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editorial

EPS FINANCES >>> EDItOrIAl

PS made a healthy surplus in 2007! I had the pleasure of reporting this ex-
ceptional outcome to the Council Meeting in Mulhouse in March. Expendi-

ture under all headings was close to the budget approved by Council in March
2006. This was a great achievement by our Secretary General David Lee and his
staff, who were thanked by Council for their work.

Income was higher than budget because of increases in the numbers of Individ-
ual and Associate Members and higher contributions from the surpluses of EPL and
the European Journal of Physics. But the real star of the year was the Conference
Service section in Mulhouse, the staff of which dealt with more and bigger confer-
ences than expected and produced a dramatically increased surplus. This is a great
vindication of the decision taken many years ago to establish such an activity for the
benefit of the research community and to provide some extra income for the EPS.

After setting aside funds to cover the possible costs of the 40th anniversary
events and the General Meeting in Rome, Council was able to add the significant
sum of 100 k€ to the Society’s reserves. This is unlikely to be repeated in future
years, especially since activity in the Conference service is lower in even years
because of bi-annual conference activity.

There are important reasons for holding a reserve. First, small overspends arising
from differences between budgeted and actual income and expenditure can be man-
aged without over-conservative budgeting. Secondly and most importantly, with a
reasonable reserve the EPS will be in a position to take advantage of new opportu-
nities which might arise by providing pump-priming funds for new projects. Thirdly,
an organisation such as EPS must be in a position to treat its staff correctly and
manage its other commitments if subject to sudden major adverse shocks either to
its income or to its costs. The Executive Committee accepts that the current reserve
is about adequate for these needs provided that future budgets are not in deficit.

Despite the surplus in 2007 problems can be seen on the horizon for future
years. When fee levels and structures for Individual and Associate Members and
for Member Societies were revised in 2004 they were set at a fixed level (apart
from an insignificant change in 2007) and EPS income now from these sources
is still at the 2003 level. Naturally costs have risen with inflation and some addi-
tional projects have been undertaken such as Bologna Process studies, the Brus-
sels newsletter, energy workshops and a new grants scheme. It is remarkable that
it has proved possible to balance the books for so many years. But unless some-
thing is done growing costs will sooner rather than later overwhelm fixed income.

Faced with this prospect the Executive Committee will be considering during
2008 both the level and the structure of fees. The intention is to put a proposal
before the 2009 Council for changes, beginning in 2010, which will underpin
EPS finances for future years. Discussions will be held with interested parties, par-
ticularly the two largest Member Societies, DPG and IOP, on whose subscrip-
tions EPS is so dependent, to develop a methodology which is fair to all
concerned. It is the fee income, particularly that from Member Societies, that pro-
vides the basis for the core expenditure upon which all the activities of the EPS are
built. My preference is to raise the fee level annually based on a suitable inflation
index and so of order 3%. I do not want to see the EPS squeezed to death by a
slow process of trying to manage with what is an effectively fixed income.

I see the main task of being Treasurer of the EPS as ensuring that there is a re-
liable foundation on which activities can be built both in the short and in the
long term. David Lee and his staff manage the resources they are given extremely
well but they must be given a stable platform on which to build the activities of
EPS. I am sure that I have members’ support in doing this. �

John Beeby,
Treasurer of the EPS
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PrESIDENtS WEAIrE AND WOlFENDAlE >>> 40yEArS OF EPS

euroPe – tHe great adVenture
dennis weaire (Ireland),
President of the EPS ,1997-1999

For those of us whose life-span is long
enough to include experience of the af-
termath of the Second World War - with
rationing and visas in the West and an
Iron Curtain sealing off the East - today’s
Europe is a great adventure. We are not
easily disillusioned by petty bureaucracy
or the sporadic resurgences of nation-
alisms. A trip on the Thalys, crossing na-
tional frontiers at seemingly relativistic
speed, remains a thrill.

It is saddening however that, if the
Thalys terminates in Brussels, we see
that the central institutions of our great
conglomerate continent present a rather
dismal picture, and ample opportunities
for ridicule by a hostile press. But look
outside that inner circle of mutual
distrust and you see the spontaneous
emergence of many organisations that
seek to stimulate rather than to regulate.
The EPS is one such, and to occupy its

Presidency was a unique privilege for
me, especially as I came to it from the
periphery of the continent.

Most new European societies of this
kind struggle to survive. Up to a point
this is a good thing: let those that are
most effective survive. But too many of
them remain precarious after several
decades. They deserve some support
from the centre, once they have proven
their worth.

My years as President were the first
after the move to Mulhouse. This was a
survival tactic, dictated by finance, but lo-
cation in an explicitly “European” region
proved to offer symbolic value as well as
economy. We have now taken firm root
on the fine campus of the university.
I have proposed to represent this rather
literally by the planting of trees.

It was also the period during which
David Lee joined us. We share a passion
for rugby, so we were never short of a con-
versational topic, whenever we got tired
of looking at the bottom line, or the nec-
essary evil of our written constitution.

We agreed on one priority for devel-
opment, which was conference organisa-
tion. This seems to have done well, but
there is still more scope for ambitious
plans in that area.

There is much to be done on behalf of
our members. Many matters of public
policy need our attention and advocacy.
One has only to think of the rapid en-
croachment of new copyright legislation,
eating away at our creative freedom, our
precious time and perhaps eventually our
funds as well. Who is speaking for its
moderation in the academic world? It
seems that the script-writers of Holly-
wood are more alert.

Having heaped praise on European in-
tegration, let me add the counterpoint:
que vivent les différences! Just the other day,
I was disputing a point in research with a
German colleague in Paris. The problem
is, I said, that a German says the bottle is
half-empty while an Irishman says the
bottle is half-full – and a Frenchman says
“Qu’est-ce que c’est qu’une bouteille?”

rePort on ‘tHe Main aCtiVities’
sir arnold wolfendale frs (UK),
President of the EPS, 1999-2001

1. general remarks
The period 1999-2001 was a busy one
for the EPS, indeed all periods seem
busy for our Society; it marked the
last occupancy of the ‘old’ building in
Mulhouse, before its transfer to the pres-
ent purpose-built location.

I was blessed with a very impressive
and co-operative set of colleagues on the
Executive Committee and the office staff,
under the inspired leadership of David
Lee, worked incredibly hard.

From the multitude of activities I shall
pick out just a few.

2. the Malvern seminar,
september 1999
Organised, very largely, by John Lewis,
another stalwart of the EPS, we had 23
presidents of European Physical Societies
and as many deputies or past-Presidents.
A number of Working Groups were set



XrMS-09
The next workshop on X-Ray Spec-
troscopy of Magnetic Solids (XRMS)
will be held at the French synchrotron
radiation source SOLEIL, Gif sur Yvette
(France), 19-20 January 2009.
This workshop continues a series started
eight years ago in Berlin (XRMS-00). The
most recent one was held this year in
Hamburg (XRMS-08).

>>>e-mail:
conf-xrms09@synchrotron-soleil.fr

NANOMAGNEt 2009
A European Workshop on Self-Orga-
nized Nano-magnets will be held at the
CNRS Centre Paul-Langevin in Aussois
(an Alpine winter sports resort, France),
29 March – 3 April 2009.

>>>website:
http://nanomagnets2009.neel.cnrs.fr

Conference announcements

up, dealing with such topics as ‘the Pub-
lic Understanding of Physics’, ‘Physics
and the Human Condition’, ‘Physics and
Wealth Creation’, ‘Physics Education’ and
‘Teacher Training’. The ‘Report of the
Malvern Seminar’ was sent out to many
individuals and institutions; indeed, it is
still in demand. Contacts with other Pres-
idents proved invaluable.

3. Position Papers
Considerable effort was put into the pro-
duction of Position papers, on such top-
ics as ‘The Brain Drain’, ‘Nuclear
Energy’, ‘Public Awareness’, ‘The fund-
ing of Physics’…. The first-mentioned
was particularly important for our efforts
to minimize the loss of scientific talent
from Eastern and Central Europe; specif-
ically we (Dalibor Krupa, from Bratislava,
and I) recommended that the host coun-
try (usually the USA) should pay the
donor country one million dollars per
person. The funds so gained would be
used to fund the educational base of the
impoverished base and, hopefully – in
that way – reduce the drain. Lest it be
though too much I would refer to a (later)
visit to Belgrade and the Tesla Museum
where I learned that Tesla’s transfer to the
USA had benefited the US economy to
the extent of some two billion dollars!

4. Central europe
I made a number of visits to countries in
Central Europe, (specifically, Romania,
Lithuania, Croatia, Albania, Serbia and
Germany), where I met groups of politi-
cians, as well as physicists. I was impressed
by the generally favourable attitude of
politicians towards science, although dis-
appointed by their lack of knowledge.

Particularly important here were our
Position Papers on ‘National Funding of
Physics’ and ‘The role of Research Insti-
tutes’. With the downfall of Commu-
nism, many Research Institutes in Central
and Eastern Europe (the old Soviet bloc)
were at risk, and needed to change their
lines or be affiliated to Universities.

Efforts to fund visits by young scien-
tists to our Conferences, and for other
purposes, were strenuously made.

5. the einstein year (2005)
At Council’s meeting in Berlin in 2001
we were alerted to the fact that 2005
would be the centenary of Einstein’s fa-
mous 1905 papers on Brownian Motion,
the Photo-electric effect and the Special
Theory of Relativity. The original idea
came from the next President-to-be (Pro-
fessor Martial Ducloy) and I was able to
achieve unanimous agreement of those
present. The idea was taken to UNESCO
and approved. In the event, the Year was
very successful.

6. the ePs Congress
A very successful Congress was held in
London, adjacent to Westminster
Abbey. The student posters were partic-
ularly fine and it was excellent seeing so
many young physicists from Europe
present as well as admire the quality of
their presentations.

7. funding
The provision of adequate funding was
always a problem and much discussion
was devoted to national subscriptions.
Surprisingly, even the UK’s Institute of
Physics needed convincing of the Euro-
pean case.

8. Posters for schools
A cause of great personal regret was the
fate of the large number of excellent
posters produced by Dr Svetlana Er-
lykin. These related to the lives (warts
and all) of great European physicists,
and were prepared with the help of
physicists from all over Europe. They
were virtually complete when I finished
my term of office but – to the best of my
knowledge – were never transmitted to
schools. A glorious opportunity for
the subject, and publicity for EPS, lost.
Perhaps it is not too late? �
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PS is pleased to announce that the
following were elected EPS Fellows

at the Council meeting in Mulhouse
in March:

•Giuseppe-Franco Bassani, Italy,
for his fundamental contributions to the
theory of the electronic states of solids and to
the explanations of their optical properties.

•Alexander Marian Bradshaw, Germany,
for his outstanding research in surface sci-
ence, molecular spectroscopy and instru-
mentation development as well as for his
engagement to the community, where as
holder of many honorary offices he has pro-
moted programmes for the public under-
standing of physics, advanced open-access
publishing, prompted the discussion of fu-
ture energy supplies and advised national
and international science programmes.

• Claude Cohen-Tannoudji, France,
for ground-breaking, broad ranging sci-
entific contributions to atomic physics
and quantum optics and for the dissemi-
nation of scientific knowledge through
books and lectures.

•Martial Ducloy, France,
for his excellent contributions to non-linear
physics and laser spectroscopy and his out-
standing contributions to the public under-
standing of physics through initiating and
promoting the World Year of Physics 2005.

• Paul French, UK,
for pioneering achievements in femtosecond
source development and applications in bio-
photonics, and for contributions to the Eu-
ropean Physical Society.

•Günter Huber, Germany,
for his pioneering research of the growth,
characterization and use of new solid-state
laser-active materials, in particular transi-
tion-metal and rare-earth ion doped crystals.

•Denis Jérôme, France,
for remarkable achievements in solid
state physics, including superconductivity in

organic materials and for his contributions
to the European Physical Society as editor in
chief of Europhysics Letters.

• Eberhard Keil, CERN,
for his seminal contributions to numerous
topics in accelerator physics and contribu-
tions to the design and performance of major
accelerators.

• Jürgen Meyer-ter-Vehn, Germany,
for his outstanding contributions to plasma
physics in fields of inertial confinement and
laser-matter interaction and for his contri-
butions to the European Physical Society.

•Wolfram von Oertzen, Germany,
for his outstanding contributions to the un-
derstanding of nuclear structure and nuclear
reaction mechanisms, in particular through
the concept of molecular orbitals of valence
nucleons mediating the covalent binding of
clusters within a nucleus.

• Sandro De Silvestri, Italy,
for his outstanding contributions to the
field of ultrafast optical phenomena from
the development of few optical cycle pulses
to the generation of attosecond pulses in ad-
dition to his service to the international
optics community and the Quantum
Electronics and Optics Division of the
European Physical Society.

•Henryk Szymczak, Poland,
for his contributions to solid state physics,
his service to the physics community
and his support for gifted and talented
school children.

This brings the total number of EPS
fellows to 36. Details of the 24 can be
found on the EPS website.

Nominations are sought for EPS Fel-
lows to be elected in 2009. Rules are on
the website but are summarised below:
• The total numbers of Fellows at any one
time should not exceed 5% of the total
of Individual Members of the Society.

• Individuals whose achievements in
physics, whether in research, industry or

education and/or through commitment
to the Society warrant specific recogni-
tion are eligible to become EPS Fellows.

• No one will be denied EPS Fellowship
on the grounds of nationality, sex or re-
ligious beliefs.

• Normally only those individuals who
have been Individual Members of the
Society for at least five years are eligible
as EPS Fellows. However, exceptions
will be made for those who have made
significant contributions to the run-
ning of the Society.

• Only EPS Members (Individual Mem-
bers, Member Societies and Associate
Members) may make nominations for
EPS Fellows.

• No person can be nominated while that
person is a member of the Executive
Committee.

• No person may make a nomination
while a member of the Executive
Committee.

• No self-nominations will be accepted.
• Nominations may be made at any time.
Nominations must be received no later
than 15 January of the year of the Coun-
cil meeting that will decide on the Fel-
lows to be admitted that year.

• All nominations must be accompanied
by the following documentation:

- Support letters from at least three
EPS Members, including the prin-
cipal nominator. These support
letters should not all come from
the same country nor from the
same institution.

- A CV of the proposed Fellow.
- A brief description (maximum one

A4 page) describing why the indi-
vidual deserves to become an EPS
Fellow. This should include the
achievements in research, industry,
education and/or service to the
physics community or the Society
that justify the nomination.

- A short citation.

Nominations will be made to the EPS
Fellowship Committee (care of the EPS
Secretary General). �

NEW EPS FEllOWS IN 2008 AND
CAll FOr NOMINAtIONS FOr 2009 >>> INSIDE EPS

E
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orn in Brugge (Belgium), I received
my first degree in Engineering

Physics at Ghent University, then ob-
tained an MS degree in EE from Stanford
University. Back to Ghent, I completed
my higher education with a doctorate in
engineering physics in 1973. My main re-
search was devoted to low and intermedi-
ate energy nuclear physics. During the
academic year 1973/74 and in the sum-
mer of 1975, I have been fellow and vis-
iting researcher at the National Research
Council of Canada, Ottawa. Since 1992
I was senior lecturer in nuclear instru-
mentation at Ghent University, where-
from I retired in 2005.
I have always been fascinated by the Eu-
ropean idea and have contributed to that
in the last part of my career. I have not
only stimulated and advised mobility to
a large number of physics and engineer-
ing physics students at my own university
from almost the beginning of the ERAS-

MUS programmes, but I was the co-
ordinator from the start in 1993 of the
large co-operation ‘European Mobility
Scheme for Physics Students’ (EMSPS) es-
tablished by EPS. From 1996 till 2003 I
chaired and co-ordinated the ‘European
Physics Education Network’ (EUPEN),
linking more that 150 Physics Depart-
ments from 30 countries in Europe. From
2005 and on, this initiative runs under
the project name ‘Stakeholders Tune Euro-
pean Physics Studies’ (STEPS). Recently I
accepted the co-ordination of the EPS
project ‘The implementation of the Bologna
Process in the Physics Studies in Europe’,
supported by the LLL Jean Monnet Pro-
gramme for ‘European Associations active
at European level in the field of Educa-
tion and Training’ and to be executed at
the International Centre for Higher Edu-
cation Research (INCHER) from the
University of Kassel (Germany) by Prof.
B. Kehm.

