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Editorial
The role of a Physical Society in a high-tech nation
Bernhard Braunecker and Hans Peter Beck
National process of early identification

progress in quantum computing is on its verge becoming
a highly active field of industrial and economical relevance
with high potential for Swiss industry, including SMEs.

Switzerland, in the long term, can only maintain its status
as a high-tech nation if strategically important technology
trends are identified and adopted at an early stage. Every
major technological innovation has its origins in fundamental and applied scientific research, making cooperation of
the academies, industrial institutions, administrations etc
with relevant learned societies such as SPS a vital element
in the process of early identification.

Positive reaction of the State Secretariat
The summary paper went to the SATW president, the president of the SATW Scientific Advisory Board, and to Mauro
Dell'Ambrogio, the State Secretary for Education, Research
and Information (SERI). In his spontaneous response, he
underlined the fact that

Early identification not only indicates which research topics
are being prioritized worldwide, but also assesses the level
of maturity, the ethical questions these will likely raise, or
whether the national education system needs to be adapted. The SPS is predestined to contribute e.g. at an early
stage to the recognition mandate of the academies, as
its sections almost completely cover the entire spectrum
of modern physics. In addition, the SPS board members,
coming from almost all national universities, from largescale research centers such as CERN, PSI and EMPA, and
from well-known industries such as e.g. ABB and IBM, are
stretching a nationwide network by itself that is further well
interconnecting globally, covering all relevant fields of modern physics.

"... quantum science and technology is a very important
field of science for Switzerland, which has enormous potential for innovation and helps to strengthen our country's reputation in the international scientific community
thanks to top-level research at local universities and in
the private sector."
Outlook
The recommendations of business consultants and economic experts for adapting national infrastructures to new
emerging technology trends are usually formulated in such
a general way that these need to be concretized before put
into practice. Information provided by learned societies such
as SPS, however assesses opportunities and risks differently, based on their direct insight and detailed understanding
of new emerging technologies. The contact of SPS with e.g.
SATW, where SPS is a member society, is offering thus an
important portal to make the early detection process more
effective. The triumphant advance of nanotechnology was
mainly driven by the engagement of Nobel Prize winner
H. Rohrer of the physics laboratories at IBM Research in
Rüschlikon, and it should serve as a role model.

An example for early identification triggered by SPS
In a recent attempt of SPS, physicists at the IBM Research
Lab in Rüschlikon, Andreas Fuhrer and Thilo Stöferle, the
two chairs of the SPS Physicists in Industry section, wrote
a one-page summary on today’s status of Quantum Computing, which is a shortened version of their comprehensive
Progress in Physics article. 1 Their core message is that
1 http://www.sps.ch/artikel/progresses/quantum-computing-from-basicscience-to-applications-60/

Kurzmitteilung - Short Communication
Fritz Zwicky Exhibition
„Fritz Zwicky was the first to recognize that in rich clusters
of galaxies, a large portion of the matter is not visible. In
his pioneering work, which he published as early as 1933
in Helvetica Physica Acta he estimated the total mass of
the COMA cluster of galaxies from the motions of the galaxies within that cluster. Using the virial theorem he came
to the conclusion that the galaxies were on average moving
too fast for the COMA cluster to be held together only by
the mass of the visible matter.” (https://www.sps.ch/artikel/
geschichte-der-physik/fritz-zwicky-an-extraordinary-astrophysicist-6/)

In commemoration of the 120th birthday of the famous
Swiss physicist Fritz Zwicky (14.02.1898 - 08.02.1974), the
Ortsmuseum of Zwicky's hometown Mollis, canton of Glarus, displays a special exhibition. Details may be found on
http://fritz-zwicky.ch/ and http://www.zwicky-stiftung.ch/ .
The exhibition is open until 16.02.2019.
In the SPG Mitteilungen Nr. 39 our honorary member Norbert Straumann wrote:
3
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Annual Meeting in Lausanne, 28 - 31 August 2018
The next annual meeting will take place from 28 - 31 August
2018 at EPFL. The program will consist of the approved mix
of plenary talks, topical sessions and poster exhibition.
The meeting is organised in collaboration with the Swiss Institute of Particle Physics (CHIPP) and the NCCR MARVEL
(Computational Design and Discovery of Novel Materials).
They all together guarantee an exciting conference covering
physics at its best.
Many thanks go to EPFL, in particular to Prof. Giovanni
Dietler and his team, for their generous help and support
with the organisation.

