of these studies, which started
two centuries before Coriolis.
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T

he first ideas concerning the influence of the
Earth’s diurnal rotation on terrestrial objects
came with the debate on the very existence
of that rotation. This was inevitable, for Aristotelian physics offered a seemingly weighty argument
against it: everything lifted into the sky, such as birds or
clouds, would no longer share the Earth’s rotational movement and hence should drift away to the west at a gigantic
speed. Since this is not what we observe, the conclusion
had to be that the Earth does not rotate. To move beyond
this Aristotelian argument, a different notion of inertia
was needed. It was provided by Galilei who put forward
the idea that objects persist in their horizontal movement,
by which he meant that they would continue their circular
trajectory [3]; thus, a stone thrown up in the air does not
suddenly lose its rotational motion but keeps on moving
along with the Earth.

Deflection of freely falling bodies
and projectiles
In 1668, Giovanni Borelli, a member of the Accademia
del Cimento in Florence, examined what this principle of
inertia implies for objects that are dropped from a tower
[7]. On the rotating Earth, the top of a tower describes
a larger zonal circle than its foot, and thus must have a
higher (circular) velocity to the east. Borelli supposed
that an object falling from the top must retain this excess
in eastward velocity and hence land slightly to the east
of the tower’s foot. He calculated the magnitude of this
deflection and found, for a tower of a height of 71 m (240
feet1) and placed at the equator, a value of 2 cm. We will
not dwell on the details of his reasoning; notwithstanding some errors and approximations, he found the right
direction and the right order of magnitude. He concluded
that the effect was too small to be measured, as the deflection is easily dwarfed by other perturbing effects.
More than a century would pass before significant progress was made on this problem. In 1803, Laplace and
Gauss independently derived an expression for the eastward deflection of freely falling objects:
—
d = 2/3 Ω cos(Φ) √(2h³/g)
Here Ω is the Earth’s angular velocity (7.292×10–5 rad/s,
i.e., 2π divided by the sidereal day: 23h56m4s) and Φ is
latitude; g is the acceleration of gravity and h the height
from which the object falls. During the same period, experiments were carried out in which experimentalists
carefully attempted to eliminate all disturbing influences.
The most famous is the one by Ferdinand Reich in a mine
pit 158.5 m deep, in Freiberg, Saxony [6]. On a total of
106 experiments he found a mean eastward deflection
of 2.8 cm, which agrees with the theoretical value. Despite all the precautions he took, the spread in the values
is conspicuous (see Figure 1); the balls sometimes even
deflected to the west!

A related but more complicated problem is that of the
deflection of bodies launched in an arbitrary direction.
Riccioli in his Almagestum Novum (1651) argued that,
if the Earth rotates, a projectile fired northward should
deflect to the east: the projectile comes from a latitude
whose zonal circle is larger than the one to which it goes;
the accompanying excess in eastward velocity would be
retained by the projectile, amounting to a deflection to
the east2. By contrast, Riccioli (incorrectly) expected no
deflection for eastwardly fired objects. His reasoning implies that a systematic difference between northwardly
and eastwardly fired objects should have been detected;
he took the absence of any such evidence as an argument
against the Earth’s rotation [5].
Once again, it was Laplace who put the problem on a
solid mathematical footing; in the fourth volume of his
Mécanique Céleste he derived the equations governing
the deflection of projectiles. He showed, in particular,
that a body launched vertically upward would land
slightly westward.

NOTES
1
Height of
the Torre
degli Asinelli
in Bologna,
from which
experiments
on freely falling
objects were
carried out at
the time.
2
In fact, one
should apply
here the principle
of conservation
of angular
momentum;
this correction
doubles the
deflection, as was
first pointed out
by Brillouin [1]. The
same applies to
Borelli’s reasoning
on freely falling
bodies.

Laplace and the “Traditional
Approximation”
Laplace’s work on the deflection of projectiles was a
spin-off of his earlier treatise on tides, which was published in its definitive form in the first volume of his
Mécanique Céleste [8]. For a hypothetical ocean covering
the entire planet, he examined their modes of propagation. To do this, he first had to derive the equations
of motion including the effects of the Earth’s rotation.
Adopting the usual geographical coordinates, he demonstrated that these equations contain four terms that
represent a deflecting force due to the Earth’s rotation:

b FIG 1: The result

of 106 experiments
on freely falling
balls in a minepit
by Ferdinand Reich
in 1831 (from [6]).
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moving bodies are subject to a deflecting force in a direction perpendicular to – and in magnitude proportional to – their velocity. Specifically, the effect of the
four terms is as follows (see Figure 2):

“

•• an eastward velocity u induces
(I) a southward force (whose
expression is –2Ωsin(Φ)u)
and (II) a vertically upward
force (2Ωcos(Φ)u);
•• a northward velocity v induces (III) an eastward force
(2Ωsin(Φ)v);
•• a vertically upward velocity w
induces (IV) a westward force (–2Ωcos(Φ)w).

however come under renewed scrutiny for some types
of geophysical flows [4].
Historically, (IV) was the first of the four effects to be
probed into, for it is the term responsible for the eastward
deflection of a freely falling body, the case studied by
Borelli. By contrast, the effect
of the other “non-traditional”
term was the last to be identified. In the early 20th century,
when gravity measurements
were carried out during seagoing scientific campaigns, it
was found that its value was
systematically smaller on an
eastward moving ship, and larger on a westward moving
one. (For example: for a ship going eastward at the equator
at 13 knots, gravity g is reduced by one-hundredth of a
percentage point.) In 1919, Eötvös pointed out that this
phenomenon is explained by term (II).

An object falling from a tower
must land slightly to the
east of the tower’s foot

Forces are taken per unit of mass. These results apply
to the Northern Hemisphere; in the Southern Hemisphere, Φ becomes negative, so that one should replace
“southward” by “northward” for (I), and “eastward” by
“westward” for (III).
His analysis contained yet another element that would
prove influential. Laplace pointed out that the ocean is
but a thin shell compared to the Earth’s radius (the same
is true for the atmosphere); this geometrical constraint
means that large-scale motions must be quasi horizontal.
This renders the terms (II) and (IV) relatively unimportant, for they involve vertical movements (either in velocity or in acceleration). Thus, Laplace neglects them and
henceforth only takes into account the deflecting terms
(I) and (III). Ever since, this approximation has been routinely made in studies on geophysical fluid dynamics and
is aptly referred to as the “Traditional Approximation”.
In recent years, the validity of this approximation has

”

Geostrophy
In 1856, Ferrel adopted the terms (I) and (III) from
Laplace’s tidal theory and introduced them in meteorology [1]. In a qualitative way, the effect of term (III) had
already been introduced by Hadley in an article on the
Trade Winds in 1735, but term (I) was new in this field.
Ferrel also clarified the way in which (I) causes a deflection: a particle of air which moves to the east is subject to
an extra centrifugal force (since its own eastward velocity
adds up to the already existing eastward velocity associated with the Earth’s rotation). This extra force is oriented
outward in the plane spanned by the zonal circle; it can be
decomposed into a meridional and a radial component,
yielding (I) and (II), respectively.
Ferrel constructed a schematic view of the general circulation of the atmosphere (Figure 3). In each hemisphere, he
distinguished three zones (the trade winds near the equator, the westerlies at mid-latitudes, and the polar easterlies),
which are separated by belts of low or high pressure (from
equator to poles: the doldrums, subtropical high, subpolar
low). Then, Ferrel assumed that the meridional gradient
of pressure is balanced with term (I), featuring the zonal
velocity. He thus introduced what we now know as the
“geostrophic balance”, according to which the winds follow the isobars rather than being perpendicular to them.