In the EPS Executive Committee I hope
continuing to develop the harmonization of
the Physics Studies in the spirit of the Bologna
Process by offering a greater transparency and
a clearer understanding of the study pro-
grammes, hence making periods of learning
abroad more the rule than the exception. �

NEW 2008 MEMBErS OF
thE EPS EXECutIVE COMMIttEE >>> INSIDE EPS

B
Hendrik ferdinande (1940, gent, Belgium)

y place of birth is the city of
Riga. In 1974 I graduated from

high school - even though the school
had a chemistry profile and provided
special classes in chemistry, my fascina-
tion was physics. I regularly participated

in national contests of high school stu-
dents in physics and for three successive
years was the absolute winner. That was
the time when I got infected with pas-
sion for school physics. Every summer I
still lead the national team of high
school students from Latvia to the In-
ternational Physics Olympiad that takes
place regularly in different countries all
over the world.

In 1979 I got my physics diploma
from the University of Latvia. I ob-
tained a PhD from St. Petersburg Uni-
versity in 1986. After that some time
was spent as a postdoctoral student in
Peking University, China, and subse-
quently in Western Ontario University,
Canada.

Finally I settled down at my home
University – University of Latvia, where
in 1995 I acquired a full professorship.
Since then I have been a visiting professor

in different universities - University of
Sussex (UK), University of Bielefeld
(D), University of Oklahoma (USA)
and several others. The highest point of
my international visits until today was
in 2005 when I was elected as a Miller
visiting professor at the University of
California, Berkeley.

At home I have held various posi-
tions. I am a head of the Chair of
Experimental Physics, have been the di-
rector of the Institute of Atomic Physics
and Spectroscopy, the head of the De-
partment of Physics and the dean of the
Faculty of Physics and Mathematics.
Currently I am rector of the University
of Latvia.

My research interests most precisely
are reflected in the monograph co-au-
thored with Professor Ruvin Ferber –
Optical Polarization of Molecules (Cam-
bridge University Press, 1995, 2005) �

M
MarCis auzinsH (1956, riga, latvia)
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took my education in physics at Uppsala
University, and I also did my graduate

studies there, working with laser spec-
troscopy on ion beams. After my graduation,
I obtained a post-doctoral position at the
National Institute for Standards and Tech-
nology in Gaithersburg, outside Washing-
ton DC. During that time, I reoriented my
research towards laser cooling and trapping,
and ever since, my scientific focus has been
on cold atoms, and in particular on cold
atoms in periodic potentials – optical lattices.

In 1995, I received funding for setting
up my own activities in laser cooling in
Sweden, and I started this at Stockholm
University. When I was offered a senior
position by Umeå University around
2001, I started to move my group to
Umeå, in northern Sweden.

I have been an associate editor for the
European Physical Journal D for almost
10 years, and a co-editor for EPL for two
years. I have also edited special issues for
various journals. Since 2007, I serve as
President of the Swedish Physical Society,
and in that capacity I have represented
Sweden at the last EPS councils.

In light of my interest and experience in
scientific publications, it is natural that I will
devote a part of my work with EPS to these is-
sues. I feel strongly that it is important that
we have good physics journals in Europe, and
I believe that an extended pan-European col-
laboration on publication issues is a necessity.

I think physical societies in general have
an important role to play for physicists and
for society. Moreover, I am a strong believer
in European collaboration. I have been im-

pressed by the work of EPS in areas such as
e.g. education and promotion of scientific
collaborations, and I think there is a poten-
tial for doing even more. I look forward to
working for EPS and its members. �

anders kastBerg (1963, uppsala, sweden)

I

fter a Master Degree in Physics (Uni-
versity of Sofia, 1974) I prepared a

PhD (1980, University of Sofia & the JINR-
Dubna, USSR) on the scattering of Möss-
bauer conversion electrons in very thin films.
Then I developed various mathematical
models concerning muon capture by nuclei
and electron emission. Back in 1995 from
the University of Chicago (USA), I focused
on small systems (atomic and molecular

clusters, nanotubes). Self-organization and
critical phenomena observed in finite-size
systems in equilibrium and thermodynam-
ics of chaotic systems are of my current in-
terest. After establishing the Monte Carlo
Group in 1996 for computational theoret-
ical study of matter, I supervised many stu-
dents and post-docs. In 2008 I was awarded
the Doctor of Science degree for my work
on finite-size systems.

Besides my teaching duties, I have been
a visiting scientist and lecturer at several uni-
versities and research centres: Catholic Uni-
versity of Louvain (Belgium), University of
Washington (USA), Nagoya University
(Japan), University of Chicago, Cologne
University, the Jacob Blaustein Institute for
Desert Research (Israel), National Univer-
sity of Singapore, Paul Scherer Institute, Vil-
ligen, (Switzerland), ICTP-Trieste (Italy).

In 2004 I became a member of the pro-
gramme committee of the Nano-Materials
& Production, TP3 in Brussels. Since 2002
I am team leader of IUPAP Working
Group on Women in Physics and, since
2007, national delegate to the ESFRI.

Being a member of the National Council
on Nanotechnology (1998 and on) I am
Vice-President since 2005. I belonged to
the Executive Board of the Union of Physi-
cists in Bulgaria (2001-2004). Currently I
am on the Board of Administration of the
European Platform of Women Scientists.

Besides article reviewing, I am Editor
of the International Journal of Molecular
Science, Founder and Editor of the annual
proceedings "Meetings in Physics @ Uni-
versity of Sofia" (since 1999) and Editor
of Atomic and Molecular Physics, Central
European Journal of Physics (since 2006).

My goals as a member of Executive
Committee of the EPS will be to encourage
collaboration with and between national
societies for the advancement of science,
science education and the science commu-
nity, particularly in physics; to help the
physicists to create networks and clusters of
research groups focused on multidiscipli-
nary research; to work to establish gender
balance at various levels including top po-
sitions in administration, professorships,
and research councils. �

A
ana i. ProykoVa (1951, sofia, Bulgaria)



The European Physical Society will organise the 2nd European Topical Meeting
on Nanophotonics and Metamaterials (NANOMETA 2009) that will be held in:

seefeld ski resort, tirol, austria, during 5 - 8 January, 2009

The conference aims to bring together the international nanophotonics and
Metamaterials research communities. The technical programme will include invited
and selected contributed papers in the areas of:

On line paper submission deadline: wednesday 15 october 2008

Plenary speakers
Harry Atwater • USA
Michael Berry • UK
Christian Colliex • France
David Smith • USA
Xiang Zhang • USA

Breakthrough speakers
Steven Anlage • USA
Tobias Kippenberg • Germany
Misha Lukin • USA
Victor Prinz • Russia

a list of invited speakers is available on line.
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• Photonic and microwave meta-materials
• Near-field optics
• Plasmonics and nano-photonics

• Optical super-resolution
• Transformation optics
• Nano-bio-photonics 
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fter completing my higher educa-
tion at the University of Hannover,

Surface Science became the subject of my
dissertation – and of the rest of my scien-
tific career. I completed my PhD at the
Ludwig-Maximilians-University (LMU,
1975) in Munich and then worked as
post-doc at the IBM Research Lab. in San
Jose, California. Back in Munich I did my
habilitation (1981), again at the LMU,
on electron spectroscopy of surfaces. Pro-
fessor of physics at the LMU, (1983-86),
I then moved with Gerhard Ertl, my for-
mer supervisor, to the Fritz-Haber-
Institut of the MPG in Berlin. In1988, I
became full professor and director of the
Institute of Phyisical and Theoretical
Chemistry in Bonn. My research interests
include the whole spectrum of surface
and interface science, from solid surfaces
in vacuum over solid/liquid interfaces to
epicuticular wax layers on green leaves. 

Over the years I have been a visiting
scientist and guest professor in Venezuela,
China, Italy, Croatia, Australia, and Cal-
ifornia. I co-organized over 20 scientific
conferences, workshops and symposia
and edited as many conference proceed-
ings, and I am Regional Editor of Surface
Science since 1995.

From 1990 until 2002 I engaged my-
self in various positions in the German
Physical Society (DPG), 5 years as the

Chairman of the “Surface Physics Sec-
tion”, 3 years as Chairman of the “Con-
densed Matter Division”, and 4 years in
the Executive Committee, responsible for
“Public Relations” (involved in the or-
ganization of the German “Year of
Physics 2000” – and later of the German
“Year of Chemistry 2001”). From 1992

until 1995 I was also Chairman of the
“Surface Science Division” of the Inter-
national Union of Vacuum Science, Tech-
niques and Applications (IUVSTA), and
since 1995 I am Chairman of the “Sur-
face and Interface Section” of the Con-
densed Matter Division of the EPS, and
as such I am also Chairman of Board of

the annual “European Conferences on
Surface Science (ECOSS)”.

Since the creative minds of natural sci-
entists are not only a good basis for our
all our ecological and economic future
survival, but together with their “com-
mon language” are also a good basis for
creating mutual understanding and
“common sense”, the natural sciences de-
serve a better recognition in society. In
order to claim and improve this public
recognition, during my work in the EPS
executive committee, I want to “provoke”
more actions in the following directions:
• EPS should “become younger”, and
should in turn address more directly
more young people. EPS should seek
more immediate visibility at universi-
ties, e.g. by having a direct contact-per-
son at each physics faculty in Europe,
who, for instance, organizes colloquia
occasionally under the explicit label
“EPS-colloquium” in order to convey
more directly the “spirit of a European
Physical Society”.

• Physics requires better “lobbying”, as for
instance chemistry. The closer contact
between chemical societies and chemi-
cal industry (certainly in Germany)
strengthens there common “lobbying”,
and reaches more attention in political
decision making processes concerning
education, ecology, economy, etc. �

A
klaus wandelt (1944, Bonn, germany)
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YPT, the International Young
Physicists' Tournament, was invit-

ed to Croatia this year, to the beauti-
ful coastal town of Trogir. We are
grateful to our hosts for a wonderful-
ly organized IYPT event. IYPT is a
competition between teams com-
posed of five pre-university students,
accompanied by two team leaders,
normally physics teachers. 21 teams
were present two of which, namely
China and Iran, for the first time. No
less than six countries had sent ob-
servers, France, Macedonia, Serbia,
Slovenia, Singapore and Thailand,
implying that they may participate in
the near future. As usual jury mem-
bers were recruited among team lead-
ers as well as university researchers
and teachers.

The IYPT event starts with five
qualifying rounds, so called physics
fights, in each of which three teams
compete by reporting their solutions

to physics problems. There are 17
problems published about ten
months before the actual event. Thus
the students have time to prepare the
solutions, by doing some research or
by studying literature. In each physics
fight, the teams takes on three differ-
ent roles, as reporter, opponent or re-
viewer. The jury gives credits to each
performance in the form of points.
After the five qualifying rounds, the
points are added, and the three top
teams fight for victory in a final
round. More details can be found at
www.iypt.org

The best three teams were Ger-
many, New Zealand and Croatia, with
final ranking 1, 2 and 3. To give an
idea of the type of problems dis-
cussed the German students had cho-
sen the following:
Kaye Effect: When a thin stream of

shampoo is poured onto a surface, a
small stream of liquid occasionally leaps

out. This effect lasts less than a second
but occurs repeatedly. Investigate this
phenomenon and give an explanation.

In the report they presented a
video showing the effect; later a very
good physics explanation was given
where theoretical deliberations
played an important role.

In July 2009 the 22nd IYPT event
will take place at Nankai University
in Tianjin, China.

On a personal note, I should like to
add that since my first appearance in
IYPT competitions, in 1995, I have
been generously supported by EPS.
Our association owes warm thanks to
EPS also for help in establishing its le-
gal site in Mulhouse. This happened
in November 2007 after some years
of negotiations with community au-
thorities and writing Statutes. �

gunnar tibell,
IYPT President 1998 - 2008 

A lOOk At thE IyPt >>> rEPOrt

� the acronym
of iyPt made
up of partici-
pants standing
on a hillside in
a Croatian
national park.

I
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CElEBrAtING 10 yEArS OF 
NEW JOurNAl OF PhySICS >>> PuBlICAtIONS

his year New Journal of Physics
(NJP) celebrates its 10th an-

niversary of publishing permanently
free-to-read, cutting-edge research
for the benefit of all physicists. As the
journal’s current Editor-in-Chief it is
my privilege to be involved alongside
my other prestigious colleagues on
the Editorial Board with one of the
fastest growing and, I believe, most
important journals in physics. 

Launched by the Institute of
Physics (IOP) and Deutsche Physika-
lische Gesellschaft (DPG) as a joint
venture in 1998, NJP represented a
truly innovative and compelling de-
parture from the traditional, sub-
scription-based journal’s publishing
model. Its ethos, based on an article
publication charge model, to provide
a free-to-read, electronic-only pub-
lishing outlet for physics research,
charted a novel way forward towards
addressing both the perceived spi-
ralling journals "pricing crisis" and
the then challenge of the Internet as
the new electronic medium. All at a
time before the term “Open Access”
had been invented!

The original core objective for NJP
was simple – to publish physics re-
search of outstanding quality, and to
remove financial barriers for all read-
ers. In this way researchers across the
world, regardless of financial means,
would be able to access the kind of
cutting-edge, peer-reviewed physics
research that may previously have
been unavailable to them. The jour-
nal’s open-access model would also
ensure the widest possible dissemina-
tion of an authors work, and through
its electronic medium the vision was
for NJP to offer rapid publication
coupled with all of the advantages of
online functionality.

The benefits of NJP to the reader
are clear; permanently free access
across the world to physics research
of (we hope) the highest quality and
impact. With a readership extending

to over 190 countries, and amounting
to more than 50,000 downloads each
month, NJP is now established inter-
nationally as a journal that has
proved able to achieve the widest and
most effective delivery of its content.

Continuous and rapid growth in
article submissions (see figure) also
reveals how NJP has become an in-
creasingly attractive journal for au-
thors (amounting to a ten-fold in-
crease in the number of published pa-
pers over the last 5 years). With guar-
anteed high article visibility (an NJP
paper is downloaded, on average,
more than 700 times within 12
months of publication), NJP authors
and their work benefit from exposure
to a new, wider audience, in addition
to maximised citations and impact.
NJP’s current Impact Factor is 3.26
and in analysis that further underlines
the journal’s enhanced editorial

stature, it has been repeatedly identi-
fied by Thomson ISI over the last two
years as a ‘Rising Star’ in physics – this
being the journal that has achieved
the highest percentage increase in to-
tal citations out of all physics journals.
The culmination of this editorial
growth over the last decade, coupled
with modest increases in the article
charge and growth in the proportion
of authors willing and able to pay the
publication fee, now means that this
year NJP will achieve the key mile-
stone for an open-access journal of
becoming financially self-sustainable.

Receiving the backing of the com-
munity it serves is vital to any re-
search journal and from the outset
NJP and its open-access ethos has
been fortunate to enjoy the support
of large sections of the physics com-
munity through the journal’s close
links with national physical societies
around the world. In Europe, this
support has been underpinned
through the formal endorsement of
the European Physical Society (EPS)
and eleven other physical societies
(out of a total of eighteen worldwide)
which, as NJP Associate Members,
collectively underline the journal’s
strong European character.

I therefore take this opportunity
to acknowledge the physics commu-
nity in Europe as a whole for its vital
contribution to the success of NJP.
Over the last ten years you have been
responsible for nearly 100 NJP edi-
tors, more than 1,500 referees, in ex-
cess of 1,300 published articles and
over 900,000 article downloads.
Thank you!

In summary, now ten years and
more than two million article down-
loads on, NJP is firmly positioned
not only at the forefront of the open-
access movement, but also as a lead-
ing, internationally renowned, Euro-
pean-based physics journal in its
own right. A proven editorial success,
and one that is enjoying growing
support from the physics communi-
ty worldwide, NJP looks well placed
to continue to play a pivotal role in
scholarly communication in the
years to come just as it has done in
its first decade. �

eberhard Bodenschatz, 
Editor-in-Chief, New Journal of Physics

T

Some of the article highlights published in
NJP over the last 10 years are collected
now at http://njp.org/10years.

� growth in
article submis-
sions to nJP
over the last
10 years.
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s Europe rightly celebrated the
50th anniversary of the Treaty of

Rome last year, we are left to ponder
what aspects of unification may have
been overlooked so far. Scientific pub-
lishing plays a prominent role as it
links economics with scientific and
cultural issues and could thus be con-
sidered a good testbed for European
“self-assurance” in this field. In the fol-
lowing discussion we shall restrict our-
selves to the physical sciences, though
many facets of this issue are readily
transferable to other natural sciences.