Topical Sessions
The following parallel sessions will be scheduled:
• Advanced Electronic-Structure Developments and Applications *
• Advances in Topological Materials *
• Applied Physics and Plasma Physics
• Atomic Physics and Quantum Photonics
• Biophysics, Medical Physics and Soft Matter
• Condensed Matter Physics
• Earth, Atmosphere and Environmental Physics
• History of Physics
• Magnetism and Spintronics at the Nanoscale
• Nuclear, Particle- & Astrophysics
• Physics Beyond University
• SwissFEL – recent advances and future opportunities
• Theoretical Physics

Scientific Program
Plenary Session
Nine plenary talks will be adressing latest advancements in
different research fields:
• Gino Isidori, Uni Zürich:
		Hints of New Physics from flavour-changing processes
• Beat Jeckelmann, METAS:
		The revised International System of Units: A new
foundation for all measures
• Ursula Keller, ETH Zürich:
		Transient electric-field-driven dynamics in condensed
matter: from Terahertz to Petahertz
• Almut Kirchner, Prognos AG, Berlin:
		The Transformation of the Energy System – Challenges and how to meet them
• Tim Luce, ITER Organisation:
		ITER - An Essential Step Toward Fusion Energy
• Nicola Marzari, EPFL:
		Computational design and discovery of novel materials
• Tilman Pfau, University of Stuttgart:
		Rydberg Gases in Thermal Vapor Cells
• Christoph Schär, ETH Zürich
		The Physics of Greenhouse Gases (tentative title)
• Wild Card Talk
		Latest results from the LHC

* organised by NCCR MARVEL

Dependent on the number and contents of the contributed
papers, each topical session will be split into special thematic subsessions.
Poster Session
The poster session will be scheduled on 2 days, starting on
29 August in the evening in the frame of an apéro, and being
continued with a lunch buffet on 30 August.
It is expected that all posters are put up and being presented on both session days.
The three most outstanding posters will be awarded with a
"Best Poster Prize", sponsored by the EPL journal. Additionally to the above requirement, the first author of the poster
must be personally present at the conference in order to
qualify for the selection.
The maximum poster size is A0 (portrait).

Vendors Exhibition

Furthermore a public lecture and a film presentation are
scheduled on two evenings:
• Maurice Bourquin, Uni Genève
		Thorium-Based Systems - A new concept for nuclear
waste elimination and energy production
• Film: Let there be light (see box below)

A vendors exhibition will be organized in parallel to the
sessions. An invitation letter will be mailed within the next
weeks to interested companies. If your company would like
to join the exhibition, but did not receive the letter, please
contact: sps@unibas.ch

Let there be light, a film on the quest for fusion

only shows us large experimental facilities while recalling
important milestones of the history of fusion, but it also
leads us to the heart of what motivates researchers to
dedicate their lives to see the realization of fusion energy.
There is a good balance between science and social in
this film, which was one of the top 10 Canadian films in
2017. A solid introduction to the subject and a useful update on the state of play for those already familiar with the
work as well as for a broad audience.

This documentary film is in the form of interviews with
physicists and engineers, either from the big international
project ITER under construction in the south of France
and involving many partner countries, or other smaller
projects mainly in the United States. Directed by two Canadian filmmakers, Mila Aungh-Thwin and Van Royko, it
follows researchers in their everyday lives. Thus, it not
4
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Award Ceremony

Conference Fees, Registration and Payment

As every year outstanding scientific works will be honoured
with the SPS awards, in the respective fields of General
Physics (sponsored by ABB Research Center), Condensed
Matter Physics (sponsored by IBM Zürich Research Laboratory), Applied Physics (sponsored by OC Oerlikon), Metrology (sponsored by METAS) and Computational Physics (sponsored by COMSOL). Each award is granted with
CHF 5000.-.