Foucault’s pendulum
c FIG 2: The deflecting

forces (in red) acting
on bodies moving
in the Northern
Hemisphere with
velocities indicated
in green. The vector Ω
represents the Earth’s
diurnal rotation.
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In 1851 Foucault carried out his famous experiment in
which he observed a slow rotation of the vertical plane of
the pendulum’s oscillation. This effect is due to the terms
(I) and (III); to a first approximation, the frequency of the
plane’s rotation is given by Ωsin(Φ). Soon after, many such
experiments were carried out at different places by other
experimentalists. They not only confirmed the original
experiment but also testified to the great appeal a direct

The coriolis force features

mechanical proof of the Earth’s rotation had to many, even
if few would by then have doubted its reality. There is an
ironical twist here, for in fact the experiment had already
been inadvertently done at a time when the Earth’s rotation itself was still under debate. In notes from the 1660s,
members of the Accademia del Cimento mention their experiments on pendulums and report a clockwise rotation
of the vertical plane (Figure 4). They did not realize that
the Earth’s rotation may have something to do with it. For
them, it was a nuisance; and afterwards they fixed the pendulum at two ropes to preclude this annoying perturbation!

b FIG 3:

Schematic view
of the general
circulation of
the atmosphere,
established by Ferrel
in 1856 (from [1]).
The flow pattern
is a combination of
meridional flows,
associated with the
three circulation cells
in each hemisphere
(depicted in the
outer spherical
shell); the easterlies
and westerlies
are explained
by the zonal
geostrophic balance.

Coriolis
The four terms (I) to (IV), first derived by Laplace, are
none other than what we now know as the “Coriolis force”.
In 1835, Coriolis derived ‘his’ force in a theoretical treatise
on the forces acting in rotating devices [2]. He called it the
“force centrifuge composée”; the association with the name
of Coriolis became common only by the late 19th century.3
In fact, his paper past unnoticed in the first few decades
after its publication. Notably, Poisson in his papers on the
deflection of projectiles in 1837/1838 drew on Laplace’s
Mécanique Céleste and shows no awareness of Coriolis’
paper. The same is true for early theoretical explanations
of Foucault’s pendulum (such as by Binet in 1851). Ferrel’s
work, too, is a case in point.
It is only natural that Laplace was much more influential
than Coriolis. Firstly, because Laplace’s work concerned
the Earth’s rotation, which, ever since Borelli, was the primary object of study in effects of deflection (the cases
discussed above testify to that). By contrast, Coriolis’ work
was more abstract and the applications he envisaged were
rooted in the industrial revolution, with rotating devices
such as waterwheels – a wholly different context. Secondly, Laplace’s derivation of the deflecting force preceded
that by Coriolis by four decades. Historically, it would
certainly be more accurate to speak of the “Laplace force”.
But, then, Laplace has already got so many things named
after him, that it should be considered a matter of fairness
to speak of the “Coriolis force”! n
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b FIG 4: Foucault’s

pendulum avant la
lettre. Extract from
notes by Viviani
(Accademia del
Cimento, 1660s) :
“We observed that
all the pendulums
at a single rope
deviated from their
plane [of oscillation]
and always in the
same sense, that
is, according to the
lines AB, CD, EF, etc”
(Figure from [6]).
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Detailed aerodynamic computations are used to improve
rotor blade design and to simulate wind turbine interactions
in wind farms.

W

ind energy capacity has grown at a rate
of approximately 30% per year over the
past 20 years, as is indicated in Figure 1,
yielding a cumulative installed capacity of 197GW world wide in 2010 [1]. This is despite the
economic crisis, in which the financing of wind farms has
become increasingly difficult. Europe, at the end of 2010,
had a total amount of 86 GW wind energy capacity installed, producing 181 TWh of electricity on average and
covering 5.3% of the European electricity demand (4.8%
in 2009). Wind energy nowadays plays an important role
in the extension and replacement policy of power plants.
Interestingly, in 2010 more wind energy capacity was installed in Asia than in the traditionally strong markets of
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Europe and North America. China and India installed 19
GW and 2.1 GW respectively, whereas Europe and North
America installed 9.9 GW and 5.8 GW, respectively. In
Europe, the growth of onshore wind energy capacity was
13% (8.4 GW) while the growth in offshore wind energy
capacity was 51% (0.9 GW) compared with 2009.
At the end of 2010, the EU Renewable Energy Directive
has been put into action, formalizing the set target for the
EU of 20% renewables in the energy mix of 2020. Member
states have submitted National Renewable Energy Action Plans to reach the 2020 target. Wind energy takes
an important share; the Action Plans are based on 14%
wind energy contribution. The European Wind Energy
Association (EWEA) [2] presented scenarios exceeding

Wind energy research features

these numbers. In the context of reduction of CO2 in the
atmosphere, wind energy is one of the preferred options.
Depending on wind resources, it takes a wind turbine
three to six months to recover the energy needed for
building, operating and decommissioning the wind turbine over its 20 to 25 year operational lifetime.
Currently, the cost of electricity production by onshore
wind turbines approaches the cost of fossil fuel electricity
production (6 - 8 €ct/kWh). Offshore, the cost of wind
electricity strongly depends on the complexity of the wind
farm, including distance to the coast, water depth and soil
conditions. The cost of offshore wind energy electricity is
currently in the order of 12 - 18 €ct/kWh. However, one
expects this relatively young offshore wind industry to experience a steep learning curve leading to significant cost
reductions. European governments balance their funding
between implementation and innovation. North Sea and
Baltic Sea countries have a focus on further development of
offshore wind energy. Other coastal countries like Greece,
Spain, Italy and Norway investigate floating wind turbines
because of their large depth coastal waters.
Wind turbines have become more cost effective over the
years, whilst the size of turbines has grown. From dimensional analysis, up-scaling wind turbines will not automatically lead to a reduction of the cost of wind power.
Power generated by a wind turbine scales as the square of
the rotor diameter, while the mass scales with its cube. Up
scaling would thus lead to increased cost of energy. The
main reason that the cost of wind energy has come down
with increased size wind turbines is continuous innovation.
Recently, a large European project ‘UPWIND’ [3] has investigated the challenges and limitations for up scaling wind
turbines to 20MW size. For offshore application of wind
power new technologies and knowhow are needed beyond
the existing knowledge base. Not only new technologies are
required, also up scaling wind turbine dimensions, wind
farm capacities and innovative electrical infrastructure is
a requirement to make offshore wind energy a success.
The push for offshore wind energy is the driver of current
European wind energy research and is expected to also
lead to more cost effective onshore installations.
In order to maintain Europe’s global leadership in wind
energy, more research is needed and the European research
institutes have organized themselves in the European Energy Research Alliance (EERA) [4]. Its key objective is to
accelerate the development of new energy technologies by
drafting and implementing Joint Research Programmes in
support of the Strategic Energy Technology (SET) plan [5]
based on pooling and integrating activities and resources.
The up scaling and increased complexity of wind turbines
require more accurate design calculations, for example
to reduce safety factors. The Energy research Centre of
the Netherlands (ECN) is known for its development of
design tools in wind energy. The aerodynamics research
focuses firstly on the modeling of the wind turbine rotor