By the 1960s it had become evident
that the focus of scientific research
and publishing in physics had moved
from Europe to the US, still it took a
long time to realize that the individ-
ual European journals would have to
team up, in order to present a serious
alternative to their efficient US based
counterparts. It was only in 1986 that
the first significant merger took place
when the Lettere al Nuovo Cimento
(Italian Physical Society, SIF) com-
bined with the Journal de Lettres
Physique (EDP Sciences/ French
Physical Society) to form Europhysics
Letters (EPL), under the scientific
leadership of the European Physical
Society (EPS). 

The launch of EPL could only be
the first step. In the 1990s, further ne-
gotiations began between a number
of national physics communities
and publishers concerned by the
prospect of a unified European pub-
lishing platform to merge many, if
not all of their physics journals. Even-
tually, in 1998, The European Physi-
cal Journal (EPJ, Fig.1) was launched
as a merger of Il Nuovo Cimento
(SIF), Journal de Physique (EDPS)
and Zeitschrift für Physik (Springer).
This represented the most important
move yet in terms of combined size
and impact. Indeed, ten years later,
EPJ has succeeded in transcending its
national roots, receiving high-level
papers from all over the world (by

now more than 3,000 per year) and
conversely being distributed, mostly
electronically, to some 4200 institu-
tions worldwide with an enormous
surge of visibility and usage… (Fig 2). 

The combined archives of EPJ and
of its predecessor journals contain an
unparalleled treasury of 20th century
physics publications [1]. As of today,
EPJ is proud to present itself as a con-
tinuation of Acta Physica Hungarica,
Anales de Fisica, Czechoslovak Jour-
nal of Physics, Il Nuovo Cimento,
Journal de Physique, Portugaliae Phys-
ica and Zeitschrift für Physik. Yet, the
European landscape remains frag-
mented, an issue that the European
Physical Society plans to address in a
larger context in the near future [2].
Meanwhile, EPL and EPJ (as well as
other cooperating journals) are related

to each other through an editorial
transfer agreement, allowing the
transfer of papers in relevant cases [3]. 

EPJ currently consists of seven dis-
tinct journals: EPJ A - Hadrons and
Nuclei , EPJ B - Condensed Matter
and Complex Systems, EPJ C - Parti-
cles and Fields , EPJ D - Atomic, Mo-
lecular, Optical and Plasma Physics,
EPJ E - Soft Matter (since 2000), EPJ
AP - Applied Physics and EPJ ST -
Special Topics (since 2007). 

The journal also experiments with
new publishing models such as open-
access publishing [4] and combines
any modern approaches with the tra-
ditional careful and personalized eval-
uation of submitted work as well as
thorough copy-editing of manuscripts. 

Last but not least, EPJ is an excel-
lent example of cooperation between
learned societies and publishers. It is
through the combination of their ef-
forts that this platform can exist as an
independent, high-quality and eco-
nomically self-sustained part of the
European science industry. �

Maria Bellantone, Christian Caron,
agnès Henri, Jean-francois Joanny,

angela oleandri, angiolino stella
the ePJ steering Committee

references
[1] Currently being built at

www.epj.org/archives.html 

[2] O Poulsen: Physics in Europe, Europhys.
News 37/2 (2006) 

[3] www.epj.org/_pdf/transfer.pdf 

[4] www.epj.org/open_access.html 

thE EurOPEAN PhySICAl JOurNAl (EPJ) 
CElEBrAtES ItS 10 yEArS >>> PuBlICAtIONS
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� FIG. 2:
rapidly
increasing 
visibility and
usage of ePJ

� FIG. 1: 
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www.epj.org 



Neutrons with velocities below ∼ 7 m/s
are termed ultracold. They are produced
in non-equilibrium superthermal con-
verters, e.g., superfluid helium or solid
deuterium, and can be stored in vessels
with a storage time constant close to the

neutron lifetime. They are used for the
measurement of fundamental properties
of the neutron, such as the electric dipole
moment*, the lifetime of the free neu-
tron*, and the gravitational interaction*.
For an increased precision of these exper-
iments, very intense new ultracold neu-
tron (UCN) sources are in construction.
The velocity distribution of the neutrons
from a solid deuterium converter at 5 K is
very important for the design of these
new UCN sources.

This velocity distribution has now been
determined for the first time at the UCN
source at the TRIGA reactor in Mainz*
using the time-of-flight (TOF) method:
(i) The neutron spectrum rises sharply
above 4.5 m/s . After transport in an 8 m
stainless-steel neutron guide, the distribu-
tion has a maximum around 7 m/s, and
decreases approximately exponentially
above this velocity. (ii) Though expected
from, e.g., deceleration in neutron optics*,

this experiment confirms the recent first
experimental verification of neutron ac-
celeration by the material optical poten-
tial of a solid 2H2 UCN converter*. As a
consequence, the number of storable neu-
trons in an experiment can be increased
considerably (by a factor of ~ 2) by plac-
ing the corresponding experimental setup
outside the biological shielding about 1 m
above the UCN converter. (iii) A solid 2H2

UCN converter provides also ‘very cold
neutrons’ for experiments. These neutrons
have velocities above the UCN velocity
range, i.e., with 7 m/s < vn < 25 m/s. �

i. altarev et al. (16 co-authors), 
‘Neutron velocity distribution 

from a super-thermal solid 
2H2 ultra-cold neutron source’, 

Eur. Phys. J. A, 37, 9 (2008)

* References to be found 
in the original article.

hi
g

hl
ig

ht
s

hIGhlIGhtS FrOM EurOPEAN JOurNAlS

Neutron velocity distribution from a superthermal solid 2h2 ultracold neutron source

The recent discovery of superconductiv-
ity in iron-arsenic compounds with a
transition temperature (Tc) as high as 55
K, ended the monopoly of copper-oxides
in the family of high-Tc superconductors.
A critical issue in understanding this new
superconductor is the symmetry of the
superconducting pairing gap. An inter-
national team led by Dr. H. Ding of the
Institute of Physics, Chinese Academy of
Sciences has reported a direct observation
of the superconducting gap, including its
momentum, temperature, and Fermi sur-
face (FS) dependence in single crystals
Ba0.6K0.4Fe2As2 (Tc = 37 K) using angle-
resolved photoelectron spectroscopy.
They discovered two nodeless and nearly
isotropic superconducting gaps around
their respective FS sheets: a large gap (∆
~ 12 meV) on the two small hole-like
and electron-like FS sheets, and a small
gap (~ 6 meV) on the large hole-like FS.

Both gaps close simultaneously at the
bulk Tc. The isotropic pairing interac-
tions are strongly orbital dependent, as
the ratio 2∆/kBTc switches from weak to
strong coupling on different bands. The
same and surprisingly large supercon-
ducting gap due to strong pairing on the
two small FS sheets, which are connected
by the (π, 0) spin-density-wave
wave vector in the parent com-
pound, strongly suggests that
the pairing mechanism in the
iron-based superconductors
originates from the inter-band
interactions between these two
nested FS sheets.

H. ding, P. richard, k. nakayama, 
k. sugawara, t. arakane, y.sekiba, 

a. takayama, s. souma, t.sato, 
t. takahashi, z. wang, X. dai, z. fang, 

g. f. Chen, J. l. luo and n. l. wang,
‘Observation of Fermi-surface–dependent

nodeless superconducting gaps in
Ba0.6K0.4Fe2As2’, EPL 83, 47001 (2008) 

Pairing symmetry of iron-based superconductors

europhysicsnews

� three-dimensional plot of the 
superconducting-gap size (∆) measured
at 15 k on the three observed fs 
sheets (shown at the bottom as an
intensity plot) and their temperature
evolutions (inset). 
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� neutron velocity distribution from the
superthermal solid 2H2 ultracold neutron source
at triga Mainz. full dots: absolute velocity
deduced from the tof data. the line repre-
sents the velocity component parallel to the
neutron beam axis.



� effective spin magnetic moment ms,eff of 
Co in zno:Co, derived from tey and fy XMCd
measurements. the fy data follow the sample
magnetization M. the tey data fit well to 
a Brillouin function for paramagnetic Co2+ ions. 
the inset shows an elemental map of Co obtained
by efteM, displaying Co enriched regions.
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Recent advances in free-electron laser
technology, allied with new detection
technologies, have allowed experimental
investigations of few-photon fragmenta-
tion of light atoms such as helium and
neon. These exciting experimental ad-
vances have been matched by the appli-
cation of powerful theoretical tools for
exploring how atoms and molecules re-
spond to XUV and X-ray light. Such
tools have shown good agreement be-
tween experiment and theory for the re-
moval of both electrons from He and H2

by one photon, and recently investigated
how the helium atom fragments after the
absorption of two photons.

A recent communication has, for the
first time, shown how H2 responds to in-
teraction with two photons, by directly
solving the time-dependent Schrödinger
equation for the outgoing electrons under
the influence of the Coulomb field of
the molecule and of the laser light. Some

similarities are found with
the analogous process in
helium; the total probabil-
ity for removal of both
electrons is similar for he-
lium and H2. 

When the molecule is
oriented perpendicular to
the laser polarization, the
angular distributions of the
outgoing electrons also
show similarities to distri-
butions arising from dou-
ble ionization of helium.
However, when the mole-
cule is parallel to the polar-
ization, the distributions are different
from the atomic case. Moreover, these dis-
tributions show some dependence on the
internuclear separation of the molecule at
the time of ionization. Such sensitivity to
the internuclear separation has also been
found for the ̀ parallel geometry' for double

ionization of H2 by a single photon and
for photoionization of H2

+. �

J. Colgan, M.s. Pindzola and
f. robicheaux, ‘Two-photon double

ionization of the hydrogen molecule’, J. Phys.
B: At. Mol. Opt. Phys. 41, 121002 (2008)

two-photon double ionization of h2

The rapidly emerging field of spintronics
requires material systems combining
ferromagnetism (FM) with the versatile
electronic properties of semiconductors.
Diluted magnetic semiconductors (DMS)
such as Mn-doped InAs or GaAs are very
attractive in this regard. Unfortunately,
these well established DMS have Curie
temperatures TC ≤ 170 K, preventing
room temperature (RT) applications. In
contrast, TC > 300 K has been predicted
for cobalt-doped ZnO and ferromagnetic
behavior has been reported. However,
there is an ongoing debate on whether
this material is really a DMS or the ob-
served behavior is caused by magnetic
nanometer-sized precipitates of the Co
dopant atoms embedded in a nonmag-
netic ZnO matrix.

To unambiguously clarify the nature
of FM in ZnO:Co thin films we have
combined SQUID magnetometry, X-ray
magnetic circular dichroism (XMCD),

and AC susceptibility measurements with
careful X-ray and high resolution TEM
studies. We simultaneously recorded
XMCD spectra in both the total electron
(TEY) and the fluorescence yield (FY)
modes, allowing for an element-specific

distinction between surface and bulk
magnetic properties. Our data provide
clear evidence that our ZnO:Co thin
films are not homogeneous DMS. Rather
the observed RT magnetic behavior is
caused by nanometer-sized superpara-
magnetic Co precipitates, which are
directly evidenced by XMCD and en-
ergy-filtering transmission electron mi-
croscopy (EFTEM). Of course, our data
do not prove that the realization of a
DMS is impossible for ZnO:Co. How-
ever, more effort is required to unam-
biguously determine the nature of FM,
and conclusions based on superficial stud-
ies should be considered with care. �

M. opel, k.-w. nielsen, s.Bauer, 
s.t.B. goennenwein, J.C.Cezar,

d. schmeisser, J. simon, w. Mader and 
r. gross, ‘Nanosized superparamagnetic

precipitates in cobalt-doped ZnO’, 
Eur. Phys. J. B 63, 437 (2008) 

the nature of ferromagnetism in cobalt-doped ZnO

� angular distributions for the double ionization of H2 by two 
30 eV photons. the internuclear separation is increased going
down the panels; the left panels show the ‘parallel geometry’ 
and the right panels show the ‘perpendicular geometry’.
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Below its ordering temperature (90K),
bulk bcc Eu has a helical magnetic state
with propagation vectors along the three
equivalent <100> directions. In contrast,
epitaxial (110)Eu films exhibit a unique
magnetic ordering : the domain with a
magnetic helix propagating along the in-
plane [001] direction vanishes on cool-
ing (below Td), at the expense of other
domains with helices propagating along
[100] and [010]. In addition, the two re-
maining propagation vectors continu-
ously rotate towards the [110] growth
direction. Both the temperature Td and
the rotation of wave vectors exhibit a
pronounced dependence on film thick-
ness, as a consequence of a thickness-
and temperature- dependent lattice
clamping effect that distorts the Eu lat-
tice at low temperature.

The helix propagating along the
[001] direction can be restored by the

Magnetic ordering in (110) Eu films in a magnetic field

Recent measurements both using solar
neutrinos and ground based experi-
ments have demonstrated conclusively
that neutrinos have a mass. However
so far only upper bounds exist for this
fundamental parameter. Several labo-
ratory-based experiments have at-
tempted to measure the mass of a
particular flavour of neutrino based on
careful measurement and analysis of
the energy distribution of ejected beta
particles. These end point experiments
are difficult and previous ones have
been bedevilled with systematic errors
due, at least in part, to difficulties with
the complete understanding of all
the physical processes important in
the experiment.

The KATRIN (Karlsruhe Tritium
Neutrino) experiment aims to make a
significantly more accurate measure-
ment of the mass of the electron anti-
neutrino; the planned precision is
0.2eV. KATRIN will analyse the end-
point of ß-decay of cool, gaseous triter-
ated hydrogen molecules, T2. The decay
process under scrutiny will therefore be:

[T2→3HeT+ e- + –νe ] To model the shape
of the endpoint distribution correctly it
is necessary to have a detailed, reliable
knowledge of the final state probability
distribution of the resulting 3HeT+ mo-
lecular ion.

This paper presents calculations of
the final state probability distribution
for excitations to the electronic contin-
uum of 3HeT+. The R-matrix method
is used to treat explicitly resonance
states of 3HeT+, allowing for nuclear

motion, and implicitly the background
continuum. When combined with pre-
vious studies of other energy ranges,
99.94% of the decay probability is re-
covered, a significant improvement on
previous results. �

n. doss and J. tennyson, ‘Excitations 
to the electronic continuum of 

3HeT+ in investigations of T2 β-decay
experiments’, J. Phys. B: At. Mol. 
Opt. Phys. 41, 125701 (2008) )

Excitations to the electronic continuum of 
3het+ in investigations of t2 β-decay experiments

� Magnetic field temperature diagram for a
375nm thick (110)eu film when the magnetic
field is applied along [001]. empty symbols cor-
respond to tfC the temperature of vanishing of
d3 (the domain with a helix propagating along
[001]) when decreasing temperature. filled
symbols correspond to tzfC the temperature of
appearance of d3 when increasing temperature.
d1 and d2 are respectively the magnetic domain
with an helix propagating along [100] and
[010]. Continuous lines are guides for the eyes. 

� final state probability
distribution of the elec-
tronic ground state (inset)
and the electronically
excited states and elec-
tronic continuum (main
graph) of 3Het+ resulting
from the ß-decay of t2.
the probability distribu-
tion is presented in a
discretized form, using
energy bins of 0.01 eV for
the ground state, 1 eV
bins for the excited states
and the electronic contin-
uum up to 90 eV, 2 eV bins
from 90-140 eV and 4 eV
bins from 140-240 eV.

application of an external field along
this direction. On the contrary, when
a magnetic field is applied along an in-
termediate direction, [-110], the do-
main with a helix propagating along
[001] is suppressed. Both effects de-
pend on film thickness. They are ex-
plained if one considers that, because
of the low magnetic anisotropy of Eu, a
helix with a propagation vector paral-
lel to (or close to) the applied magnetic
field is energetically more favorable
than cycloidal structures with un-
changed propagation vectors. Finally,
the amplitudes of the propagation vec-
tors and their directions do not vary
under magnetic field. �

s. soriano, C. dufour, k. dumesnil
and Ph. Mangin, ‘Magnetic ordering 

in (110) Eu films in an applied magnetic
field’, Eur. Phys. J.B 63, 469 (2008)
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The reversibility paradox stated by
Loschmidt in response to Boltzmann's
H-theorem illustrates the apparent incom-
patibility of the time reversal symmetry
governing the dynamics of microscopic
processes and the second law of thermody-
namics ruling their macroscopic behaviour.
One century later, exact equalities, referred
to as work and fluctuation theorems, reveal
that the very same time-reversal-symmetry
puts strong constraints on the probability dis-
tributionsof work, heat and entropy in non-
equilibrium experiments involving small
scale devices. These equalities are compatible
with the second law of thermodynamics,
but provide no extra information on the ac-
tual value of the entropy increase. Even more
recently, Kawai, Parrondo, and Van den
Broeck [Phys. Rev. Lett.98, 080602 (2007)]
have derived from Hamiltonian dynamics
the exact value of the entropy production,
relating the mean work dissipated in an ar-
bitrary non-equilibrium experiment directly
to the statistical difficulty of distinguishing
whether a snapshot of the microstate of the
system pertains to an experiment carried out
forward or backward in time. 