The conference fees cover the participation to all sessions,
including coffee breaks (all days), poster-apéro (Wednesday) and lunch buffet (Thursday).
The conference dinner on Thursday evening will be charged
separately.
Pay your conference fee in time and save money !
The regular fees, as shown in the table below, hold for payments reaching us before 1 August, 2018.

Roland Horisberger, winner of the Charpak-Ritz Award
2018, sponsored by the Société Française de Physique
(SFP) and the SPS, will be honored at the SFP conference
in Grenoble, just before ours, on 27 August. He will be giving an award talk at both conferences (see www.sps.ch/spsaward/charpak-ritz-preis/gewinner-2018/ ).

Category:		CHF
Members of SPS, CHIPP		 140.Ph.D. Students who are members (*)		 100.Ph.D. Students who are not members (*)		 140.Students before Master/Diploma degree (*)		 80.Plenary speakers, invited speakers, awardees		
0.Other persons		 180.Conference Dinner		 TBC

CHIPP and the Swiss Society for Neutron Scattering will
also award their respective winners.
The award ceremony will be held on 29 August in the morning.

(*) Students licence required

For payments done later than 1 August a surcharge of CHF
20.- will be added. This applies also for participants paying
cash at the conference.

General Assembly
The general assembly is scheduled for 28 August 2018 in
the afternoon. The agenda will be published in the next issue of the SPG Mitteilungen. We encourage all members
to actively participate and contact the committee if special
points of interest should be discussed at the assembly.

Attention: Fees are not refundable in case of cancellation.
Payment information is available directly during the registration process. Please make sure that your name and the
purpose of the payment are indicated.

Registration Deadline: 1 August 2018

Conference Dinner
A conference dinner is scheduled for the evening of 30 August. Information on the location, price and more details will
be available on our web site soon.

Special offer for non-members:
Do you plan to participate in our meeting and want to become a member of SPS ? Then take advandage of our special offer of CHF 190.- covering the conference fees and the
membership for 2018. (CHF 210.- after 1 August) !
Just fill out the online-registration form, choose the option
"Special offer", then download, print, fill and sign the admission form for new members, and return it as soon as possible to the SPS Secretariat.
The membership admission form is available on
www.sps.ch/fileadmin/doc/Formulare/anmeldeformular_d-f-e.pdf .

Abstract Submission:
Deadline 30 April 2018
You can submit abstracts to all topical sessions. The choice
between an oral or a poster presentation of your contribution is possible. Due to the limited number of time slots the
session organizers might however be forced to change oral
presentations into posters. If possible, please mark both
options in your submission, indicating that you are flexible
regarding the presentation mode. Abstracts shall not be
longer than ca. 100 words, pictures are not allowed.

(This offer does not apply for students and Ph.D. students.
They still profit from the free first-year-membership and
have only to pay the conference fee shown above.)

The submission of abstracts must be done online. Visit our
webpage www.sps.ch and follow the link to the submission
form. Further explanations are available there. The web-interface will be activated approx. begin of April.
The conference program will be available in June 2018 on
www.sps.ch . Please check the web regularly for further information and updates.
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Additional information for selected sessions
Theoretical Physics
The session on Theoretical Physics at the annual meeting
2018 will put a special emphasis on Computational Physics,
still welcoming contributions from all venues of theoretical
physics. The aim is to present the most important developments in the field brought forward by researchers having
links to Switzerland, and do so in a way that is largely accessible to all physicists.

SwissFEL – recent advances and future opportunities
In the last ten years, X-ray science has had an impressive
growth and many developments were made due to the introduction of X-ray Free Electron Laser light sources and their
unique photon properties. In comparison to synchrotron
storage rings, XFELs have brought a significant improvement in time resolution (i.e. typical pulse widths below 100
fs), with an impressive increase in photon flux per pulse by
several orders of magnitude.
The new XFEL facility at PSI, SwissFEL, delivers femtosecond photon pulses of spatially coherent X-rays in the wavelength range 0.1 to 7 nm (180 eV to 12.4 keV), with extremely high peak brightness. The first experiments performed in
2017 mark the beginning of the ultrafast X-ray science capabilities at this facility for the scientific community.
This session will be dedicated to present the most recent
achievements in ultrafast X-ray science in selected research fields including condensed matter physics, materials
science, chemistry, molecular physics, and non-linear x-ray
science.