and secondly on the flow in and around wind farms. The
generated knowledge is brought in the wind energy market offering design support and licensing of innovations.
Two recent developments are described here.

m FIG 1:

Global cumulative
installed wind
energy capacity [1]

Rotor aerodynamics
ECN traditionally holds a strong position in the field
of rotor aerodynamics. Its research aims to incorporate
the developed knowledge in aerodynamic design tools
enabling increased accuracies in designing future large
wind turbine blades. An important development at ECN
is the AeroModule, a collection of advanced aerodynamic
design tools coupling aerodynamic modeling with structural dynamics tools. An advanced Blade Element Momentum (BEM) model can just as easily be applied as the
ECN free-vortex wake code called ‘AWSM’ [6]. With this
tool the accuracy of integrated wind turbine designs can
be evaluated, see Figure 2.
For the design of wind turbine blades an accurate prediction of the aerodynamic loading on the blade surface is
necessary. With increased blade sizes the flexibility of the
blades increases and unsteady aerodynamic effects become increasingly important. RotorFlow is a simulation
code under development at ECN that can determine the
aerodynamic forces on wind turbine blades for unsteady
flow. The method will yield accurate results while keeping
the computational time acceptable.

. FIG 2:

The effect of the
wind profile on the
wake development
as calculated with
the free-vortex
wake code AWSM.
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m FIG 3: Flow field

decomposition
into an inviscid and
viscous region.

The flow field around the blade is split into an internal
viscous region close to the surface and an external inviscid region, see Figure 3. The inviscid flow is solved
using a panel method. The viscous flow is modeled as a
boundary layer flow and solved with a DiscontinuousGalerkin scheme for non-conservative systems of partial
differential equations. To ensure a proper match between
the two flow regions, a quasi-simultaneous interaction
scheme is applied. This scheme, developed by Veldman
[7], is extremely suitable for this application as it is robust
– even in separated flows – and easy in terms of programming. The boundary layer equations are solved together
with the interaction law equations from the interaction
method. The interaction law equations are a very crude
approximation of the inviscid flow taking only the local
influence in account.
In RotorFlow the inviscid flow and the viscous flow with the
interaction scheme are solved iteratively where the values
of variables describing the flow are exchanged, see Figure 4.
The separate components of RotorFlow have been tested
independently [8] and show promising results for the
final implementation in RotorFlow.
Inviscid
I

Viscous
Inviscid

I

Wind farm aerodynamics
The description of the wind field in and around wind
farms is especially relevant for large offshore wind farms,
where the turbines will influence each other through their
wakes. Planned offshore wind farms in the current UK
Round 3 [9] have sizes from 400MW to 7000MW, which
involve 80 to 1400 turbines with rated power of 5MW.
Wind turbines extract energy from the flow, leaving a
wake behind where wind speed is reduced and turbulence
is increased. The result is that a turbine operating in the
wake of an upwind turbine will generate less power and
will experience larger mechanical loads with respect to a
turbine in ambient (undisturbed) wind conditions.
For the construction of large offshore wind farms, insight
in wake effects is very important. The current tools available for the industry are so-called engineering tools, which
are fast but lack accuracy. The Dutch research institutes
. FIG 4: Iterative
solution procedure. ECN and CWI (Centre for Mathematics and Informatics) take a more fundamental approach
by developing CFD (computational fluid
External
dynamics) methods and applying them to
this problem, see review [10]. Researchers
Interaction +
at ECN developed a tool (FarmFlow) that
Boundary layer
is a compromise between the fast but less
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accurate engineering tools and the more accurate but
computationally expensive CFD tools.
Instead of solving the full 3D Navier-Stokes equations,
both the diffusion and the pressure gradient in stream
wise direction are neglected. This assumption effectively
parabolizes the equations, allowing for a fast solution procedure by downstream marching. Furthermore, in order
to include turbulence effects, the equations are averaged
in time (Reynolds Averaged Navier-Stokes equations,
RANS). The resulting FarmFlow software tool is an accurate and validated tool to calculate power losses in
offshore wind farms. In addition, it calculates the added
turbulence, which makes the tool unique, see Figure 5.
In order to get more insight in the physics of wind-turbine wakes and improve existing engineering models,
improvements have to be made to the steady, parabolized
approach. For example, to understand the fatigue loading
on wind turbine blades, one has to capture the unsteady
flow features in the wake of turbines, such as the tip vortices that originate from the blade tips. For this purpose,
a full 3D unsteady incompressible Navier-Stokes solver is
being constructed. This requires three main ingredients:
•• a numerical approximation (discretization) of the Navier-Stokes equations in both space and time,
•• a turbulence model, and
•• a representation of the turbine blades.
For the spatial and temporal discretisation of the incompressible Navier-Stokes equations we are looking at methods that inherit important properties of the continuous
equations in a discrete sense, so-called ‘mimetic’, ‘symmetry-preserving’ or ‘energy-conserving’ methods [11].
Conserving energy in a discrete sense has three distinct
advantages. Firstly, it leads to methods that are free of
artificial (numerical) diffusion, which is of utmost importance when correctly simulating unsteady turbulent flows.
Secondly, it leads to methods that are stable for any mesh
at any time step, implying that the mesh and time step can
be selected based on accuracy requirements rather than
on stability. Thirdly, energy-conserving methods lead to
well-behaved discretisation errors, even on coarse meshes
and large time steps, because the discrete operators are
well-posed. This is important, because simulations of turbulence are computationally very expensive and mesh
sizes are kept as large as possible in practice.
To date, most work on energy-conserving methods has
focused primarily on the spatial discretisation. An example of such a spatially energy-conserving method, which
we employ in our work, is the staggered-grid method
dating back to the work of Harlow and Welch [12]. We
use this method and a higher-order extension of it on
Cartesian (non-uniform) grids, for which it is particularly suitable. Recently, we have extended the notion of
energy conservation to include time by employing a class
of implicit Runge-Kutta methods [13a]. These methods
allow stable and accurate time integration with large time
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of wake effects in
a wind farm (left)
and an impression
of numerical
calculations.