This statistical indistinguishability is
quantified through a concept from infor-
mation theory: the relative entropy or
Kullback-Leibler distance between two
probability distributions. 

Now, Gomez-Marin, Parrondo, and Van
den Broeck have extended the previous result
to the relative entropy between the distribu-
tions of paths or trajectories. Furthermore, by
combining the mathematical properties of
the relative entropy with the work theorem,
they have been able to identify the relevant
information to exactly evaluate the entropy
production along an arbitrary process con-
necting two equilibrium states. Their con-
clusion is striking: the only relevant variables
are those containing the statistical informa-
tion about the work performed in the exper-
iment. Any further information does not
improve the discrimination of the arrow of
time. Therefore, such variables provide, with-
out the need of other microscopic informa-
tion, the “footprints” of irreversibility. �

a. gomez-Marin, J.M.r. Parrondo and 
C. Van den Broeck, ‘The “footprints” 
of irreversibility’, EPL 82, 50002 (2008)

the ”footprints” 
of irreversibility

Experiments with ultra-cold neutral atoms
trapped in potentials generated by micro-
structures integrated on a nearby surface
(atom chips) are evolving rapidly and may
soon enable robust quantum devices. This
decade has seen atom chip based coherent
manipulation (interferometry) of both inter-
nal and external atomic degrees of freedom. 

The promise of the atom chip platform
may, however, be hindered by thermal noise
originating from the nearby "classical envi-
ronment", specifically the motion of finite-
temperature electrons present in the surface.
The coupling of this noise radiation to the
atoms results in atom loss, heating and deco-
herence. Slight imperfections in the fabrica-
tion of this nearby environment also lead to
static corrugations of the trapping potential,
which can cause a variation of the atoms' den-
sity in traps, as well as lead to localization in

guides and perturb quantum phase evolution
in interferometry. This paper describes the
implications of using novel materials on the
atom chip for the micro-structures creating
the trapping and guiding potentials and
specifically electrically anisotropic materials.
Using such materials, decoherence and heat-
ing rates can be significantly reduced, even for
room temperature atom chips. In addition,
the amplitude of the static potential corruga-
tion can be reduced, as typical electron scat-
tering patterns within the imperfect wires can
be controlled. Materials, fabrication, and ex-
perimental considerations are discussed. �

t. david, y. Japha, V. dikovsky, 
r. salem, C. Henkel and r.folman,
‘Magnetic interactions of cold atoms 

with anisotropic conductors’, 
Eur. Phys. J. D 48, 321 (2008) 

Magnetic interactions of cold atoms with surfaces: 
Material engineering meets atom optics

time-independent theory of ionization
and breakup reactions
Under the stimulus of advances in exper-
imental techniques and methods of nu-
merical calculation, numerous theoretical
investigations have recently been under-
taken of the process of single ionization
of an atom (or breakup of a nuclear tar-
get) by impact of a charged projectile. En-
couraged by such advances, more
ambitious programs, involving multiple
ionization and nuclear breakup reactions,
are now being undertaken. The theoreti-
cal basis for such calculations is rather less
firm than it is for single ionization. One
looks for refinements in the basic formu-
lation of the problem to allow for more
effective numerical investigations. 

A rigorous theory of non-relativistic
time-dependent multiparticle collisions
was developed (by J. D. Dollard) quite
some time ago, in which the effect
of long-range Coulomb forces was ac-
counted for by a modification of the
standard wave operator, describing prop-
agation of particles in initial and final
states, that appears in treatments of neu-
tral-particle scattering. While it estab-
lishes the existence of the scattering
matrix, that theory provides no specific

procedure to be used for the calculation
of the transition probability. 

In order to have available a method
more amenable to numerical calculation,
this time-dependent theory is converted,
in the present work, to a time-indepen-
dent form, with the wave-operator modi-
fication replaced by the use of
Coulomb-modified plane waves in the
construction of the wave packets that ap-
pear in the formalism. This provides a
convenient basis for the development of
approximation techniques in configura-
tion space, including the use of variational
methods of calculation, based on integral
identities for the transition amplitudes. In
many cases oscillatory divergences appear
in integrals representing the ionization or
breakup amplitudes; this disturbing fea-
ture is intrinsic to the theory. A rigorously
justified method for removing such diver-
gences by an averaging of the integrand at
great distances is here defined. �

l. rosenberg, ‘General time-
independent theory of ionization 

and breakup reactions’, J. Phys. B: At. 
Mol. Opt. Phys. 41, 155203 (2008)
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Our goal was to establish a link between an
orbiting source of single photons and a
ground telescope, as the first step in the com-
munication space-ground or space-space and
based on the coding of the bits of informa-
tion in the quantum state of a photon, or
qubit. Our experiment also demonstrated
that present technology is mature enough for
this purpose, and the crucial crossing from
the theoretical predictions and the experi-
mental demonstration was possible. How-
ever, a combined effort from different
expertises was needed from classical optics,
to satellite laser-ranging for geodesy, to quan-
tum optics, to advanced electronics. 

More in detail, in this experiment we
have simulated a quantum communication
source onboard a satellite, and showed how
the very dim signals could be detected. Such
a quantum source has to fulfill the particu-
lar requirement, that only one single pho-
ton per pulse is emitted. In this work this is
realized by sending a rapid sequence of weak
laser pulses towards a Japanese satellite (Aji-
sai) that is equipped with retroflectors, (see
the figure) The main challenge was to detect
the very few reflected photons amongst a
huge background signal which is exactly the

same situation as would be if we had the real
quantum communication system.

The next step of our work would be
placing of an active source of single photons
and a measurement system for the photons
state into space. This will realize quantum
physics experiments over much larger dis-
tances than possible on ground. This will
push the limits of fundamental physics tests
to longer distances, and also allow the quan-
tum key distribution on a global scale,
probably the only secure method for the ex-
change of cryptographic keys. In addition,
novel methods for exchange information as
quantum teleportation will be possible. �

P. Villoresi, t. Jennewein, f. tamburini,
M. aspelmeyer, C. Bonato, r. ursin, 

C. Pernechele, V. luceri, g. Bianco, 
a. zeilinger and C. Barbieri,

‘Experimental verification of the feasibility of
a quantum channel between space and

Earth’, New J. of Phys. 10, 033038 (2008)

Although widely studied, capillary con-
densation of fluids in disordered meso-
porous media is not fully understood. A
central question is the origin of the hys-
teretic behaviour, as a function of pres-
sure, of the adsorbed amount of fluid. It
has been recently proposed that this hys-
teresis could result from the disorder of
the porous media. A specific prediction is
the existence of a disorder-driven transi-
tion similar to that occurring in the ran-
dom field Ising model. At a given disorder,

this transition implies a change of shape,
from smooth to steep, of the hysteresis
loop as the temperature is decreased
below a critical value.

Our experiments support this view.
Condensation of helium in different silica
aerogels, synthesised at Montpellier and
Northwestern universities, has been stud-
ied using combined optical and thermo-
dynamic measurements below the bulk
critical temperature (5.2 K). Silica aerogels
of large porosity (95% to 98%) provide a

natural realisation of dilute disorder, while
the small index of refraction of helium
makes it possible to image the condensa-
tion process, at the macroscopic and mi-
croscopic scales. As illustrated in the figure
for one of the aerogels studied, the ad-
sorption branch becomes steeper at low
temperatures, associated with a change in
the morphology of the condensation
process. Together with the first evidence in
favour of the new theory, these experi-
ments illustrate the power of studying he-
lium in transparent porous glasses to
address the problem of condensation and
evaporation of fluids in porous media. �

f. Bonnet, t. lambert, B. Cross, 
l. guyon, f. despetis, l. Puech and 

P.e. wolf, ‘Evidence for a disorder-driven
phase transition in the condensation of 
4He in aerogels’, EPL, 82, 56003 (2008)

Phase transition in the condensation of 4he in aerogels

� the Mlro telescope linked to a srl satellite.
an avalanche photodiode (aPd) detects the
gathered photons, that are then correlated with
the outgoing pulses.

Feasibility of a quantum channel between space and Earth

� Condensation in a base-synthesised 
aerogel of porosity 95%. the white curves
show the condensed fraction f plotted 
versus the distance ΔP to the bulk saturation
pressure. Between 5.08 k and 4.71 k, 
the adsorption isotherm becomes steeper. 
Correlatively, the condensation process
changes from homogeneous to heteroge-
neous. these modifications are an evidence 
for a disorder-driven transition.
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or a wide range of new products in the industrial pro-
duction chain, solidification processing of metallic alloys

from the melt is a step of uppermost importance. Such ad-
vanced products are usually complex and made up of many
components. Examples are: 

• turbine blades for land-based power plants and for jet engines
sustaining high temperatures and high stress levels,

• low-emission energy-effective engines for cars and aerospace,
• so-called supermetals (amorphous metal alloys) such as thin
sheets for electronic components with ultimate strength to
weight ratio,

• high-performance magnets, 
• biocompatible medical implants such as hip replacements, 
• new semiconductors for solar cell applications,
• fine metallic powders to catalyse chemical reactions, 
• new low-weight and high-strength materials for space explo-
ration and future space vehicles.

Accordingly, to produce materials that meet ever-higher spe-
cific requirements, in particular to save energy by reducing
weight or for use at high temperature, the solidification pro-
cessing of structural materials has to be controlled with ever-in-
creasing precision. This aim is most efficiently achieved by
means of predictive quantitative numerical simulations of
grain-structure formation using sophisticated integrated
software, to improve casting quality and repro-
ducibility, yield strength, creep resistance and
other properties (Figure 1).

Current limitations
The application of such numer-
ical tools is generally hampered
by the lack of reliable thermo-
physical property values of the
relevant liquid metals and alloys,
needed as input parameters for
the computational models [1,2].
In this respect, there is a discrep-
ancy between the ever increasing
sophistication of the numerical
models and computer power, and
the availability or accuracy of the
thermophysical property data for
the liquid phase. The paucity of
data is generally owed to the
high chemical reactivity of most

metallic alloys in the liquid phase. This holds in particular
for high-temperature alloys such as Ti alloys and Ni-based
superalloys, but also for some lower-temperature light
weight alloys such as the Mg and Li alloys. These are of in-
terest to the automotive and aerospace industries. The cur-
rent space-related research projects were conceived to
improve this situation by combining conventional thermo-
physical property measurements with advanced container-
less processing techniques of hot melts on ground and under
reduced gravity conditions. 

levitation of hot metallic drops in space
Levitation of molten metals and other materials has been de-
veloped to solve a series of practical issues [1]. First, high-tem-
perature chemical reactivity between liquid and container is
often rather devastating (e.g. silicon in contact with graphite).
The resulting sample contamination then drastically falsifies the
measurements of thermophysical properties. Second, heteroge-
neous nucleation of solid phases easily occurs at the container
wall. This makes deep undercooling and growth of metastable

F

� FIG. 1: MagMasoft® numerical simulation of the surface tempera-
ture distribution over a car engine block immediately after mould filling

�



phases unattainable. Conversely, without a container under-
cooling levels of several hundreds °C below the melting point
can be achieved. 

A reduced gravity environment adds further key merits to
containerless levitation processing [1], namely: 

• Achievement of perfectly spherical drop shape
• Levitation forces required to hold the samples are much lower
than at 1-g conditions, resulting in improved temperature con-
trol (within 0.1 K) and sample stability

• Improved control of sample environment (excellent vacuum
conditions)

Furthermore, segregation and sedimentation effects be-
come negligible, such that uniform mixing is achieved. Fi-
nally, the samples that can be levitated are much larger than
on earth. Such experiments are, however, not exactly
straightforward in microgravity where residual gravity and
capillary forces at fluid surfaces are still at work. For exam-
ple, everyone has seen on TV astronauts playing to catch
large, freely floating drops of water. Nevertheless, stable
sample positioning, which must be ensured to enable laser
heating or pyrometry measurements, is possible with higher
precision than on earth. In addition, it requires weaker elec-
tromagnetic fields. For more than twenty years, space agen-
cies are thus developing levitators using electromagnetic
forces, or alternatively acoustic waves or electrostatic forces.
The ElectroMagnetic Levitator (EML) is taking advantage
of well-known phenomena following from Maxwell’s equa-
tions. High-frequency alternating fields are generated by
passing a current through an assembly of coils shaped for
positioning and heating. The applied electromagnetic field
induces eddy currents in the metallic sample placed between
the coils. This will heat, and may even melt, the sample, due
to the Joule effect. The coupling of these currents with the

applied electromagnetic field is used to impose a lifting force
on the sample, which is concomitantly undergoing fluid
flow driven by the electromagnetic forces when molten.

Parabolic flight measurements
Parabolic aircraft flights provide about twenty seconds of
reduced gravity. This duration is sufficient for melting,
heating into the stable, uniform liquid, and cooling to so-
lidification of most metallic alloys of interest. It is thus well
suited for the measurement of the surface tension and the
viscosity by the oscillating drop method. In this method,
surface oscillations are excited by a pulse of the heating
field, and the surface tension and viscosity are obtained
from the oscillation frequency and damping time constant
of the oscillations, respectively. The process is implemented
in an inert gas atmosphere that is circulated in order to en-
hance sample cooling and assure solidification at the end
of the microgravity phase. This results in cooling rates be-
tween 30-50 Ks-1.

Using the Electromagnetic Levitator, surface oscillations of
the liquid hot drop with diameter of 8 mm (Fig. 2a) can be for
instance introduced by an electro-magnetic pulse and the results
analyzed by a high-speed high-resolution video camera [5,6,7].
Among the results, Figure 2b shows the surface tension as a
function of temperature in the range 1050 – 1450 °C of liquid
Ni - 75 at% Al processed under low gravity in 4 parabolas with
10 seconds of processing time each.

Critical technologies
Therefore, one of the key ISS facilities under development is
the ESA/DLR ElectroMagnetic Levitation (EML) device. This
advanced EML will permit containerless melting and solidifi-
cation of alloys and semiconductor samples, either in ultra-high
vacuum or high-purity gaseous atmospheres over long time pe-
riods. Furthermore, the EML is equipped with highly advanced
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� FIG. 2: left panel: spherical droplet of a molten ni-75%al sample (8 mm diameter) obtained in a parabolic flight. Video images allow measurements of
the surface tension and viscosity as a function of temperature. right panel: surface tension between 1050 and 1450 °C (the symbol Pb denotes the num-
ber of parabola performed during a single flight day)

�



diagnostic tools which permit accurate measurements of ther-
mophysical properties, as well as direct observation of the ex-
periment during flight by high-speed high-resolution video
analysis (see Figure 3). 

summary and outlook
Cast materials are common objects in everyday life (car and
jet engines, metallic skeleton of buildings, dental or hip im-
plants…). The latest developments have been achieved
through solidification processing from the melt on earth and
in space in order to improve casting facilities, and also by gas
atomization and powder production for the catalytic activa-
tion of chemical reactions. 