Contact: Gian Michele Graf (gmgraf@phys.ethz.ch)
Physics Beyond University
Most Master or PhD students and PostDocs are only exposed to academic career models during their studies. Yet
the majority of physicists actually later work in non-academic positions. The section “Physics in Industry” will present a
session centred on showcasing physicists careers and jobroles that reflect the variety of pathways that are open with
a physics degree. Invited speakers will describe their career
development and how important their physics education
was in its course. Is it the generalist, specialist or practitioner skills that make them successful?
If you have studied physics, work in an industry, start-up
company or other non-academic profession and would like
to share your view on why a physics education is important
in your position or company, please submit your contribution
before the abstract submission deadline.

Contact: Luc Patthey (luc.patthey@psi.ch), Christoph Bostedt, Majed Chergui (majed.chergui@epfl.ch), Henrik Lemke
(henrik.lemke@psi.ch), Chris Milne (chris.milne@psi.ch)

Condensed Matter (KOND)
The condensed matter section of the Swiss Physical Society encourages submission of abstracts to all related focussed sessions (see below). Further topics in Condensed
Matter Physics e.g. magnetism, superconductivity, semiconductors, among others will be covered by the regular KOND
program.

Advanced Electronic-Structure Developments and Applications (organised by the NCCR MARVEL)
This session aims at highlighting recent advances in the
computational study of the properties of real materials with
particular emphasis on the description of the electronic
structure through advanced methods, both as far as methodological developments and applications are concerned.
We aim at bringing together computational researchers active in various fields, such as materials for batteries, halide
perovskites and other materials for photovoltaics, functional
oxides, electrochemical interfaces & catalysis, metal organic
frameworks, two-dimensional materials, solid-state ion conductors, and others. Two invited speakers are confirmed:
Giacomo Miceli (EPFL) and Wei Chen (Louvain-La-Neuve).

Contact: Laura J. Heyderman (laura.heyderman@psi.ch)

Contact: Alfredo Pasquarello (Alfredo.Pasquarello@epfl.ch)

Magnetism and Spintronics at the Nanoscale
With this focus session we would like to highlight recent advances in the fabrication, measurement and control of novel functionalities in spintronic and nanomagnetic systems.
We aim to bring together experimentalists and theoreticians
from Switzerland and the neighbouring countries exploring
magnetic properties in thin films, interfaces, and nanostructures. Harald Brune (EPFL) and Rolf Allenspach (IBM Zurich) will give invited presentations in this session.

Advances in Topological Materials (organised by the
NCCR MARVEL)
The objective of this session is to provide an account of recent advances in materials realizing topological electronic
phases (topological insulators, Dirac and Weyl semimetals,
etc.). The session intends to gather both the theorists working on the subject as well as experimental researchers studying various aspects of these emerging materials (materials
synthesis, photoemission spectroscopy, transport measurements). Alexey Soluyanov (ETHZ) and Ming Shi (PSI) will
give invited talks.

Contact: Andreas Fuhrer (afu@zurich.ibm.com), Thilo Stöferle (tof@zurich.ibm.com)

Contact: Claire Donnelly (claire.donnelly@psi.ch), Jizhai
Cui (jizhai.cui@psi.ch), Laura J. Heyderman (laura.heyderman@psi.ch)

Contact: Oleg Yazyev (oleg.yazyev@epfl.ch)
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Progress in Physics (61)
Two-post wave slaloming at a cut-off and a resonance, or how to access and
heat “overdense” plasmas using two successive mode conversions
Antoine Pochelon 1, Loïc Curchod 1, Prabal Chattopadhyay 2, Duccio Testa 1 and the TCV team
1
EPFL, Swiss Plasma Center, Lausanne, Switzerland; 2 IPR, Bhat, Gujarat, India
Two mountaineering analogies illustrate well the content of
this article on electron cyclotron resonance heating (ECRH)
in tokamaks. When skiing, you can either go straight down
the slope or practise some slaloming. The article first describes "straight" trajectories as in ECRH basic schemes,
then what slaloming skills can add.