steps. The application of Runge-Kutta methods to the
incompressible Navier-Stokes equations is not trivial, because they constitute of a system of differential-algebraic
equations instead of ordinary differential equations [13b].
The influence of the turbines on the flow is taken into
account by introducing actuator disks or actuator lines.
In the equations they appear as time-dependent bodyforces that extract momentum and energy from the
flow, effectively reducing the wind speed in the farm. Of
course, a more accurate way of modeling the turbines
would be to introduce a (moving) mesh around the
blades and compute the entire flow around the blade,
but this approach is far too expensive to be applied to
wind farm computations.
An example of a computation with an actuator disk is
shown in Figure 6. Like in reality, the wind direction at
the inflow boundary (left side) changes with time, leading to an oscillating wake behind the turbine. This effect
is related to the phenomenon of ‘wake meandering’, the
large-scale oscillation of the wake, which helps to reduce
the velocity deficit behind the turbine and as such increase the power production of the next turbine.
With a suitable discretisation in space and time and a representation of the blades, the focus of the work is now on
investigating turbulence models for wake aerodynamics.
We look at so-called large-eddy simulation (LES) models.
With such models the smallest scales of the flow are filtered, and only the largest scales (‘eddies’) are simulated.
We are in particular looking at models that are built along
the idea of symmetry preservation [14].
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The simulation codes for blade and wind farm design discussed in this article are illustrating examples of the latest
developments in wind energy research. With the help of
such codes, better insight in the aerodynamics of wind
turbine blades and wind farms is obtained, eventually
leading to improved wind turbine performance, reduced
safety factors and optimized wind farms, thereby reducing the cost of energy from offshore wind generators.
For off-shore wind farms the future looks bright with
large scale investments being made world wide. However, a system approach is necessary for wind energy to
become embedded in the future energy infrastructure,
considering not only the source of energy, but the entire
chain from source to consumer, including storage of intermittent wind power, transport to land and coupling
to the existing power distribution network. n
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field around an
actuator disk in a
time-varying inflow
field, displaying a
deflected wake [13b].
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Wind turbines as yet unsuitable
as electricity providers
C. le Pair, F. Udo and K. de Groot - DOI: 10.1051/epn/2012204			

ll

Wind turbines have been widely accepted as electricity producers thanks to claims
that wind comes free of charge, and each kWh thus produced replaces a kWh provided
by conventional techniques, i.e., it saves the fossil fuel otherwise needed. However, these
assumptions have never been validated in existing power distribution systems even
after the installation of as much as 86 GW of wind power in Europe alone.

Europe, 21st century
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T

he wind energy flux varies with the third
power of the wind speed. Wind energy is only
available if the wind blows strongly enough.
This is expressed by saying that wind energy
is supply driven: it is not available on demand.
This feature makes wind energy as such unsuitable as a
power source for an electricity grid where supply and demand must be balanced at all times. In order to stabilise the
power of the grid we need either storage or conventional
generators as backup. This has important consequences, as
it reduces the fuel savings promised by the wind industry,
while it doubles the costs of the power systems.
An often-heard objection to this argument is that by
spreading wind turbines over a large area the fluctuations
in wind fields average out. This argument can be quantified by looking at the correlation length in wind patterns.
Rather than discussing these wind patterns we discuss the
production of 7000 wind turbines in Germany.
In 2004 the electricity company E.ON had some 7 GW of
wind power installed over the whole territory of Germany.
In their ‘Wind report 2005’ [1] they published the wind
electricity produced in 2004 on a day-by-day basis (Fig. 1).
The conclusion is that on a 24 hour basis the correlation
in wind energy production is strong over all of Germany.
This effect has been analysed for the case of Germany by
the Aachen University [2]. The result is that the possible
substitution of conventional sources by wind is only a
few per cent of the installed wind capacity. This result
is in contradiction to the statement of Eecen et al. [3].
Other studies have shown a strong correlation between the
wind energy production in Denmark, Germany and Great
Britain together.The North Sea is often hailed as the future powerhouse of Europe, but its opening hours are quite irregular…
This implies that wind power is not an alternative for conventional production capacity. The investment in wind turbines
requires extra capital on top of the cost of a conventional
system, which by itself is already capable to satisfy the total
demand. Moreover this extra capacity also requires extra
connection lines. In Germany the plans to install more wind
turbines require 4000 km of extra high voltage transmission
lines, which otherwise would not be necessary.

The capacity factor and curtailment
The frequency distribution of the wind velocity is described by the Weibull distribution, which reveals that
wind speeds from zero to the average wind force are as
frequent as all other wind speeds together. An average
wind speed is typically 6 m/s onshore. The average wind
force is larger at sea than onshore.
Windmills start producing electricity at about 5m/sec and
reach full power at 13 m/sec. The capacity factor of a wind
turbine is the fraction of the time it effectively runs at full
capacity. The capacity factors offshore are about 0,4 and about
0,25 in good locations onshore. The measured factors are 0,22
for the Netherlands, 0,17 for Germany and 0,24 for Ireland.

b Fig 1: Daily

wind electricity
contribution

This means that a wind energy system which has enough
capacity to satisfy the demand, covers less than 25% of
the total demand during a year.
Is it possible to absorb such an amount of wind energy
in a conventional system?
Here we follow the calculations done by B. Ummels [4].
The electricity demand follows a curve which is largely
the same everywhere in Europe. Figure 2 represents such
a curve for the weekly demand in the Netherlands in 2007.
Such curves are in use by the producers to balance supply and
demand. Taking a full year of such curves, we split the total demand in 15-minute periods to arrive at 365 × 24 × 4 = 35040
periods of demand. The computer now sorts the 15-minute
intervals with their demand in decreasing order and puts
them on the Y-axis of Fig. 3. These points form the top curve
in the graph. It shows the so-called demand-duration curve
for the Netherlands. One can see that the maximum electricity demand was around 20 GW, and the minimum just
below 10 GW. Next one can obtain the data on wind speed
per 15-minute interval from the Meteorological Institute.
These data allow calculating the actual wind electricity yields
for any desirable total installed capacity. This wind-generated
electricity yield (for each relevant 15 minute time slot during
the year) can be subtracted from the demand, so the production of wind energy is now represented as a negative demand.
Ummels [4] has done this for installed capacities of 2 to 12
GW in 2 GW steps (see Fig. 3).
The ‘must run’ capacity is defined as the minimum output
of a conventional system under the requirement that it
can deliver full output on short notice, i.e., during a period
of rising demand and falling wind production. The ‘must
run’ output is represented as a horizontal line in figure 3.
The height of this line is a subject of debate, but the choice
of 10 GW is the result of the following arguments:
A. The difficulty of running large installations below
50% of full load.
B. Industrial electricity production in combined heat and
power installations is beyond control of the electricity distribution network. The same holds for Combined Heat
and Power (CHP) installations used for district heating.
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C. Cycling of coal-fuelled generators can lead to unexpected consequences, as detailed in the Bentek report
about the Colorado electricity supply [5]