Ultimately, a reliable database of thermophysical properties
of liquid metals and alloys over a wide range of temperatures
will be established, including the following properties needed
for numerical simulations and improvement of casting quality
for new and advanced materials:

• density – using video observation techniques in the coil’s axial
and radial directions

• thermal expansion – also from video observation
• viscosity – using the oscillating drop technique
• surface tension – also by drop oscillation
• total hemispherical emissivity – using modulation calorimetry
and measurement of external relaxation times

• specific heat – also by modulation calorimetry
• electrical conductivity – using inductive methods to measure
the impedance of a pick-up coil surrounding the sample

• thermal conductivity – using the Wiedemann-Franz law that
relates the electrical and thermal conductivity

• alloy melting range and fraction solid – using modulation
calorimetry

In order to achieve these goals on a reliable basis sophisti-
cated computer models have been recently favoured in Europe.
These will, in all aspects of industrial materials processing, add
to the long-term sustainability and technology leadership sought
for in the worldwide competition. On this basis ESA together
with national space agencies in Europe has set up a strong sci-
entific programme to utilise space as a complementary crucial
tool to ease and accelerate the development of new products
through knowledge-based designs using the timely fundamen-
tal advances acquired from parabolic flights, sounding rockets
and, in the near future, the International Space Station. �
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� FIG. 3: schematic diagrams of the Materials science laboratory, Msl (left panel) and of the electroMagnetic levitator, eMl (right panel) both of
which will be accommodated onboard the international space station.



ne of the major unresolved problems in solidification
physics and its industrial counterpart, the foundry in-

dustry, reads simply: the effect of fluid flow on the mi-
crostructure of cast products. As “cast” is just another word
for “forced flow” and casting of alloys is an art and engineer-
ing technology of a few thousand years old, it might appear
peculiar that the interplay between an advancing solidifica-
tion front and fluid flow in the molten alloy still remains to
be understood.

Solidification physics in general deals with the evolution of
microstructures during the solid-liquid phase transformation.
The term microstructure here relates to crystalline patterns de-
veloping from a complex interplay between heat and mass
transport in the melt and the solid, where the solid-liquid in-
terface morphology is defined in the process. In castings, the
solidification process always starts with the nucleation of crys-
tals in a region of the melt that is below its equilibrium tem-
perature. This usually occurs at the surface of the mould. As
growth of these nuclei is unstable, dendrites grow as trees with
primary trunks and side branches parallel to fairly well-defined
crystallographic directions. Their selective growth leads to den-
dritic patterns which are called columnar, since they look like
columns or pillars growing parallel to the thermal gradient.
The growth of these columnar dendrites can be arrested by the
nucleation and growth of dendritic grains forming in the bulk
liquid ahead of the columnar dendrite tips. These grains that
exhibit dendritic arms growing in different radial directions
are called equiaxed and the transition is the Columnar-to-
Equiaxed Transition (CET). In practice, this transition is ei-
ther avoided or triggered to proceed as quickly as possible in
order to obtain samples with homogeneous microstructure.

The region where dendrites, whether columnar or equiaxed,
develop and are still in contact with the liquid is called the
mushy zone. An illustration of the CET and the dendritic mi-
crostructure is given in Fig. 1. 

Convection
Despite several models for the CET, the influence of convec-
tion is still an open question in solidification physics. Numer-
ous theoretical and experimental papers have been published
and a few important mechanisms seem to be responsible [1].
The European programme “Columnar to Equiaxed Transition
in SOLidification processing (CETSOL)” aims to investigate
this transition and to identify the underlying mechanisms. Mi-
crogravity processing on sounding rockets, essential to avoid
buoyancy induced fluid-flows, reveals that CET in directionally
solidified Al-7wt%Si alloys occurred earlier than in the corre-
sponding ground environment.

The growth of dendrites in metallic alloys depends on many
parameters, such as alloy composition, cooling rate, interface
velocity, temperature and solute gradients at the solid-liquid
interface, thermophysical parameters such as concentration –
and temperature – dependent diffusion coefficients, interfa-
cial energy, kinetics of atoms attachment at the solid-liquid
interface etc. [2, 3]. 

The development of physically-based models of the evolu-
tion of microstructures is the core of solidification physics. This
is especially the case with respect to engineering alloys used, e.g.,
in crankcases or cylinder heads, turbine blades and cooking pans
or as an ingot for sheet metal production. The microstructure as
retrieved from the mould is decisive for many properties, in-
cluding mechanical, electrical, thermal, corrosion resistance,
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stabilized zone Columnar transition equiaxed

� FIG. 1: Columnar-to-equiaxed transition (Cet) in al-7wt%si alloy solidification carried-out in space. the structure develops from left to right. starting
from a fine equiaxed structure in the stabilized zone, selective growth leads to columnar patterns which end in equiaxed grains. the transition from
columnar-to-equiaxed structure is of utmost importance for the foundry industry. 



friction and wear, formability and welding properties. Since ap-
proximately five decades, the classical foundry practice gradually
evolved into solidification physics. Numerous papers and books
describe essentials of microstructure evolution under so-called
diffusive transport conditions for heat and mass. 
Important theoretical milestones are in this respect the discov-
ery of the Mullins-Sekerka instability, marginal stability and mi-
croscopic solvability theories providing a basic understanding
of dendrite formation. A critical test of these theories was per-
formed with microgravity experiments by Glicksman and co-
workers in which established flow-free conditions of heat
transfer [4-6] allowed a careful validation of theoretical models. 

The same approach is presently under development for mod-
elling of solidification processes with microstructural features. Com-
puter simulations have enabled one to model complex processes
better than ever before by combining momentum, heat and
mass transport equations for multiple phases. However, the pre-
dictive power of such approaches is dependent on benchmark
experimental validation.

forest-like
The main difficulty lies in the flow interactions with the mushy
zone in a way similar to winds or storm interacting with a for-
est. Does the strong wind above the tip of the trees permeate to
the forest soil? Or is it damped considerably before it reaches
the ground? This depends essentially on the permeability of the
mush. There is no reliable measurement of mush permeability
or validated theories for it. The problem is old, and numerous
attempts have already been made to solve at least a few issues.
Papers have been published investigating the effect of flow on
the growth of primary dendrite trunks, the evolution of side
branches, the entrainment of solute in the mush [7], the effects
of artificial flow induced by rotating or alternating magnetic
fields on cast microstructures [8]. However, the understanding
of fluid flow on the liquid-to-solid transformation is rather in its
infancy and tremendous progress is expected from comparison
of simulations with results provided by space experiments. 

Therefore, European teams have defined experimental pro-
grams under free-fall conditions using short time experiments in
parabolic aircraft flights (20 seconds low gravity), sounding
rockets (3-12 minutes) and of course the Materials Science Lab-
oratory, MSL, on board the International Space Station, ISS.
Here not only diffusive conditions of heat and mass transport
can be established but also controlled fluid flow by means of ro-
tating magnetic field devices. A few examples of on-going space
projects and first results will illustrate the benefits of experi-
menting under reduced gravity conditions.

new kinetic laws
The European team of the MICAST project focuses on a system-
atic analysis of flow effects on dendritic microstructures in Al-base
cast alloys starting from academic binary to industrial multi-com-
ponent systems. Besides extensive laboratory research, experiments
on sounding rockets were performed; further experiments will be
performed in the MSL. The mush interaction with defined arti-
ficial fluid flow induced by rotating magnetic fields was analysed
in sounding rocket experiments in the last years. The result shows
that new kinetic laws have to be developed to describe the dendrite
side branch spacing. Figure 2 shows a result together with a mi-
crograph illustrating the effect of fluid flow: compositional inho-
mogeneities by segregation of solute on the scale of the cast object.
Careful analysis of such microstructures gives the graph to the
right. Under purely diffusive transport conditions, the spacing
varies with the cubic root of the solidification time. Analytical,
simplified models are available for this and implemented in all
modern casting software tools. Fluid flow of a few mm/s above
the mush induces instead a square root-like behaviour, for which
first simplified models are just being developed.

Using again the analogy of a dendritic mush with a forest
one now might ask, does the interaction of the forest with the
wind generate branches, fragments that are taken away with the
wind? Such a possible mechanism of fragmentation leading to

europhysicsnews number 5 • volume 39 • 23

features

� FIG. 2: solidification of al 6wt%si alloys in microgravity. 
without fluid flow, a dendritic network develops that is well distributed
across the sample (bottom left picture). fluid flows generated by apply-
ing a rotating magnetic field in space result in an enrichment of solute
towards the centre of the specimen (top left picture) and also in a differ-
ent kinetic of the evolution of the dendritic network in the periphery. the
right panel depicts the microstructure features of samples processed in
pairs in space, one with magnetic convection (curve “with fluid flow”) and
one without (curve “diffusion”). experiments were performed on two con-
secutive missions (texus and Maxus) providing for the evolution with time
in both the flow and no-flow cases. these results from space experiments
are coherent with those from laboratory experiments on ground, which
are always influenced by a slight natural convection. 
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equiaxed crystals transported into the melt above the mush is
beautifully illustrated by in situ synchrotron X-ray radiography
during directional solidification of thin films of an Al-Cu alloy,
showing how dendrite branches melt off and buoy upwards
against gravity due to their lower density [9]. If a sufficient num-
ber of fragments accumulate above the mushy zone, columnar
solidification is no longer possible (movies are available at
http://tinyurl.com/3zytrk). These and similar investigations
have led to the definition of a European project, XRMON, that
aims to develop an X-ray radiographic facility for sounding
rockets, thus permitting the study of various solidification phe-
nomena without any disturbances by convection. 

new microstructures in bronze
The casting of steel, done every day on a million-ton basis, is char-
acterised by a so-called peritectic reaction-transformation. This
means that below a certain temperature, a new phase nucleates
and grows at the periphery of the already formed dendrites under
normal solidification conditions. Although practised for thou-
sands of years (this reaction occurs also in bronze and brass cast-
ings) the formation of peritectic microstructures has received
comparatively little attention. For example, at very low growth
rate, novel microstructures were predicted as early as the sixties
but were not observed until recently. In particular, under certain
conditions, it was anticipated that the primary and the peritectic
phases could grow side by side with a planar front instead of one
forming around dendrites of the other. This growth morphology,
typical of eutectic alloys, is called coupled growth. 

The European project METCOMP is focused on the direc-
tional solidification at very low speed of peritectic bronze alloys
[10]. During this project, coupled growth in Cu-Sn alloys was
observed for the first time as shown in Fig. 3. This transverse
cross section taken at two regions of a single specimen exhibits
various coupled growth morphologies, with the (primary) α-
phase in light yellow-brown and the (peritectic) β-phase in grey.
On the left, the α-phase is continuous and the β-phase is either

in the form of lamellae or fibres. On the right, this is the oppo-
site, the β-phase is continuous and the α-phase is in the form of
fibres or short lamellae. These morphologies, which are quite
similar to recent 3D multi-phase field computations performed
by M. Plapp for various eutectic alloys [11], clearly show that
the tin composition was not uniform in this specimen. Indeed,
both the α- and β-phases reject the lighter Sn element ahead of
the α-β coupled front, thus inducing solutal natural convection
and variations in the local composition. Although convection
was reduced in this case by the use of fairly small specimen sizes,
it is essential to perform similar directional solidification exper-
iments in a microgravity environment, in which the convection
and the associated macrosegregation are decreased substantially.

The upcoming possibilities to experiment in the Materials
Science Laboratory onboard the ISS gives the chance to perform
systematic experiments in reduced gravity to clarify many as-
pects of flow effects on pattern formation in solidification. �
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� FIG. 3: labyrinth-like lamellar microstructure observed in cross sections of a Cu-21wt%sn sample directionally solidified at 0.58 μm/s in a thermal gra-
dient of 20 k/mm. left panel: Continuous α-phase (in yellow-brown) with either lamellae or fibres of β (in grey). right panel: isolated short lamellae and
rods of α in a continuous β phase [10].
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ggregation and crystal nucleation phenomena are
among the subjects in condensed matter physics that

still deserve a strong experimental effort to be fully grasped.
This is in particular the case for macromolecular solutions
or to dispersions of particles in the colloidal size range. Self-
assembly, spontaneous ordering, structural organization on
mesoscopic scales, are moreover key concepts for the design
of nanostructured materials with specific functional proper-
ties. Although ground-based experiments performed on
model systems have already shed light on many aspects of
the latter phenomena, the presence of gravity often plays a
noxious role. Density gradients induced by fast settling of
large aggregates, or convective effects associated with the de-
pletion zone around growing crystallites are just two well-
known examples. But gravity often yields additional and
rather unexpected effects. 

To investigate these issues, ESA has recently promoted
three distinct, related space projects. They are related, re-
spectively, to the formation of synthetic zeolites, the aggre-
gation and crystallisation of model colloidal systems, the
nucleation and growth of protein crystals. These studies will
benefit from the already planned development of a versatile
light scattering (LS) setup to be installed on the International
Space Station (ISS), allowing the use of novel sophisticated
optical techniques. Further investigation methods such as
confocal microscopy are also foreseen on the ISS, the imple-
mentation of rheological and particle manipulation would
be an invaluable addition. 

zeolites
Synthetic zeolites are crystalline porous silicates with invalu-
able importance in a sustainable industrialised world. Zeolite
adsorbents and catalysts are workhorses of petroleum and nat-
ural gas processing. They are also used in large volumes as de-
tergent enhancer and as drying agents. Applications extend
into a wealth of new areas including environmental protec-
tion, production of fine chemicals, serving as e.g. pharmaceu-
ticals, nutriceuticals, fragrances, flavours, agrochemicals, and
further as sensors, electro-optical devices, etc.

The industrial synthesis of zeolites is a slow process in-
volving the lengthy hydrothermal conversion of a silicate-
based hydrogel into crystalline material. Depending on the
synthesis composition and the presence of structure directing
agents (templates) in the form of cations or organic mole-
cules, different pore topologies are obtained. How a specific

structure is formed and why the crystallisation takes so long
is presently poorly understood. Improved insight into the
basic molecular mechanisms during zeolite formation is in-
dispensable for the design and synthesis of tailor-made ma-
terials for numerous potential applications awaiting the
development of an appropriate zeolite.

Zeolite formation is a complex interplay between silica,
templates and solvent. The synthesis mixtures react very sen-
sitively on changes in composition, pH, and convection. This
circumstance makes in situ observation mandatory. The so-
called clear solution synthesis, where no gel-formation occurs,
is an ideal model system to study the processes leading up to
crystalline zeolites. Specifically the formation of Silicalite-1
from tetraethylorthosilicate, tetrapropylammoniumhydrox-
ide and water has been studied in detail by a number of re-
search groups. Very early in clear solution formation 2-4 nm
sized particles appear, which are thought to be precursors for
the final zeolite structure [1,2]. They consist of a silica core
enclosed by a template shell [3]. Over time silica-template in-
terplay leads to successive structure optimization within these
precursors. Suitable building units now start to aggregate into
crystals. Such a process is a classical example of self-organisa-
tion on different time- and length-scales. Experiments under
free-fall conditions aboard sounding rockets and the ISS
clearly demonstrated that the nanosized precursors are already
affected by the absence of gravity which is a manifestation of
long range phenomena [4]. These results prompted an inten-
sive on-ground study of the system focussing on the colloidal
interactions which lead to the local enrichment of suitable
building units for aggregation in so-called ordered liquid
phases (OLPs). With this concept it was possible to re-direct
the self-organization by addition of a secondary structure di-
recting agent towards the formation of a new class of hierar-
chical porous materials [2].

Even though the understanding of zeolite formation has
significantly progressed over the last few years, many open
questions remain. Especially the initial organization of un-
structured silica into specific precursors and the following
integration into crystals needs attention. Space experiments
are necessary to understand in detail the multi-scale aspects
of the formation of precursors and their role in the overall ag-
gregation mechanism. Future experiments are planned to an-
swer these questions. The formation of precursors, their
optimisation, enrichment and aggregation will be followed
in situ aboard the ISS.
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Biological macromolecules 
The difficulties found with protein crystallisation by the end
of the last century motivated many attempts to conduct pro-
tein crystal growth in space. Crystallisation of proteins in space
has been a large effort since 1982, overwhelmingly based on
the “serendipity” approach. Overall, from various evaluations,
about 20% of the space-grown crystals showed improvements
in diffraction quality, larger crystal volume, more regular visual
morphology, or all of the above. Poor reproducibility of con-
ditions, ambiguities in the meaning of “quality improvement”
and large scattering of results make this improvement figure
not fully reliable and render ambiguous most claims about the
benefit of experimenting in space and the reasons for the ex-
pected/observed quality enhancements
.

Besides the serendipity approach, attempts have been made
to understand how a reduction in gravity might improve either
the protein crystal quality or our basic knowledge on the op-
eration and implications of the processes involved in protein
crystal growth. This rational effort was much more limited in
terms of number of experiments, but it brought about much
better insight into the protein crystallisation. Fundamental re-
search of biological macromolecule crystallisation reveals that
these crystals grow by mechanisms similar to those known for
small molecule crystals grown from solution, and contain de-
fects similar to those existing in them. On top of this classical
lattice disorder, intramolecular disorder (such as conformation
variations or orientation misalignment of the molecules) [5]
may be the most important factor limiting the quality of dif-
fraction data and, therefore, the most interesting one for stud-
ies on crystal quality and space relevance.