stabilities. The propagation from the plasma edge is nearly straight at low densities, allowing access to the (X2, X3,
O1)-resonances but stopped at high-density by refraction in
“overdense” plasmas, that is by plasma above cut-off density. Let us further mention that fundamental X-mode launch
from the LFS is blocked very close to plasma edge by the
“right-hand” polarisation cut-off (“R” in Fig. 4). Fundamental O-mode resonance heating is suitable for high-field machines like ITER (~ 5 Tesla) but limited due to insufficient
absorption at 2nd or 3rd harmonic (O2, O3).

And the second analogy, when hiking you know perfectly
well that you cannot pass anywhere, that there are trails that
lead you to passes, where free progression is easy, or to
steep faces where progression is blocked. Something very
similar happens for electromagnetic waves propagating in
inhomogeneous plasmas with density and magnetic field
gradients. This makes some places inaccessible.

X3 system (118GHz, 1.5MW)
Upper Lateral Launchers
(L 2, 3, 5, 6)

For example, the blackout when re-entering the atmosphere. An astronaut knows that he will be in radio blackout
for a while due to the friction of the vehicle against the atmosphere forming an ionized gas shield. The electromagnetic waves are reflected in the plasma density gradient at
the location of the plasma electrostatic resonance frequency ωp=(nee2/meεo)1/2, which, in the absence of magnetic field
determines the only cut-off (with ne, e, me, the electron density, charge, mass, and εo the vacuum dielectric constant)
[1,2].

X2 system (82.7GHz, 3MW)

EC heating scheme ("straight" propagation)
In the torus-shaped plasma of a tokamak we have both a radially inhomogeneous density (along the small radius a) and
magnetic field B ~ 1/R, where R is the big radius. The waves
are absorbed where their frequency, or harmonics, match
the electron cyclotron resonance ωce = eB/me, a vertical
line in Fig.1. The presence of a magnetic field determines
the two polarizations of the e-m wave, with two additional
cut-offs. The usage defines the waves with the oscillating
electric field parallel to the static magnetic field B as the “ordinary” wave, or O-mode of propagation, and when perpendicular, the “extraordinary” wave, or X-mode of propagation.
The microwave sources used to heat plasmas are typically
in the 50 - 200 GHz ranges, where 500 kW - 2 MW continuous-wave (CW) gyrotrons are developed [3].

Equatorial Launchers
(L 1, 4)

Fig. 1: Electron cyclotron resonance heating at the 2nd (X2) and
3rd harmonic (X3) in the TCV tokamak (Tokamak à Configuration
Variable). Tokamak axis on the left, LFS on the right.

Electron Bernstein Wave heating (2 post slaloming)
There is a class of low-field tokamak, however, where the
easy “straight” propagation of (X2, X3) is insufficient to access the full high-density range these machines can produce, as developed in Box 1. These devices include low
aspect ratio (R/a ~ 1.3) “spherical tokamaks” (0.2 - 2 T),
like the MAST tokamak (0.5 T) [7], Fig. 3, or the T-15 device
(2 T) [8] and stellarators [9].

In the standard tokamak situation, comfortable technical
access to the centrally located vertical EC resonance for
microwave launchers is provided from the outside, i.e. from
the low magnetic field side of the tokamak (LFS). From that
place, typically 100% absorption of the X-mode is afforded at the “second harmonic” X2, 2ωce, and good absorption
at the 3rd harmonic, X3, at sufficiently high plasma electron
temperature, Fig. 1. This makes ECRH an operationally
excellent heating with localized power deposition property,
providing like a chirurgical tool for heat-transport studies or
for the control of temperature-profile-dependent plasma in-

Luckily, nature provides us with a slaloming trick to reach
overdense plasma cores: the microwave beam is launched
in O-mode polarisation, thwarting the X-mode cut-off at the
plasma edge, and soon after having crossed this edge-custom, the O-wave changes its identity to X-mode. It nearly
resembles a fairy tale, plasma version!
7
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Waves versus machines high-density limits in ECRH
("straight" propagation)

ne_cutoff / neo_Greenwald [%]
9.93

29.08

200

It is clearly optimal to chose a heating method covering at
best the operational density range of a given device. We
compare therefore the limitation due to EC cut-offs with
the specific tokamak plasma density limit, described by
the empirical Greenwald density limit <neG> = 0.27 Ip/a2
[4], thus grossly proportional to B/R (plasma current Ip,
big and small tokamak radius R and a).