. Fig 2: Typical

behaviour of
total electricity
demand over a
period of a week

The surface under the horizontal line represents the
amount of wind energy which cannot be accommodated in
the grid.With 12 GW wind power installed one could theoretically provide 20% of the total demand. However, the
demand-duration curves demonstrate that about half the
time there is surplus wind power. The total surplus amounts
to 40% of the supply by wind. Not only is a solid 40% of the
wind production lost, but also the conventional system has
to run at minimum capacity during exactly half the time.
Export is still touted as the solution for wind energy oversupply. This argument is not valid because, when we have
high winds in one country in Western Europe, it also blows
in the surrounding countries. Such is the nature of our
weather systems.
Let us turn again to the great example for the wind proponents, i.e., the Danish situation. The Danes produce
20% of their electricity by wind, but half of that cannot
be accommodated locally. This oversupply is exported to
Norway and Sweden, where it is used to replace hydro
electricity. Since 2010 the Scandinavian Power market
rewards electricity oversupply with a negative price of
up to € 200 per MWh, or € 0,2 per kWh.
CEPOS, an independent Danish scientific institute,
has issued a report entitled: “Wind energy, the case of
Denmark” [6]. The authors are quite explicitly negative
about the practice of supplying free (subsidized) wind
electricity to their Scandinavian neighbours at times of
oversupply, and the purchase of electricity at high cost
during periods when the wind cannot deliver.
We quote from page 29: “The very fact that the wind
power system, that has been imposed so expensively upon the consumers, cannot and does not achieve
the simple objectives for which it was built, should
be warning the energy establishment, at all levels, of
the considerable gap between aspiration and reality.”
Negative electricity prices are the only way to stop the turbines, but this phenomenon endangers the exploitation
of the conventional power generation system, unless the
government (i.e., the citizens) pays additional subsidies
to keep the backup systems running.

The saving of fossil fuel
Many studies worldwide indicate that the fuel saved by
wind is far less than proponents assume. [7,8,9]. Most of
those studies are based on models by lack of operational
data with two exceptions: The Bentek report on wind in
Colorado and Texas [4] and Udo’s analysis of the operational data of EirGrid [10].
But let us first review the factors affecting the actual performance of the electricity-generating system when wind
turbines are added.
The widely published argument in favour of wind energy
is: “The conventional units produce less energy, so they
consume less fuel”. Several factors influence this simple
result in a negative sense.
1. Conventional units are forced to operate at less than
optimal power due to supply of wind electricity. As
a consequence, they have a lower thermal efficiency.
They consume more fuel per kWh compared to the
consumption without wind.
2. Cycling conventional units – ramping up or down
– in response to fluctuating wind contribution uses
more fuel than running at constant power.
3. Idling of conventional generators synchronous with
the grid but not delivering electric power costs 6 – 8%
of the fuel required for running at design capacity.
This is necessary to step in, at sudden lulls of the wind
over wind turbine arrays.
4. Extra cold starts of conventional units easily require
more fuel than wind developments produce. For example: one cold start of a highly efficient 360 MW
CCGT (Combined Cycle Gas Turbine) consumes the
fuel equivalent to the electric energy which twenty 3
MW wind turbines produce during 40 hours running
on average output.
5. Construction and installation of wind turbines requires a quantity of energy equivalent to about 10%
of their life-time production [11].
6. Capital costs and energy involved in connecting
wind turbine parks to the grid, including adaption
and transforming, have to be added to the wind park
costs and subtracted from yields [12].
7. Self-consumption of electric energy by wind turbines
and their electronics while idling and at rest, i.e., heating during cold periods and electricity consumed by
the power electronics for grid adaption [13].
8. Increased use of inefficient, fast ramping OCGTs
(Open Cycle GAS Turbines) instead of twice as efficient CCGTs to meet sudden wind variations.
9. Energy costs related to extra wear and tear of conventional units due to frequent forced ramping in
response to the wind variations.
The Bentek study used the actual exhaust data of CO2
and other gases before and after the introduction of
wind developments. The authors corrected for import
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and export, change in demand and other relevant factors.
The conclusion is: wind does not save fuel and does not
reduce emissions in Colorado and Texas.
Udo’s review of the actual Irish data revealed that a 12%
wind contribution in the Irish grid system without largescale storage resulted in a fuel saving of 5%. In the Bentek
research the factors 5, 6 & 9 are not taken into account.
The inclusion of 7 is dubious. In the EirGrid data, the
basis of Udo’s analysis, the factors 4, 5, 6 & 9 were not
taken into account. The inclusion of 3 and 7 is uncertain.

The cost of wind energy
In the article of Eecen et al. [3] two claims are made about
the costs of wind energy:
A. “The cost of onshore wind energy reaches the cost of
fossil energy…”
Our comments are the following:
1. The product of a windmill is supply driven, so it does
not have the same value as conventional electricity.
Formerly this was partly expressed by the imposition
of imbalance costs on the producers of wind energy.
These costs are now paid by the consumers. Experts
estimate the true value of wind energy between 1 and
3 cents per kWh. [14]
2. The interest rates have been exceptionally low in the
last years, while the dominant part of the cost of wind
energy is capital. This partly explains the recent decrease in cost of onshore wind energy.
3. The environmental costs are omitted in the price of
onshore wind. Land occupation: The distance between
turbines of a wind farm must be large due to the wake
effects described in ref. [3]. The result is that the capacity density cannot be more than 9 MW/km2, so 9 GW
of wind capacity will occupy around 1000 km2 of land
area. This territory will be unfit for human occupation because of continuous noise and flicker effects.
Lowering of estate values. Surveys have shown that
houses within sight of wind parks lose an appreciable
percentage of their value. In highly populated areas
this depreciation is larger than the amount of capital
invested in wind turbines.
B. “…it is expected that the relatively young offshore wind
technology will experience a strong learning curve, leading
to significant cost reductions”
We note: From 2005 to 2010 the cost of installing offshore
wind farms has increased from 2 million euro/MW to 4 million euro/MW [15]. This is a strong learning curve indeed.

Conclusion
Quantifying the decrease in efficiency of the electric power
system and the extra fuel consumption induced by wind
developments is by no means a simple matter. To our
knowledge there are presently not sufficient data in the public domain to substantiate a definite answer to the question

how much fuel and CO2 emission is saved. It depends on the
actors, the equipment, the kind of fuel, the amount of wind
penetration, the behaviour of the regional wind, the amount
of storage, the interconnection of regional grids etc.
Decisions to install large-scale wind-powered electricity
generation are based more on the expectation to save
significant amounts of fossil fuel and CO2 emission than
on any evidence that this is indeed the case.
Wind technology is not suited for large-scale application
without a good buffer and storage system. We propose to
stop spending public money on large-scale use of wind.
This money should be spent on R&D of future power
systems. We expect that wind will not play an important
role in these future systems. n

m Fig 3:

Demand-duration
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absence of wind
power (upper curve)
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power contributions
indicated
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This year marks the Centenary
of the discovery of Cosmic Rays,
a crucial step in the development
of Modern Physics. Here we describe
the early days of this literally
fantastic discovery.