Central to any study of the space relevant aspects of crystal
growth is the recognition of the processes that could plausibly
explain a different growth behaviour or crystal quality in mi-
crogravity. All intermolecular interactions are about 32 orders
of magnitude stronger than that related to gravity. Also,
Brownian motion velocity of protein molecules is sqrt(3kT/m)
≈ 3-30 m/s at room temperatures for molecules having a mo-
lecular weight of 104 -106 Da. These Brownian velocities are
orders of magnitude larger than the 0.1 mm/s that we can as-
sume as a maximum value for the bulk terrestrial convection.
Therefore, only the macroscopic mass transport of protein
molecules to the growing crystal surface and the interrelation
of this transport with the protein incorporation processes at
the crystal interface may explain any difference in growth be-
haviour or in crystal quality. 

During the last 20 years, some European initiatives focused on
the study of protein crystallisation in space on the basis of a ra-
tional understanding of the crystal growth physics. Currently the
Topical Team on Solution Crystal Growth and the Science Team
of the project selected in ESA’s ELIPS programme are active in
this direction. So far, these initiatives have concentrated on two
main hypotheses on the gravity-dependent processes involved in
crystal growth that can influence the quality of the crystals:

1. Protein depletion zone (PDZ) & low supersaturation
growth [6, 7]: The rate at which the crystallising protein is
transported, via pure or convectional diffusion, to the grow-
ing crystal surface may be comparable with the rate at
which this protein is incorporated into the crystal lattice on
this surface. Then, the supersaturation immediately at the
crystal surface is lower than that in the bulk solution and
steady, which is known to be beneficial for the quality of
crystals grown from solution.

2. Impurity depletion zone (IDZ) & diffusion purification [8]:
Impurity concentration trapped by the growing crystal is
often larger than that in the surrounding mother solution.
Therefore, a crystal just nucleated in solution purifies this so-
lution around itself. The further portions of this crystal grow
from a cleaner solution, and will also be cleaner (at the ex-
pense of its core). This means diffusion purification: each im-
purity molecule may reach the crystal surface only after
filtering through the IDZ.

Nucleation has been more rarely studied. Interactions driv-
ing nucleation of macromolecular crystals are controlled by the
precipitant concentration that in most cases turns out to be in-
homogeneous due to macroscopic mass transport of the pre-
cipitant. Consequently, macroscopic solubility gradients exist,
corresponding to concentration (i.e. density) gradients that are
subject to buoyancy convection. Recent results on the amplifi-
cation of concentration fluctuations at diffusion fronts in the
absence of gravitational effects (GRAdient-Driven FLuctuation
EXperiment onboard Foton-M3 mission) demonstrated the rel-
evance of nucleation studies in space and triggered new efforts
in this direction.

A series of papers showing our last results and the advances
made in the definition of X-ray data quality, the PDZ effect,
and the diffusion purification of impurities is in press [9].

Colloidal suspensions
Colloidal suspensions have been very successful model systems
for testing basic predictions in statistical mechanics and con-
densed matter physics [10]. Many of the open questions in col-
loid science concern solidification, i.e., the origin, formation,
and dynamics of structures displaying a yield stress, such as col-
loidal crystals, glasses, and gels. Moreover, stress-yielding sus-
pensions play a crucial role in many processes related to the
food, oil, adhesive, paint, environmental, and pharmaceutical
industry, as well as in making nano-structured materials such as
photonic crystals and electro-rheological fluids, and even in
biological structures. 

Gravity may strongly influence the structural properties of
colloidal suspensions: illustratively, experiments done in space
have recently shown that gravity plays an important and not
yet fully understood role even in the aggregation of nanomet-
ric colloids. The influence of gravity is even more important in
colloid solidification, because gravitational stress can propagate

26 • volume 39 • number 5 europhysicsnews

fe
a

tu
re

s



on macroscopic length scales, therefore dictating not only the
local properties, but also the global, macroscopic behavior of
a sample. For dispersion of particles made of a dense material,
the need for free-fall conditions is self-evident, since interest-
ing structures such as loose colloidal gels cannot sustain grav-
itational stress. Yet, even when the density mismatch with the
solvent is much less severe, gravity strongly affects colloidal
aggregation. For instance, intriguing findings have been made
concerning the growth of fractal aggregates of density-matched
polystyrene particles, which has been found to be still limited
by gravity on earth. By contrast, in space larger aggregates are
obtained, whose size is ultimately limited by the stress due to
thermal fluctuations. 

We shall therefore take advantage of μ-gravity conditions to
investigate some areas that are at the forefront of the current re-
search on colloidal solids, such as the glass transition in hard-
spheres systems, the dynamics and ageing of colloidal gels and
glasses, the crystallisation of colloidal mixtures, and the behav-
iour of suspensions of anisotropic particles. 

Our main approach relies both on using sophisticated
optical methods, and on performing experiments on new par-
ticle systems presenting interesting structural or optical prop-
erties. Besides more ‘traditional’ colloidal systems, we shall
indeed investigate colloidal suspensions of particles with com-
plex geometries (ellipsoids, dumbbells, and rods), or exploit
the peculiar optical properties of partially-crystalline colloids.
As for the experimental methods, LS techniques possess many
unique features that make them an extremely valuable tool for
studying colloidal structure and dynamics. In particular, when
compared to optical microscopy, LS is sensitive to motion on
smaller scales (as small as a fraction of a nanometer for exper-
iments in the highly multiple scattering limit, the Diffusing
Wave Spectroscopy), allowing the study of smaller particles.
Since all relevant dynamic time scales decrease with decreasing
particle size, smaller particles are a premium when studying
the very slow dynamics and aging of super-cooled or glassy
suspensions. As stated before, besides already “standard” scat-
tering methods, the new LS setup planned for the ISS will in-
clude novel techniques, such as Depolarized Dynamic Light
Scattering [11], which allow the rotational dynamics of
anisotropic particles, or spherical particles with an optically
anisotropic composition, to be studied, and Time Resolved
Correlation [12], which provides time and space-resolved in-
formation on the dynamics, yielding crucial information for
structurally and dynamically heterogeneous samples such as
gels or glasses. 

However, direct visualization of colloidal structures, allow-
ing one to track the coordinates of individual particles and their
time evolution with a resolution of the order of a few tens of
nanometers [13] would also be extremely useful. We are there-
fore investigating the possibility of having on board the ISS a
confocal microscope, equipped with optical tweezers (to
manipulate individual particles), a “dielectrophoretic bottle”

(allowing one to tune the local volume fraction of a dispersion
by the application of an inhomogeneous electric field), and a
flat plate-shear cell, where the relative speeds of the upper and
lower plate can be individually set, creating a plane of zero-
velocity for optical observation.

Space experiments exploiting novel experimental methods
and systems will then very likely increase our understanding of
colloid solidification in relation to fundamental physics and bi-
ology research, industrial applications, and the preparation of
new advanced materials. �
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n the last few years a new term has become fashionable, su-
persolidity and again helium is at the centre of stage. With su-

persolidity one means a solid that displays some form of
superfluidity, for instance that when you put in rotation a con-
tainer filled with a solid sample, not all of this solid rotates but
a part of it is not dragged along by the container and remains
stationary with respect to the laboratory (this is called non-clas-
sical rotational inertia: NCRI). At first sight this seems at odds
with common sense. A solid is a piece of matter that has its own
shape, which resists shearing. Superfluidity means that a system
can flow like a fluid but the “super” means that it is so prone to
flow that it can do it without any dissipation. Notice the dif-
ference with a superconductor. Here the flow without dissipa-
tion is due to electrons. On the other hand a superconductor is
a solid piece of matter but its solidity is due to a different kind
of degrees of freedom, the ions. So in this case two different
kinds of particles are responsible for the two aspects, the elec-
trons for the flow and the ions for the solidity.

In a supersolid the situation is different: the same entities,
neutral atoms, have at the same time to give the framework,
which stands at the basis of solidity, and to give the particles
that flow. Classically this is difficult to conceive but when Quan-
tum Mechanics and indistinguishability of particles come into
play this is not impossible. In fact supersolidity was suggested
theoretically almost forty years ago [1,2] and the proposed
mechanism was attributed to the possibility that the ground
state of a quantum solid might contain a finite concentration of
vacancies. This would mean that the probability of occupation
of a unit cell of the crystal is less than unity. Often such a state
is called an incommensurate crystal, in contrast to a commen-
surate crystal in which there is an integer (one) number of atoms
in each cell of the crystal. If the atoms are bosons also, a vacancy,
the absence of an atom, obeys the same statistics so at low tem-
perature a Bose-Einstein condensation (BEC) is expected with
the presence of some form of superfluidity.

The most likely candidate for such a state was identified in
solid 4He. 4He atoms, due to the low atomic mass and very weak
interatomic interaction, are very reluctant to solidify and, even
at the lowest temperatures, they do so only if a substantial pres-
sure is imposed. Nevertheless, when crystalline order is observed,
solid 4He is unique among all other solids in that the mean
square oscillation of an atom around the equilibrium position is
a very large fraction of the lattice parameter, of the order of
25%. All solids at finite temperature contain a finite concen-
tration of point defects like vacancies but this concentration in
a classical solid vanishes exponentially fast in 1/T, the inverse
absolute temperature, as T goes to zero. In a quantum system a
vacancy could tunnel to a neighbouring site, i.e. the vacancy be-
comes intrinsically mobile thus lowering its energy and it could
even happen that the crystal with a vacancy has a lower energy

than the crystal without vacancies. If this is the case, an incom-
mensurate crystal would represent the ground state of the sys-
tem and BEC should be present. This is a possible way to the
supersolid state but not necessarily the only way. Since BEC im-
plies off-diagonal order in the one-body density matrix, in such
a state two different orders should be present at the same time:
in real space (the crystalline order) and in momentum space
(corresponding to the off-diagonal order). In any case for many
years experiments did not find anything anomalous in the prop-
erties of solid 4He so the interest in the supersolid faded away as
a theoretical dream.

The situation abruptly changed in 2004 when Kim and
Chan [3a] reported data on a torsional oscillator containing
solid 4He (Fig. 1). Below a temperature of a few tenths of a
Kelvin the frequency of the oscillator dropped below the value
at higher temperature, implying that the moment of inertia
decreased below the value corresponding to a rigid rotation of
the system (Fig. 2). The fact that there was a critical velocity
effect (at large amplitudes of the oscillator no missing inertia
was present), and that the effect was suppressed by the pres-
ence of a plug in an annular container or when the boson 4He
atoms were replaced by the fermions 3He, all this led the au-
thors to interpret these results as the manifestation of the long
sought NCRI associated with the supersolid state in which
about 1% of the 4He atoms did not respond to the imposed
oscillation of the container.
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� FIG. 1: schematic torsional oscillator: the cylindrical drive puts into
oscillation the cylindrical torsion cell and this oscillation induces an ac volt-
age on the detection electrode. a lock-in amplifier enables the oscillation
to be kept in resonance. 4He is introduced via the filling line and 4He in the
annular channel solidifies if a large enough pressure is applied. in the con-
trol experiment a barrier in the annular cell is present. (figure from ref. 3a)



These results spurred great excitement and many investiga-
tions, both experimental and theoretical, were launched. While
in other laboratories NCRI was observed, these experiments
made the situation very confusing. If the temperature range in
which the NCRI effect was seen is common to the different ex-
periments, this is not so for the superfluid fraction ρs. The value
of ρs, which represents the fraction of atoms not responding to
the torsional oscillator, differs by more than three orders of mag-
nitude in different experiments; ρs is sensitive to annealing, to
the cell geometry and composition, to even a minute concen-
tration of 3He impurities. Even in a single crystal, or almost so,
it was found that ρs can differ by a large amount if the material
of the container is changed. It is clear that defects have to play
an important role in the phenomenon. Since the early meas-
urements were performed in highly polycrystalline solids, grain
boundaries were suspected to play a role. The fact that also sin-
gle crystals gave NCRI [3b] implies that other defects have to be
important and dislocations are reasonable candidates since it is
known that even in a single crystal the concentration of dislo-
cations can vary by a large amount depending on experimental
details. This major role of defects on NCRI of solid 4He led
even to the conviction that the whole issue of supersolidity of
4He was exclusively due to the presence of extrinsic defects that
any real solid sample contains.

This position received a strong motivation also from theo-
retical results that in the meantime were obtained. If an ensem-
ble of 4He atoms represents a strongly interacting system, which
is very difficult to study analytically, its boson nature makes the
many-body problem much easier than the fermion case because
there is no ‘sign’ problem here, at least for an equilibrium state,
and this quantum system can be treated by robust simulation
methods. Thus essentially exact results for bosons can be ob-
tained from quantum simulations, even if one has to be careful
that the results are with reference to a finite number of particles,
usually less than a thousand, with periodic boundary conditions.
Path-integral Monte Carlo methods have been widely used to
study solid 4He at finite temperatures and the result of such
computations is that a perfect commensurate solid is not su-
persolid, at least in the temperature range of the simulations, a
range that has some overlap with the one where NCRI is ex-
perimentally observed [4]. On the other hand, if some disorder
is introduced, the simulations show that the system does be-
come supersolid.

Liquid 4He in the superfluid state has a number of peculiar
properties in addition to NCRI. Obviously also in solid 4He
other signatures of superfluidity have been looked for, for in-
stance flow without pressure drop, but none has been found so
far. On the other hand, recently a new anomaly has been found
in solid 4He [5]. The elastic shear modulus has been measured
and an anomalous stiffening of the solid has been observed at

low temperatures. The behaviour of the shear modulus has a re-
markable similarity with the one of NCRI (Fig. 3). It has been
proposed that this anomaly is due to dislocations, the same kind
of disorder that has been invoked for NCRI, with dislocations
being immobile at low temperature and becoming mobile at
higher T. On the other hand this seems counterintuitive: the
ability to move without dissipation seems at odds with a stiff-
ening of the solid. The discovery of this stiffening is important
new information on the system but we are far from an under-
standing of it and of the relation, if any, with NCRI.

If the establishment of NCRI represents a true phase transi-
tion one should expect to find some signature in the specific
heat. It is important that very recently a peak in the specific heat
has been reported at the temperature of the NCRI phenomenon
[3c]. This is a very difficult experiment and it will be important
to have an independent confirmation of this finding.
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� FIG. 2: resonant period (left axis, filled symbols) and amplitude (right
axis, open symbols) of oscillations as a function of temperature (note the
logarithmic scale) for the unblocked (A) and blocked (B) cell and for dif-
ferent maximum velocities as given in the legend. the period readings are
shifted by ν*, the resonant period at 300mk that is of order of 106. the
resonant period of the empty cell at 300mk is about 3000 ns smaller than
the filled cell volume due to the smaller moment of inertia of the empty
cell. for the filled cell there is a drop of ν at temperatures smaller that
300mk and this drop does not depend on velocity at low ν. this drop is
interpreted as due to a drop in the mass of 4He coupled to the cell and
this allows the superfluid fraction ρs to be extracted. the effect is drasti-
cally reduced for the blocked cell. (figure from ref. 3a)



Some aspects of NCRI of solid 4He, such as the value of the
critical velocity and some observed metastability phenomena,
are consistent with a vortex view of this state [6]: basic entities
are assumed to be quantized vortices, possibly in a condensate
which might correspond to the presence of BEC. However if
the ground state of solid 4He is commensurate, theory tells us
that no BEC can be present. One possibility is that all “super-
solid” phenomena in solid 4He are due to the presence of some
disorder induced by external conditions such as the condition of
crystal growth. If this were the case this would be of interest per
se but of course not as interesting as if supersolidity were an in-
trinsic property. In other words there is no doubt that defects
have a very important role in NCRI but what happens if a more
and more perfect crystal is grown? Will NCRI go away or will
some remaining effect persist, i.e. the ground state of solid 4He
is qualitatively different from that of a normal solid? 