X3
X3

104.96

X2
X2

180

120.56

160%

O1

O1

160
f [GHz]

140
26%

120
100

10%

80

The accessibility of EC waves depends primarily on the
machine magnetic field, which determines the cut-offs
densities and cyclotron resonance location. The typical
nominal magnetic field in tokamaks extends from the low
field spherical tokamaks B ~ 0.5 T, through the medium
field TCV B = 1.5 T, to the high field ITER machine 5.3 T.

60
2.5%
1%
0.6%

40
20
0

The adequation of the EC wave scenario can be expressed by the ratio of EC cut-offs density versus machine accessible density range, ne cutoff / neoG given in %
in Fig.2 [5]. The field is sufficiently high in ITER to allow
access to the complete machine density range using the
fundamental O1 at 170 GHz. In low-field machines however, like the spherical tokamaks, the lowest harmonics
ECWs give only access to a few percentages of neG. In
the medium field TCV machine, 10% of neG is accessible
with X2, a range extended to 26% with X3, leaving a large
density range uncovered.

0

5%

1
2
STs TCV

3

B [T]

4

5
6
ITER

Fig. 2: Ratio of EC wave maximum density limit (cut-off density)
to tokamak density limit (Greenwald limit) for different gyrotron
frequencies and nominal tokamak magnetic fields given in %,
for the O1-, X2- and X3-heating scheme, representing the "density coverage" of a given ECRH, optimally wished to be 100%
(from [5]).

A more general and recommended description of resonances and cut-offs is provided by the CMA-diagram
(Clemmov-Mullaly-Allis), that gives a compact representation of the solutions of the dispersion relation of
electromagnetic waves in inhomogeneous density and
magnetic field plasmas [1,2,6].

But a bit more physically, to achieve this, the identity change
to X-mode polarisation is obtained through reflection at the
O-mode cut-off. Fishermen, wearing polarising glasses to
exclude the light polarised by reflection at the air-water interface are in fact using the same property, which allows
them to see the fishes below the surface. This reflection at
the O-mode cut-off represents our first slalom post.

At a proper incidence angle of around 40° from the normal to the magnetic field, the quasi-totality of the O-wave
is converted to the X-wave [10], which then bounces back
towards the plasma edge until it reaches the upper-hybrid
electrostatic resonance (UHR), where the wave becomes
stagnant, accumulating electric field. This represents our
second slalom post.
Here at the UHR, the X-mode is known to convert to both
1) an electron Bernstein wave (EBW or “B”), an electrostatic
mode propagating to the plasma core with no density limitation and dissipating in the region of the EC resonance
or its harmonics [11], and to 2) parametrically driven lower-hybrid waves (Lower Hybrid Parametric Instability, LHPI)
[9,12]. The full wave path of the O"X"B wave conversion
is schematically depicted in Fig. 4.

Fig. 4: Wave conversion processes following O2 injection in
overdense plasma: O2"X"B + LH + losses. Courtesy [13].

Fig. 3: The "spherical" tokamak plasma in MAST, Culham, UK, an
example of low B-field, low aspect ratio tokamak. © CCFE.
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That such an O-X-B wave conversion scheme was potentially attractive for overdense plasma heating was in fact
perceived early by the Electron Cyclotron Resonance Ion
Sources (ECRIS) community, since these sources were
amazingly capable of working efficiently above cut-off density [6,14]. ECRIS are used in various fields like particle
beams, metal ion beams, accelerators or cancer therapy.
The use of the O-X-B scheme to heat toroidal fusion plasmas started later in devices with high-density limits, like
stellarators [9], or low field tokamaks, where high density
“overdense” plasmas are only accessible by this scheme.