W

orries about the inability to remove
a ‘background’ reading from electroscopes being used to study the newlydiscovered ‘radioactivity’ had been
around for nearly two decades in 1910. An ‘ultra-gamma
radiation’ was suspected and a number of scientists tried
using the atmosphere as an absorber to see the extent to
which the radiation fell off with height. By virtue of the
combination of an excellent (Wulf) electrometer, a careful
and inspired observer (Victor F. Hess), an experienced
‘balloon-conductor’ and meteorologist, the balloon ascent
of August 7, 1912 was successful in pinning down the
mysterious radiation. Hess [1] stated that:
‘the observations seem to be most readily explained
by the assumption that a radiation of very high penetrating power enters our atmosphere from above….’
Peter M. Schuster, President of the Victor Franz Hess Society, has described the circumstances of the successful
flight very well:

m Painting by artist

Rita Greer (Liss,
Hants, UK) based
on the famous
photograph taken at
ground level. Major
Hoffory was the
balloonist and E. Wolf
the meteorologist.
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In Aussig upon Elbe, Hess got at his disposal the balloon ‘Böhmen’, filled with 1680 m3 of hydrogen, and
in which he rode off at 06:12 in the morning.
The conductor of the balloon was the well trained
Hauptmann (Major) W. Hoffory. D. E. Wolf from
the Vienna Central Meteorological Office (Meteorologische Zentralanstalt in Wien) assumed the

meteorological observation. Hess himself attended as
the observer of the air electrical effects. This had been
the seventh balloon ride by Hess, it started at 06:12
on August 7, 1912 and lasted until 12:15 the same
day. The previous six balloon rides went off from the
Vienna Prater.
The team are to be admired: a hydrogen-filled balloon and
rudimentary breathing apparatus (the altitude reached
was 17,600 feet) were only two of the hazards.
Figure 1 shows the results from Hess’ flights and a confirmation, set by Kolhörster -himself a leader in the field [2].
It is interesting to speculate ‘what if ’. One such relates
to the ionosphere; what if it had been known in 1912,
would Hess, an ‘atmospheric electrician’ have attributed
his results to this, later-discovered, phenomenon? We
shall never know.

What is the Radiation?
Understandably the early workers, experienced as
they were with ‘radioactive’ gamma rays, thought that
the primaries were gamma rays of some sort, indeed,
Millikan clung to this idea for a long time. However,
the observation of a latitude effect – a variation of
cosmic ray intensity near ground level on latitude,
by Clay [3] and others – showed the relevance of the
Earth’s magnetic field to the cosmic ray trajectories.
Charged particles were thus responsible; however the
name (cosmic radiation) has stuck to this day. It was
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not until the 1960s with the Explorer II satellite that
primary gamma rays as such were detected. Gamma
Ray Astronomy is now an important field of study
in Astrophysics.

Identifying the Particles
The romance of ‘Cosmic Rays’ continued with the detailed
study of the particles. The East-West effect [4] indicated
that the primaries were mainly positively charged (protons in the main). The use of the cloud chamber (introduced by CTR Wilson, in the 1890s) by skilful operators,
particularly Anderson and Blackett and their groups, led
to the discovery of muons, positrons and, later, by Rochester and Butler, the ‘strange particles’.
The introduction of uniform magnetic fields around the
cloud chamber and increasingly complex Geiger counter
systems were crucial to the discoveries.

The Positron and the Muon
Skobelzyn seems to have been the first to recognize a
high-energy cosmic ray track in a magnet-cloud chamber
[5] (see Figure 2) but pride of place for recognizing the
positron goes to Anderson [6]. Fig 3 gives the evidence
– surprisingly, a particle travelling upwards but recognized as such by its lower momentum (smaller radius
of curvature) above the plate in the middle of the cloud
chamber than below it.
An interesting aspect is the relationship of theory to experiment. Did the work of Dirac, in which anti-matter
was predicted [7], play any part in Anderson’s discovery?
Anderson, in a masterly review of the experimental work
leading to the claim, [6] gives a resounding ‘no’. Anderson also made the statement that the positron could
(should?) have been discovered some 3 years earlier by
Bothe and Becker.
The muon, too, could have been discovered earlier (by
Blackett, and, no doubt others) but pride of place goes to
Anderson and Neddermeyer [8]. Once more, superlative
cloud-chamber technique was responsible.
The instability of the muon was recognized but, remarkably, the reason for the muon’s existence is still not clear.
As Rabi famously remarked ‘who ordered that ?’.
Another facet in the interplay (or lack of it) of theory and
experiment comes from the story of Yukawa. Some years
before the discovery of the muon a particle of somewhat
similar mass had been proposed by him [9]. Such a particle (of mass intermediate between that of the proton
and of the electron) would be the carrier of the nuclear
glue which kept atomic nuclei together.
Fortunately, it seems that most experimenters did not
know of Yukawa’s work (published in a rarely accessed
Japanese journal). The fact that the muon was penetrating and rarely interacting led to its ready acceptance as a
different particle when eventually Yukawa’s particle (the
pion) was widely publicised.

Cascade Curves and the Two Cosmic
Ray Components
In the 1930s, many workers had realized that cosmic rays
in the atmosphere comprised two components: the hard
(mainly muons) and the soft (electrons and gamma rays).
Here, theoretical studies were very important, particularly
those by Bhabha and Heitler [10] and others. Indeed, it
was through such ‘theory’ that it
was possible to identify the different particles.
The first bundles of particles were
observed in the 1920s by Skobelzyn in his experiments with the
cloud chamber. The study of the
complex showers of particles in
the lower atmosphere led to the
realization by Auger and Maze
and others that some such showers had a lateral extent
of many hundreds of metres [11]. In turn, the primary
energy was shown to be extremely high. Indeed, the maximum energy recorded to date is a little over 10 J, far in
excess of the energy yet available at the particle accelerators, although the rate is extraordinarily low, of order one
per square km per century!

“

The sun could not be the
source of Cosmic Rays:
there was no night-day
difference in their rate

”

The Origin of Cosmic Rays
Leaving aside such interesting areas as meteorological
effects, meteoritic and ice-core studies, the about-tostart field of neutrino astronomy and the possible role
of cosmic rays in the origin of life on Earth, we move to
theories of origin.
It was apparent to Hess in his early work that the Sun
was not the source of Cosmic Rays: there was no nightday difference in their rate although Alfven was vociferous in his claim for a substantial flux from the Sun [12].
Detection of a small spasmodic solar flux was made in
the early 1940s.
The apparently isotropic nature of the flux led to the idea
of a Galactic or even Universal origin. Millikan’s ‘birth
cries of atoms in the Universe’ was a prominent example
of the latter. That a Galactic origin was likely came from

b FIG 1: Variation

of ionization with
altitude (a) Hess
(1912); (b) Kolhörster
(1913, 1914)
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m Fig 2: The first
cosmic ray particle
to be recognized in
a cloud chamber.
It is near vertical
and arrives just
to the right of
centre. The particle
is not deflected
significantly in
the magnetic field
(Skobelzyn, 1929).