As already mentioned there is strong theoretical evidence that
a commensurate solid is normal, so the question is if some in-
trinsic form of disorder is present in the ground state. This leads
back to from where we started forty years ago: are there vacan-
cies in the ground state? My interpretation of experiments is
that they exclude the presence of vacancies at a concentration of
1% or above but they cannot exclude the presence of vacancies
at a lower concentration. Some argue that the presence of
ground state vacancies is excluded by some theoretical compu-
tations giving a finite positive energy for the formation of a va-
cancy. To others such argument does not seem so convincing
and they believe that the question of whether vacancies are pres-
ent in the ground state of solid 4He is still open both theoreti-
cally and experimentally [7]. But we should also be open to the
possibility that intrinsic BEC and supersolidity might be asso-
ciated not so much with vacancies but to some other kind of
defects that, in any case, would make solid 4He different from
the textbook picture in which each atom occupies a crystal cell.
We know for sure that the solid is periodic, this is demonstrated
by the observation of Bragg peaks in the scattering of neutrons
or of X-rays, but how the atoms populate the crystal cells might
offer some surprise.

Looking in perspective, solid 4He has turned out to be
much more complicated than what was expected and we do
not yet have a clear overall picture of the properties of this
system. All attempts to explain the behaviour of solid 4He in
more conventional terms have failed so far and the presence
of a non-conventional state appears to be the most likely ex-
planation. But what this non-conventional state should be is
unclear. Whether such a non-conventional state is only due
to extrinsic defects or if it is an intrinsic property of the
quantum solid is a fundamental question awaiting an an-
swer. An argument in favour of the intrinsic nature of the
state is the following. While, as already mentioned, the value
of ρs changes by many orders of magnitude depending on
the experimental details, the transition temperature is al-
most unaffected by such details. If supersolidity were en-
tirely due to extrinsic defects it is difficult to understand
how it can be that the transition temperature is almost un-
affected when the amount of defects varies by many orders
of magnitude. Consider now the other possibility. If the un-
derlying ground state has BEC, associated with ground-state
vacancies for instance, the system would have its own tran-
sition temperature but perhaps the intrinsic value of ρs could
be very small. The presence of extrinsic defects might have
an amplifying effect on ρs without necessarily affecting the
transition temperature, i.e. extrinsic defects might act as
leverage on ρs without much affecting the other properties
of the system.

I believe that the issue of supersolidity will still be at the
centre of attention in time to come. We have learnt some-
thing but much more has to be found out. And this topic will
be at the centre of attention in another direction, that of
trapped cold atoms. Cold atoms in a periodic potential is
common trade nowadays and beautiful experiments [8] have
shown how the system changes from superfluid to localized as
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� FIG. 3: shear modulus μ of solid 4He has an anomalous increase 
of about 11% going from 300mk to 18mk. the variation ∆µ=µ(t)-
µ(300mk) normalized to the 18mk value is plotted as a function of t for
samples with different concentration of 3He impurities (filled symbols).
open symbols represent similarly scaled nCri ρs data from torsional
oscillator measurements. (figure from ref. 5)

� FIG. 4: zero-temperature phase diagram of hard core bosons on the
triangular lattice in the density-interaction parameter t/V. t is the nearest
neighbour tunnelling amplitude and V is the nearest neighbour repulsion
energy. at low value of t/V there is a supersolid region for intermediate
densities whereas the system is superfluid for larger values of t/V. Ps
denotes regions of phase separation. (figure from ref. 9a)



enturies of evolution have given mankind plenty of time
to learn how to walk. Walking is a reasonably efficient way

of getting around, although not nearly as efficient as riding a
bicycle. A few obvious features help us to walk efficiently: we
move our arms and legs in antiphase, thus keeping the total an-
gular momentum more or less zero. And we swing our legs at al-
most the natural pendulum frequency, which is around 1 Hz
for adults. Indeed, traditional military marches proceed at 120
steps per minute: exactly 1 Hz. Given a standard step length of
83 cm, the corresponding marching speed is almost exactly 100
m per minute. Beautiful! This fact does not serve to illustrate
the superiority of the metric system, but it sure is handy to know
when hiking.

Energetically speaking, walking on a horizontal surface is a
special case. We have no external force to overcome, in contrast
to climbing the stairs, for example, where we have to fight grav-
ity to increase potential energy; or to rowing and cycling, where
we have to overcome drag from water or air. Walking is differ-
ent: even aerodynamic drag is negligible (remember that it is
proportional to the square of the speed). All energy that we pro-
duce is dissipated by our own body. 

One may wonder why walking costs any energy at all. In fact,
experiments show that the metabolic cost of walking, derived
from oxygen consumption and carbon dioxide production, is
about 2,5 W per kg of body mass. This is roughly 200 W for an
adult. Why is that still so much? It is because human walking is
mechanically complex. It involves the activity of numerous mus-
cles, and various theories are being developed to arrive at a com-
prehensive description.

As innocent physicists we may offer an obvious clue: the ef-
fective displacement may be horizontal, but our centre of mass

must be raised by some 4 cm at each
step. Could that account for the high
metabolic cost? This simple expla-
nation, tempting though it may
be, is not supported by the evi-
dence. Experiments by Arthur D.
Kuo at the University of Michigan
have shown that a walking pattern
that reduces the displacement of
the centre of mass, does not re-
duce metabolic cost. In
fact, it makes the meta-
bolic cost go up. Also
when the step
length is varied be-
yond our natural
step length, the cost goes up. In
other words: the way we normally walk
is also the most efficient one.

The conclusion seems to be in-
evitable. If we really want to walk
more efficiently, we should not try
to improve on our steps by thinking
physics. We shouldn’t even think at
all, just walk. And if we are
still not satisfied with
the result, there is
only one alterna-
tive: go home
and pick up our
bicycle… �

the tunnelling probability of an atom from one site to the
next decreases. Therefore the system is periodic and at the
same time it can be superfluid. This however is not a true su-
persolid state because the periodicity is just the one imposed
by the external field, for instance by a standing light beam.
Theoretically there is strong evidence that bosons in a lattice
can have a supersolid state [9]. Under certain conditions (Fig.
4) the spatial order of the atoms is not the simple one corre-
sponding to that of the external potential but a more com-
plex one resulting from the interplay between interatomic
potential and external potential. Such complex spatial order
can coexist with superfluidity so we can say now that super-
solid order is present. At the moment this is a theoretical find-
ing but we look forward to its experimental implementation
with cold atoms. �
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t is hard to imagine, in 2008, the attraction exerted in the
1920’s and 1930’s by the Institute of Theoretical Physics, at

Blegdamsvej 17, Copenhagen, an institute conceived and cre-
ated by Niels Bohr, the young professor in the newly created
chair of theoretical physics of Copenhagen University. Even
before it opened its doors, the inventor of the new atomic
model, in which J. J. Thomson’s electrons, Rutherford’s nu-
cleus and Planck’s quanta had been merged together to ex-
plain the line spectra, was a celebrity who attracted young
physicists anxious to make the physics of the future. Hans
Kramers from Leiden was the first to come to see Bohr and to
join forces in the exploration of the atomic structure; many
would follow.

the student
Niels Henrik David Bohr was born in 1885 as the second
child of the physiologist Christian Bohr, the professor-in-
chief of the Medical Faculty, and Ellen Adler, a banker’s
daughter and former student of Christian. There was an elder
sister, Jenny, and a younger brother, Harald: Jenny was to be-
come a teacher of Danish and history, Harald grew to become
Denmark’s most distinguished mathematician. From his
youth onwards Niels Bohr was the practical man of the fam-
ily. He loved working wood and metal and put together me-
chanical constructions, at a special bench with tools – at
home – and equipped with a lathe. His father promoted an
English way of life – with strong German literary accents –
and so it came that ‘football’, a most recent novelty, became
part of the extra-curricular student activities; his own boys
were to excel at it, Harald, it is true, more than Niels. The
two closely followed each other: in 1910, Harald expanded
in his thesis on the theory of Dirichlet series; Niels passed his
doctorate on the electron theory of metals. Typically, Harald
preferred working alone, whereas Niels was always searching
for company to discuss scientific subjects and, eventually, to
dictate the texts of publications. Indeed, for some of his later
guests it was an unforgettable experience to serve as the writer
– pencil or fountain pen and paper, at hand – of the often ex-
asperating number of successive drafts of a publication. Bohr’s
kind jovialty, though, in a way more than outweighed his
barely hidden inclination to dictate.

the doctor
Armed with a provisional translation of his thesis, Bohr left
for Cambridge in order to try to win J. J. Thomson’s support
for his novelties. Bohr’s electron theory was built upon that of
Lorentz, in which the velocities of the electrons obeyed a nor-
mal distribution. The statistics involved was that of the kinetic
theory of gases, the electrons taking the place of the molecules
of Maxwell and Boltzmann. Thomson himself, however, went

not that far; assuming a steady velocity he had calculated in
1908, roughly, the velocity of those electrons: about 100
km.sec-1. A metal was conceived of as a rigid structure of
metallic atoms enclosing, as a porous container, the ‘gas’ of
electrons moving hither and thither. The encounter with
Thomson was much of a disaster. Bohr himself later acknowl-
edged his awkwardness: it had perhaps not been really the best
first move to try to convince his host of errors in the latter’s
publications. The youthful Bohr, renowned for his frankness,
had to acquire some diplomatic skills, and so he did. At Cam-
bridge he made the acquaintance of Ernest Rutherford, who
had come over from Manchester for a talk. In moving on to
Manchester, Bohr was made familiar with the latest trends in
atomic physics, more specifically the assumption of a tiny nu-
cleus at the heart of the atoms, a carrier of a huge positive
charge, huge enough to cause the backscattering of α-parti-
cles, 1 out of every 20.000. A thin foil of e.g. gold thus was
somewhat like a 2D grid of nuclei and electrons. Rutherford
himself had referred to the Saturn-like system, formerly sug-
gested by the Japanese physicist, Nagaoka; others had fol-
lowed. In 1912, a flat system of electrons circling around the
nucleus was in the air. 

atomic spectra and structure; professor
The simplest atom of all was claimed to have just one such elec-
tron. Crucially, its emission spectrum was renowned, since a
long time, for its simplicity: four razor-sharp lines, hinting at
four discrete light emissions. The numerical relationship had
been analyzed by the mathematicians Balmer and Rydberg: the
latter had translated the former’s formula in terms of wave-num-
bers (cm-1), σ (= 108.ν/c):

σ = R⎛⎝
1–
n2 - 1–

m2
⎞
⎠ (1)

In a flash of genius, Bohr realized its bearing on the atomic
structure, when the energy of the emitted light was considered,
in Planck and Einstein’s way, as the product of Planck’s con-
stant, h, and the light’s frequency, ν. When the normal hydro-
gen atom is considered as having its electron in an orbit of
lowest energy, states of higher energy could be imagined as
brought about by the electric current through the gas discharge
tube. The four lines of the hydrogen spectrum, then, correspond
to discrete losses of energy stemming from electrons ‘falling’
from orbits of higher energy to that of lowest energy. The ‘en-
ergy’ of an orbit could also be expressed as hω, in which ω is
the frequency of revolution. The kinetic energy of an electron in
an orbit, then, corresponds to ½hω. Supposing the occurrence
of a series of orbits determined by τ = 1, 2, 3, .. their kinetic en-
ergies correspond to τ(½hω). The normal, ‘permanent’ state of
an atom, then, is that for which τ = 1. On the other hand, the
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kinetic energy of an orbiting electron equals its potential en-
ergy: ½mν2 = eE/r (= W), in which ν = 2πrω. So, the frequency
of revolution, ω, may be expressed as:

√
–
2–
m •

W
₃
⁄₂

–
πeE (2)

With W = τ(½hω) one obtains expressions for the atom’s radius,
r, and the frequency of revolution, ω, while Wτ , the energy of
a particular orbit is fully determined. The energy difference be-
tween two orbits, Wτ1 - Wτ2, that is, the energy of the light emit-
ted, thus leads to:

ν= 2π2
–me4–
h3

⎛
⎝

1–
τ2

2

- 1–
τ2

1

⎞
⎠

Considering the symmetry of formulae (1) and (3), Rydberg’s
constant R, rewritten as c/108 times its original value, may be
calculated as 3,1.1015 s-1, an outcome that accurately verifies Ry-
dberg’s own: 3,290.1015 s-1.

In this way Bohr succeeded in linking the various spectral
lines of hydrogen (12 experimental, and 33 stellar). For the 33rd

line of the stellar spectrum, the radius of the hydrogen atom
would correspond to 1,2.10-5 cm, in magnitude corresponding
to the mean distance between molecules in a gas at 2.10-2 mm
Hg. All kinds of phenomena were at once explicable, among
which the photoelectric effect and the production of X-rays and
canal rays. In two following articles Bohr went on to assess more
complex atoms – to begin with helium, lithium and beryllium
– and molecules.

Drafts of his papers, meant for Philosophical Magazine, were
submitted to Rutherford who advised to cut them down, but
Bohr insisted. In order to fully convince his mentor Bohr took
leave and went directly to Manchester. Rutherford was won over
in the end and the first instalment appeared in the May issue of
1913. From then onwards the Bohr-Rutherford atomic model

went irresistibly its own way. Van den Broek’s suggestion, used
by Bohr, was confirmed that very autumn by Moseley. In chem-
istry the new model was elaborated by Walter Kossel, a student
of Sommerfeld, who stressed the importance of the noble gases
as possessing stable electronic configurations. Sommerfeld him-
self addressed the splitting of spectral lines under magnetic and
electric influence, known as the Zeeman and the Stark effect.
Sommerfeld’s Atombau and Spektrallinien (1919) became the
manifesto of the new atomic theory.

nobel Prize 1922
At home, Bohr’s success led to his nomination, in 1916, as pro-
fessor of theoretical physics. Unfortunately the material circum-
stances were extremely poor and Bohr started thinking of
mobilizing public funds in order to create an Institute worth
that name. The Carlsberg Foundation, which had previously
funded his travels to Cambridge and Manchester, became inter-
ested. Bohr’s association with the greatest physicists of the time,
already Nobel laureates or soon to become, paid itself out. He
was among the invités of the Belgian philantropist Ernest Solvay,
during the first post-War Conference on Physics, that of 1921,
where ‘Atoms and electrons’ featured on the agenda, Bohr’s sub-
ject, that is. Because of ill health Bohr was unable to attend, but
his friend Ehrenfest was kind enough to read his report on ‘The
application of the quantum theory to atomic problems’. Already
in 1917 Bohr was proposed for the Nobel Prize [1]. It was to be
that of 1922. In his conference on that occasion he could report
on the very-latest success of his theory, a hot find that had been
cabled from Copenhagen to Stockholm. It concerned the iden-
tification of number 72 of the elements by his guests Hevesy and
Coster, an element to be baptized hafnium, after Denmark’s cap-
ital. It concerned an analog of zirconium and not the rare earth
that others had postulated. For the European community of
physicists Bohr’s credentials were unsurpassed and countless
PhD students and senior scientists flocked to the Institute of
Theoretical Physics. It is important to realize that ‘theoretical’,
with Bohr, just meant ‘fundamental’, embracing both theoreti-
cal and experimental studies, in which physics and chemistry al-
ternated in the most fruitful of interdisciplinary labours. Backed
by the Carlsberg Foundation, Bohr became a model of scientific
hospitality. In 1929, he received George Gamow from Odessa
who had come, on a wild card, just to shake hands, and pro-
cured him a fellowship for a year. In much the same way Hen-
drik Casimir, a student of Ehrenfest, came over. Bohr’s
magnanimity is reflected in the open-mindedness of his guests.
It is told, for instance, that on a warm summer evening Casimir,
in trousers and waistcoat, took the trouble to swim across the
Sortedams Sø, one of the lakes-in-a-row crossing Copenhagen,
in order to check that it was indeed the shortest way. In so doing
he won a bet made with Georg Placzek [2].
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and ©: emilio segrè Visual archives of the american institute of Physics).