Blackett’s early observation that the energy densities of
starlight and cosmic rays were about the same. However,
it must be said that the much later (1965) discovery of
the Cosmic Microwave Background – with its similar
(within a factor 2) energy density to that in cosmic rays –
renders this argument untenable. Even the equality with
starlight seems accidental, in the absence of a good reason
for equality. A more reasonable equality is that between
cosmic rays and the magnetic energy density in the local
interstellar medium.
Quite early on Baade and Zwicky suggested supernovae
as the source of many, if not most, cosmic rays, [13]. These
authors drew attention to the enormous energy outflows
(of order 1044 J). Supernovae are still considered as the
likely source of most cosmic rays, although the acceleration seems to take place in the ensuing remnants; by ‘most’
is meant those up to 10-3 J or so.
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Where does the subject go from here?
Perched as it is between Astrophysics and Particle Physics,
with its attendant links to many other subjects, ‘cosmic
rays’ still has a lot to offer, and there are also many cosmic
ray problems still to be solved.
The problems include: what is the acceleration mechanism beyond 10-3 J, and particularly beyond 10 J, where
the particles are almost certainly extragalactic?
The impact on other subjects includes the search for new
interaction mechanisms above the accelerator energies.
Biological effects, including those related to our evolution,
may come to the fore. Neutrino astronomy is primed to
take off and surprises can be guaranteed. Gamma ray
astronomy is approaching maturity and more surprises
here, too, are awaited. Unambiguous detection of dark
matter particles would do nicely.
The future is bright. n
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. Fig 3: The positron. This cloud chamber photograph gives the first

unambiguous evidence for the existence of the positron. The magnetic
field is directed into the plane of the photograph. Since the metal plate in
the middle of the chamber slows down the particles, the smaller radius of
curvature above the plate indicates that the particle had come from below.
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We are living in interesting times, where the World’s largest accelerator, the
Large Hadron Collider, has its most dominant successes in Nuclear Physics:
collective matter properties of the Quark-Gluon Plasma (QGP) are studied
at a detail which is not even possible for conventional, macro scale materials.

A

t the early plans the only dedicated heavy ion
detector was ALICE, but as the first results
started to arise, also ATLAS and CMS started
to invest increasingly more effort into heavy
ion research. This change of interest has two aspects. Contrary to early expectations of very high hadron multiplicity
the collective flow became more dominant and a larger part
of the available energy (of 208 × 2.76 TeV = 574 TeV) is
invested into the collective flow, which developed in the
QGP. The number of produced final particles is not as high
as expected. This made the ATLAS and CMS detectors
fully adequate for heavy ion research, and these detectors
provided even a more extended rapidity acceptance, complementing the possibilities of ALICE detector well.

The second aspect was recognized after the very heavyion first results [1], where the heavy-ion studies provided
new and important insight into the features of QGP. QGP
turned out a strongly coupled liquid, with small viscosity,
especially at the threshold of the quark/hadron phase
transition. The small viscosity, the related fluctuations,
and the flow properties arising from these fluctuations
enable us to gain insight into the properties of the matter
of the early universe, and also the fluctuations observed
in the early universe. These new results raised more interest in the ATLAS and CMS collaborations also and their
progress in the heavy ion research activity is becoming
more important. In recent months the CERN Courier
has more and more news about new heavy-ion results.

m view of the

expanding and
rotating Quark-Gluon
Plasma from a fluid
dynamical calculation
(discussed in: L.P.
Csernai, V.K. Magas,
H. Stöcker, and D.D.
Strottman, Phys. Rev.
C 84, 02914 (2011).)
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m FIG 1: The
superconducting
magnets of the Large
Hadron Collider
(LHC) in the 27 km
long tunnel. Inside
the magnets, in two
beam-pipes, lead
nuclei are accelerated
in opposite
directions, which
meet each other
with 574 TeV energy
at the detectors.

. FIG 2: The ALICE
detector is designed
to cope with the
highest particle
multiplicities above
those anticipated
for Pb+Pb collisions,
more than 10000
charged particles
in the central Time
Projection Chamber.
At the present beam
energy the number
of detected particles
is approaching 3000
charged particles
in the most violent
collisions. The beam
energy is planned
to be doubled in
a few years.

Let us start with the most important observations. The
emitted hadrons, which reach the detectors, show an explosive process where these particles have large-velocity collective motion, and the major part of the collision energy
is in collective flow. The flow is not spherically symmetric,
it has azimuthal and longitudinal asymmetries, and these
change depending on to what extent the collision is an
exactly head on collision of the projectile and the target or
not. Already the experiments at the RHIC indicated that
the collective flow develops primarily in the QGP phase,
because the azimuthal asymmetries were proportional
with the number of constituent quarks in the observed
hadrons. The centrality of the impact can be estimated
based on the observed charged hadron multiplicity in the
collision. The large hadron multiplicity of each event enables us to study collisions separately, event by event, and
to gain information about the reaction plane direction,
centrality, energy spectra, and angular asymmetries.
In head-on collisions there would be no reason to have an
azimuthal or longitudinal asymmetry. On the other hand,
the new observations for the higher harmonics show [2]
that even in central collisions there is a strong azimuthal
asymmetry in the emitted hadrons, and this asymmetry
arises from the fluctuations of the initial state. In addition
in head-on collisions the third harmonic of the azimuthal
distribution, v3, exceeds the second one, v2, becoming
the dominant harmonic component in accordance with
a larger contribution from fluctuations with respect to
the global collective flow symmetries due to the initial
eccentricity. The spectrum of Fourier amplitudes is measured up to n=8, and it is significant up to n=5. The fact
that high harmonics have survived the fluid dynamical
expansion indicates that the QGP fluid is almost perfect,
and does not absorb high-harmonic fluctuations.