Compound nuclei; the drop model 1936-1937
Early in the 1930’s Bohr tended to drift away in a more specu-
lative direction, but the discovery of artificial radioactivity put
atomic, more particularly nuclear, physics again on his agenda.
Up until then the ‘nucleus’ had been regarded as a solid-like
close packing of α-particles, protons and electrons. Rutherford
had suggested, in 1920, the involvement of neutral particles,
composed of a proton and an electron. His was a new physics,
with a wholly new terminology centering on ‘bombardments’
with ‘projectiles’, mostly α-particles, the ‘cross-sections’ of ‘beam’
and ‘target’ defining the probability of atomic and nuclear re-
actions. Chadwick, his experimental confidant, had deduced,
in 1932, the very existence of such neutral particles, slightly
heavier than a proton, escaping from 9Be4 when bombarded
with α-particles. The context was the following. Bothe and
Becker had studied, at Berlin-Charlottenburg, the effect of a
polonium-preparation through silver foil upon a platelet of
beryllium on top of a counter [3]. This powerful source of (al-
most) exclusively α-particles was expected to liberate protons
from Be, the free protons, so to speak. Instead Bothe and Becker
noticed a highly penetrative radiation, apparently unusually hard
γ-rays. When lead through paraffin wax, this radiation was suf-
ficiently energetic to liberate high-speed protons, as Irène Joliot-
Curie, at Paris, established (speeds of at maximum 3·107 m.s-1) [4].
However, what Joliot-Curie interpreted as an extremely energetic
variant of the Compton effect was, in Chadwick’s view, more
probably the consequence of a classical collision of particles, that
is of neutral particles capable of expelling protons, recoil protons,
energy and momentum being conserved [5]. These neutrons ap-
peared not to produce tracks of their own in Wilson’s expansion
chamber, but revealed their presence through abruptly emerging
tracks, that is, tracks without an origin. 

Bohr had followed, from a certain distance, the debate on
the Be-radiation and the later findings of the Joliot-Curies and
Fermi. In 1936 he proposed a model of his own for the mech-
anism of nuclear reactions. In essence, Bohr claimed the pro-
duction, by the impact of a projectile, of an ‘intermediate state’,
a ‘compound nucleus’, as he called it. This ‘compound nucleus’
would have a rather long lifetime: the entering projectile would
hit one or more of the nucleons, its energy and momentum
being spread over all of them. It could be considered as an ‘ex-
cited state’, in the classical atomic way. After a while, then, one
of the nucleons obtained sufficient energy and escaped. What
Bohr described in his characteristic mechanical way, could of
course also be translated in the new quantum mechanical terms,
a job carried out by Gamow [6]. Gamow took the nucleus as
featuring a potential well, allowing for the nucleons a whole

range of quantum states: out-
side the well the Coulomb field

of the nucleus reigned, inside something new of a short-range,
whose nature was left to be determined. If the entrance of a neu-
tron is unhampered, the later ejection of a recoil particle is a
matter of statistics, a tunneling process through the well. In
1937, Bohr would propose, together with Kalckar, the cele-
brated drop model, presenting the nucleus as behaving like a
liquid, with modes of surface and volume oscillations of its own,
ready to become excited isotopes by incoming neutrons. With
this in mind the nuclear ‘fission’ of uranium-nuclei by slow neu-
trons, as deduced in 1938 from the appearance of barium, was
nothing short of a confirmation of Bohr’s drop model.

science and policy
From the very beginning of his career Bohr sought the stance of
a scientist-statesman, displaying his responsibility whenever nec-
essary. In the 1920’s, he was the host who provided many of his
guests from all over Europe with Carlsberg fellowships. In the
1930’s he became the elder scientist who actively engaged in
procuring safehavens for sacked German physicists. After the
invasion of Denmark, Bohr remained at his post, as the em-
bodied symbol of Danish academic non-collaboration who re-
fused whatever honours his former student Werner Heisenberg
had in mind. On 29 September 1943, though, he had to flee
himself, via Stockholm to Great Britain and the United States.
His appeals to Churchill and Roosevelt revealed his last great
moves, this time as the distinguished statesman-scientist, sec-
ond only to his friend Albert Einstein. �
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slowing down of rotation) makes them less prone to the minor ro-
tational irregularities that are present in younger pulsars.

The observations do not track the exact phase of the electro-
magnetic waves (as in Michelson interferometry) arriving from
the pulsar at distance of hundreds to thousands of light years,
but the rotational phase of the pulsar is measured instead. Since
the width of the pulsar radio beam can be as narrow as 40 μs,
high signal-to-noise ratio observations with the world’s largest
radio telescopes (Fig. 1) can determine the arrival phase of the
pulse to a precision as good as 0.1 - 0.2 μs in the best cases. 

gravitational waves and pulsar timing
What effect do cosmic gravitational waves have on this electro-
magnetic link? The passage of a gravitational wave past the pulsar
at the time the radio waves are emitted causes an effective Doppler
shift in the repetition frequency of the pulses of order (ν-ν0)/ν0≈h,
where h is the dimensionless strain that characterizes the GW. This
shifts the observed pulse phase by a slight amount, δt≈hT, where
T is the duration of the disturbance: weeks to years to decades in the
cases of interest here. Similarly, the presence of a gravitational wave
at the Earth at the time of reception of the e-m wave will introduce
another slight time shift into the measurement. Surprisingly, the
presence of gravitational waves along the hundreds to thousands of
light year journey through the Milky Way galaxy does not affect
the signal at all. This immunity to disturbances along the travel
path arises because of two properties shared by electromagnetic
waves and gravitational waves: they are both transverse, and they
both travel at c in a vacuum. This leads to a cancellation of effects
along the propagation path, and even the slight changes in propa-
gation speed of the e-m wave because interstellar space is a dilute
plasma are not enough to produce a detectable GW signal due to
metric variations along the path. So, it is simply the metric distur-
bance (value of h) at the pulsar at the time of emission and, simi-
larly, of the Earth at the time of reception that determines the net
value of δt in the pulsar timing observation. There are, of course,
additional complications (two independent polarizations of the
GW, geometrical factors, etc.), but this is the essential physics [2,3]. 

instein’s theory of General Relativity predicts that accelerat-
ing masses will produce gravitational radiation: ripples in

space-time that propagate outward at the speed of light and
carry energy away from the source. The effect of this energy loss
in the first-discovered double neutron star system was unam-
biguously detected by Joseph Taylor, Russell Hulse, and collab-
orators in the 1980’s and garnered the Nobel prize in physics
for them in 1993. But, the direct detection of gravitational
waves (GW) from cosmic sources remains one of the great
quests of modern physics, and groups around the world are
using a variety of techniques in the search.

For example, detectors such as the European-based VIRGO
and GEO600 and the US-based LIGO use powerful lasers di-
rected down orthogonal arms several kilometers long to attempt
to detect the passage of a GW by sophisticated extensions of
Michelson interferometry [1]. These detectors are sensitive to grav-
itational waves with periods comparable to the light travel time
across the array: tens of microseconds. Various techniques to
lengthen the response time plus the fact that many sources of grav-
itational waves are expected to rise in spectral power at lower fre-
quencies produces a peak sensitivity around 0.1 s or f ~ 10 Hz. A
proposed space-based array, LISA, the Laser Interferometer Space
Antenna, based on the same Michelson interferometer principle
but with lasers directed between free-flying stations 5 × 106 km
apart in a one year orbit around the Sun, would have a peak sen-
sitivity around f ~ 10-3 Hz. (A precursor LISA Pathfinder mission
is an approved ESA project with an expected launch in 2009.)

Pulsar timing — a complementary technique
Pulsars – rotating, highly magnetized neutron stars – are them-
selves the product of dramatic gravitational collapse of massive
stars and provide another means to detect gravitational waves di-
rectly. The technique uses electromagnetic radiation from a
group of pulsars to search for GWs, but the technique is not in-
terferometric in character. Rather, radio astronomers search for
slight disturbances in the arrival time of the pulses from these
‘radio lighthouses’ to signal the presence of gravitational waves.
This technique is most sensitive to gravitational waves with fre-
quencies about equal to the inverse length of the data record,
which is tens of years in the best cases. This results in sensitivity
to GWs in the nanohertz range, complementary to the much
higher frequency range probed by the interferometric techniques.

The discovery in 1982 of a class of rapidly rotating yet very
old (~ 109 yr) “millisecond pulsars,” revolutionized the prospects
for gravitational wave detection with this method. Millisecond
(or recycled) pulsars have gone through an accretion-induced
spin-up phase that leaves many of them with rotational periods
less than 10 ms. Not only do these pulsars have a timing precision
100 – 1000 times better than the more numerous longer-period
objects, but their relatively old ages and small spindown rates (i.e.,

E

� FIG. 1: the arecibo observatory in Puerto rico (left) and the Parkes
observatory in australia (right) figure prominently in the search for gravi-
tational waves using pulsars. arecibo, the world’s largest radio telescope,
has unsurpassed sensitivity and discovered the first binary pulsar in 1974
and the first millisecond pulsar in 1982. the Parkes radio telescope can
observe many of the millisecond pulsars that form the basis for a pulsar
timing array (Pta) and is used in the best-developed Pta effort.



There is one important caveat. Unlike the case of spectral
lines in atomic physics, the undisturbed rotation frequency of
the pulsar (ν0) and its first derivative because of pulsar spindown
are not known a priori. Hence, the arrival phase of the pulse
must be fit by a model that includes terms linear and quadratic
in the observation time, t. Other parameters of the system must
also be fit for such as the exact position of the pulsar on the sky,
its motion across the sky, and multiple parameters of a binary
companion, if one exists – and many millisecond pulsars are in
binary systems. This reduces the sensitivity of the data in ways
that must be carefully modeled [4,5].

How can this behaviour be used to detect gravitational waves
with a pulsar timing array (PTA)? Consider a stochastic back-
ground of gravitational waves permeating the Galaxy. The ef-
fect on each of the pulsars being monitored will be independent
since their GW-induced motion will be uncorrelated due to the
large distances between them. However, half of the GW-induced
timing noise in each pulsar-Earth link will be due to the effects
of the GW on the Earth, and these effects will be correlated with
a correlation coefficient that depends on the angular separation
between the pulsars (Fig. 2) [3,6].

sources of nanohertz gravitational waves
Take an electric charge and shake it back and forth. You will
produce a kink in the electric field that will propagate away as
an electromagnetic wave. The same would be true if you took a
mass and shook it back and forth. Unfortunately from the
standpoint of detecting gravitational waves, there are no hands
out in the universe shaking massive objects back and forth. In-
stead, massive objects accelerate because of the presence of other
massive objects. But, General Relativity postulates that, locally
at least, all forms of mass-energy accelerate at the same rate. The
static gravitational field itself, being a form of such mass-energy,
then accelerates in the same fashion as the object that is pro-
ducing it. Thus, massive, accelerating objects are very inefficient
at introducing kinks into the field that surrounds them. It is
only the non-local (i.e. tidal) aspects of the field that give rise to
gravitational waves [7].

What might produce gravitational waves in the nanohertz fre-
quency range? Collisions between galaxies and the ultimate co-
alescence of the massive black holes (MBH) at their centres are
expected to emit strongly in this frequency range, but the signal
from any one merging event is weak. However, the incoherent
sum of thousands of such ongoing events form a stochastic back-
ground of gravitational waves that should be detectable by pul-
sar timing efforts in the next five to ten years [8,9].

Early-universe phase transitions and the emergence of various
topological defects should also produce a stochastic background
of gravitational waves [10,11]. However, there is a much wider
range of model predictions in the case of a primordial GW back-
ground than for a background of MBH binaries; hence, a par-
ticular observational limit on a GW background affords more
“wiggle-room” for these models.

A periodic or chirped signal from a single orbital system can be
characterized by the strain amplitude h and the frequency of the
wave f, both of which change with time during a gravitational co-
alescence event. However, for a stochastic background of gravita-
tional waves it is conventional to express the spectral power as a
fraction of the closure density of the universe. The fractional en-
ergy density per unit logarithmic frequency interval is
Ωgw( f )=(2π2/3H2

0 )f 2h 2, where H0 is the Hubble factor. A variety
of possible sources of a GW background and the instrumental
sensitivities, achieved and anticipated, are plotted in Fig. 3.
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� FIG. 2: Half the timing irregularities due to a background of gravitational
waves will be correlated around the sky because the gravitational waves are
“jostling” the earth, causing a retardation or advance of the observed pulsar
rotational phase. the curved line in this plot shows the expected correlation
as a function of angle between the pulsars. the plotted points are a simula-
tion of the pair-wise timing correlations of 20 pulsars spread around the sky
and represent one kind of signal that a Pta could detect [9].

� FIG. 3: the power in a gravitational wave background as a function of
gw frequency for a variety of sources relevant to Ptas. Power is shown
as the ratio, per logarithmic frequency interval, of the stochastic gravita-
tional wave power divided by the critical energy density of the universe.
Pta refers to a generic pulsar timing array. Both current limits and five
year projected improvements are shown. ska-Pta is the pulsar timing
array possible when the square kilometer array is built in the 2015 –
2020 time frame. the most promising candidate for a stochastic gw
source in this frequency range is due to massive black holes (107 – 108

solar masses) that in-spiral and coalesce as galaxies collide (shown as a yel-
low bar). stochastic backgrounds produced by cosmic strings or in an
inflationary era are also shown. Projected sensitivity limits are shown for
lisa and advanced ligo, but the astrophysical sources most relevant to
those detectors, binary combinations of stellar mass black holes and neu-
tron stars, are not indicated. [the original figure, modified here, is
courtesy of g. Hobbs.]



Pulsar timing arrays: present and future
There are several, partially overlapping, efforts underway to de-
tect a GW background with pulsars. The Parkes Pulsar Timing
Array (PPTA) is the oldest and most fully developed collabora-
tion [8, 9]. Their goal is to make multi-frequency timing ob-
servations of 20 of the brightest millisecond pulsars observable
with the Parkes 64-m radio telescope on an approximately bi-
weekly basis. This well-established observing and analysis pro-
gram is publishing results on several scientific fronts related to
the ultimate goal of detecting a GW background. The Euro-
pean Pulsar Timing Array (EPTA) takes advantage of three ex-
isting large-aperture telescopes: Jodrell Bank Observatory (UK),
the Westerbork Synthesis Radio Telescope (the Netherlands),
the Effelsberg Radio Telescope (Germany), and will be joined by
the Sardinia Radio Telescope (Italy) when it is completed [12].
The North American collaboration, NANOGrav, uses data
from the Arecibo Observatory, the largest radio telescope in the
world, and the Byrd Green Bank Telescope [13]. All three col-
laborations share techniques, some data, and they have overlap-
ping lists of personnel. Lamentably, both the Parkes Observatory
and the Arecibo Observatory are dealing with severe budget cut-
backs despite the crucial role they play in this forefront effort.

The longer-term future of pulsar-based gravitational wave
searching will be focused on the Square Kilometer Array (Fig. 4),
a world-wide effort with headquarters at the University of Man-
chester. When completed near the end of the next decade, this
huge array of detectors/telescopes in a radio-quiet site in either
Australia or southern Africa, will revolutionize all areas of radio as-
tronomy. The discovery of an estimated 1000 or so millisecond
pulsars and the ability to time 10 or 20 of them at a level of pre-
cision of 100 ns or better, will lead to a sensitivity level for this
PTA of as much as a factor of 104 over existing efforts [14,15]. 

status of results and Prospects
As is evident in Fig. 3, pulsar timing is rapidly approaching a de-
tection or falsification threshold for a GW background from co-
alescing massive black hole binaries. The latest upper bounds,
using 8 years of data, place a limit of Ωgw ≤ 4 × 10–8 on this
source of a background and similar limits on that due to either
relic gravitational waves from quantum era fluctuations or from
the decay of cosmic strings [5].

The effort to use pulsars to detect individual GW sources or,
more likely, a stochastic background of such sources is well un-
derway using the world’s largest radio telescopes. The nanohertz
frequency range being probed is complementary to the higher
frequencies being observed with Michelson interferometers on
Earth and, ultimately, in space. Detection of a GW background
due to thousands of merging galaxies in the detectable portion
of the universe may be less than a decade away. The advent of
the Square Kilometer Array will almost certainly lead to such a
detection and the ability to characterize the spectrum and sin-
gle out the few brightest sources for further study. All of this is
being done with multi-purpose radio telescopes that are also
being used for a wide variety of other investigations. Which will
hit the gravitational wave jackpot first: a laser-powered Michel-
son interferometer or a Pulsar Timing Array? �
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� FIG. 4: artist’s rendition of the central portion of the square kilometer
array. this fundamental instrumentation advance in astronomy will have a
total collecting area of about 106 m2 consisting of innovative electronic
tiles and parabolic dishes, concentrated in a central core but extending in
a hierarchical fashion out to many thousands of kilometers. it will be built
in either western australia or southern africa, with construction com-
mencing in 2011, first science in 2014, and completion around 2020.
[figure from http://www.skatelescope.org]