At LHC the study of azimuthal asymmetry due to initial
state fluctuations started at full force, and this activity
opened a direct connection to theoretical fluctuation
studies in the early universe, where the cosmic microwave
background radiation has a dominant multipole moment
around 200. Just as in the early universe the analysis of
these fluctuations provides precious information about
the matter and expansion properties.
In the case of heavy ions we have an advantage of being able
to influence the initial state by selecting different impact
parameters. In head-on collisions azimuthal fluctuations
can only originate from random fluctuations. At finite
impact parameters the eccentricity of the initial state is
determined by the global collective symmetries. We now
face a challenging task, to separate the observed azimuthal
asymmetries based on origin. We have to study whether
the asymmetry is caused by initial state fluctuations, by
fluctuations developing during the fluid dynamical expansion, or by global collective asymmetry. In low-viscosity
matter these special initial states may lead to instabilities
and turbulence, which is an exciting possibility.
Another important and dominant phenomenon is the jetquenching through QGP. The increasing collective flow
from fluctuations makes these studies more complicated
and further effort is needed to separate the earlier detected
Mach cone effects around the jets from other fluctuation
related correlations. Here also one has to distinguish the
Mach cone effects from random fluctuations, which is also
a demanding task but not impossible.
The higher energy enhanced the production of heavy quarks
and thus of heavier hadrons, which makes these studies more
interesting. Eventually the heavy-ion reactions may lead to
increased“sub-threshold”production of massive elementary
particles, due to particle creation in collective mechanisms.
New particles like the Higgs, mini Black Holes or WIMPs on
the other hand may be difficult to detect, even if they are created, due to the high multiplicity background. This difficulty
may be less severe in very peripheral,lower multiplicity events.
The LHC is in the energy domain where QGP is dominantly produced even in peripheral reactions. Nevertheless,
the plasma finally has to hadronize, so the system will have
to undergo a phase transition. This transition is of major
interest as the predicted low viscosity [3] should appear
at the critical point of the transition [4].

At the Threshold
Fluctuations are becoming dominant due to the low viscosity of QGP. The shear viscosity is minimal at the phase
transition threshold [4], where fluctuations are the largest
due to the critical fluctuations shown by the well-known
critical opalescence. The threshold energy where QGP
can be first produced lies below the present LHC energy,
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b FIG 4: Multipole

m FIG 3: The final particles created in a lead on lead collision as reconstructed by the Time Projection Chamber of the ALICE detector. The chamber is filled in

by the charged particle tracks rather evenly and densely in a near central collision. As flow fluctuation studies indicate the multipole moments up to 5 can
be significantly identified. At higher energy and so higher charged particle multiplicity one can expect to see even higher multipole moments.

and according to present expectations it is around the low
RHIC and the SPS energies. The present CERN studies
could be well complemented by studying a system where
the QGP is just created and critical fluctuations in dense
hadronic of baryonic matter can be studied.Apart from the
drop of collective directed flow due to the rapid softening
of the matter at the critical point, there are many other
observables, which open new ways of studies. The revolutionary fluctuation studies have an effect on the studies at
the critical point also, with many new results coming from
the RHIC Beam Energy Scan program. Here the critical
fluctuations are being in the focus of present and future
research. These show up in the anomalous multiplicity and
mass distribution of the produced matter as relics of QGP.
These fragments, hypernuclei, anti-baryons, anti-nuclei,
antihypernuclei and even anti matter atoms like anti-4He.

moments of
the azimuthal
distribution of
emitted particles
in central lead
on lead collisions
detected by the Time
Projection Chamber
of the ALICE detector.
From ref. [2b].
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. FIG 5: Yields of

anti-particle clusters
in the mid rapidity
region (|y|<0.5)
of most central
collisions of Pb+Pb/
Au+Au as a function
of the center-ofmass beam energy.
Shown are only the
results from the
thermal production
in the UrQMD hybrid
model [6] (lines
with symbols).

FAIR and NICA
Critical fluctuations, critical dynamics and the relics
of QGP can be best generated at the phase transition
threshold. The planned Facility for Antiproton and Ion
Research (FAIR) in Darmstadt and the Nuclotron based
Ion Collider fAcility (NICA) in Dubna are addressing
these questions. According to theoretical expectations
the production of these exotic nuclear fragments opens
in this energy range [5].
Figure 5 shows theoretical predictions for anti-particle
cluster production at mid-rapidity (|y|<0.5) in collisions of Pb+Pb/Au+Au at center-of-mass energies of
√SNN = 3 - 200 GeV. The yields of the anti-particle clusters
show a monotonous increase with beam energy. They
show that, at the highest RHIC energy (and at the LHC)
the reconstruction of anti-4He might be a feasible task.
New accelerators under construction are aiming for the
threshold energy of QGP formation, and for the dense
baryon matter just below this threshold.
These developments are connected more strongly to
perspective and future applications like fusion, safety of
fission reactors and other applied nuclear processes. n
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Energy Survival Guide by Jo Hermans

T

he full significance and aptness of the title of Jo Herman's
book becomes evident after a
few moments of reading: The unlimited availability of energy in prosperous
countries has been taken for granted
for such a long time and is such a nonissue that the realisation is dawning
only very slowly that our planet's resources are finite and that we must
ensure the sustainable use of natural
resources and develop alternative energy sources. A well thought-out strategy is needed in order to guarantee
unhindered access to sustainable energy sources worldwide; access to energy for every person in the world is an
indispensible prerequisite for peace,
stability, justice and prosperity. In his
Energy Survival Guide, Jo Hermans
offers ideas for reaching this goal.
The first part of the book, entitled "Insight", begins with a reflection on energy in general and the energy 'budget'
of human beings in particular. Quantitative conclusions - e.g., that a human being is the equivalent of a 100 W
heater or, if running non-stop, a 100 W
engine that is powered by the energy
content of a quarter litre of oil per day
- give us an idea of energy consumption at home, in the area of transportation as well as in the production of
food or daily goods which are covered
in further chapters. Jo Hermans also
describes energy consumption habits worldwide and discusses the role
of CO2 emissions in global warming.
The second part of the book is entitled
"Outlook" and is dedicated to presenting and examining alternatives to fossil energy carriers as our fossil energy
resources will be depleted in the near
future. Solar energy encompasses a
variety of technologies, i.e., not only
heat and photovoltaics but also biomass - and biofuel production causes
a worldwide 'land grab'. Jo Hermans
also discusses the harvesting of energy
from wind and hydropower in depth.
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The utilisation of nuclear energy (both
fission and fusion) is covered as well;
its pros and cons, radioactivity and possible health hazards are also discussed.
Options for storing energy are presented as well. The author enables the
reader to develop his or her own opinion about the potential of the alternative energy sources by providing facts
and figures that are readily checkable.
Those who followed Jo Hermans’ features "Physics in Daily Life" in Europhysics News will know the joy and delights
awaiting them as they read his book.
With his lively and engaging writing
style Jo Hermans enthralls the reader.
At the same time, the reader is provided
with a wealth of facts by the author who
skillfully balances accessibility and comprehensibility with scientific detail and
exactness. Many issues are presented indepth in coloured summary boxes that
are also easy to comprehend by nonphysicists. More scientific summaries
are given in the summary boxes featuring the "cartoon professor". Detailed
legends next to instructive illustrations
make the latter easy to understand.
Readers intending to contribute to the
energy debate should pay special and
close attention to the excellent summaries given at the end of each individual
chapter. They provide the readers with
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facts and figures which enable them to
inject rational arguments into a debate
so often fuelled and clouded by emotion. This outstanding book deserves
widespread readership, not just among
physicists, but by non-physicists and all
those interested in the future of energy
and energy use, and deserves publication in many different languages. It
should be compulsory reading for policy-makers worldwide. n