The next step in the demonstration of EBW absorption is
checking the power deposition location. Slightly off-axis
power deposition location, but still well inside the plasma
cut-off, was selected, as shown in Fig. 5, to avoid the perturbing effect of naturally occurring central relaxations. The
deposition location was determined experimentally using
the soft X-ray emission measured by a multi-wire proportional detector (Charpak detector) with vertical line-of-sights
and viewing the plasma through 100 μm beryllium-window
thickness [17], as shown in Fig. 6.

Electron Bernstein Wave Heating using power modulation
The flexibility in plasma shape of the medium aspect ratio
TCV tokamak and EC heating system was used to study the
principle of the O-X-B heating scheme at high power (EBW).
The optimal injection angle of the second harmonic O-mode
(O2) was first estimated with ray tracing simulation including
O-X-B double mode conversion [15]. Around the calculated
angle obtained, experimental launcher angle scans were
performed to maximize plasma absorption by minimizing
stray radiations. The experimentally determined optimum
angles showed a good overlap with the ray tracing code results, a strong indication that O-X-B mode conversion was
at work [16].

Fig. 6: The 64-channel soft X-ray Charpak-chamber camera for the
detection of heat deposition location.

Power modulation experiments at 0.5 MW level were then
performed at the experimentally determined optimal angle.
The overall absorbed power was determined with a diamagnetic probe, that measures the toroidal magnetic flux variation directly related to the plasma stored energy. It shows
the absorption of typically 60% of the incoming O2-mode
waves, whereas for X2-mode injection, the absorption was
vanishingly low (below 10%). This is a further strong indication that O2-mode waves must therefore mode convert and
make their way further into the plasma, while X2-injected
waves are reflected back (R cut-off, Fig.4), as expected for
overdense plasmas.

The local heat deposition caused by the modulated EC
power is visible in the line-integrated time traces of several
channels, on both the HFS (high field side) and the LFS.
The deposition location is first evaluated using fast Fourier
transform (FFT) analysis of the 64 soft X-ray chord signals.
The FFT amplitude at the power modulation frequency is
plotted against the soft X-ray channel number in Fig. 7(a),
showing two clear amplitude maxima. These broad spatial
maxima correspond to emission at the normalized radius
t ~ 0.65, on both the HFS and the LFS. The maximum on
the HFS is more pronounced, due only to line integration
effects.
To remove the effect of line-integration, the profile is tomographically inverted. Fig. 7(b) plots the FFT amplitude of the
inverted data at the power modulation frequency against the
normalized radius t. The radial maximum of the FFT amplitude, after inversion, is located at t ~ 0.71, well inside the
plasma cut-off and close to the location calculated by ray
tracing, at t ~ 0.78, i.e. within 10% of the radial coordinate.

Fig. 7: Detection of the power deposition location by the power
modulation technique using the 64-channel soft X-ray camera a)
Normalised FFT amplitude of the line-integrated soft X-ray at the
modulation frequency, b) Tomographic inversion yielding the radial
deposition location [16].

Fig. 5: Poloidal projection of the calculated O2 ray trajectory
launched from the LFS, with its successive conversions to X-mode
and to Bernstein waves (B). t is the normalized radius with t = 1
representing the plasma edge, t = 0.75 the absorption location
[16].
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nelled to unknown paths. What really happens at the UHR,
how much power is channelled to the B waves and to the
“parasitic” LH waves, what is the power dependence and
the role of the non-linear effects prone to occur at the UHR,
defines the next studies.

The slight difference may be attributed to uncertainties in
the magnetic equilibrium reconstruction and the density gradient measurement. The edge soft X-ray signals indicate a
further stray power deposition just outside the cut-off, possibly resulting from 2nd harmonic X-mode absorption of nonO-X-B-converted wave power absorbed after multiple wall
reflections and mode scrambling.

To experimentally better identify the conversion processes
at the UH-layer, a loop-probe has been designed and inserted in TCV scrape-off layer outside the confined plasma, with
a flat response to e-m. waves over the LH-waves frequency
range to study (0.2 - 10 GHz) [13]. As the injected power is
increased, the whole spectrum measured rises in amplitude
and broadens towards higher frequencies as shown in Fig.
9. Despite the apparent complexity of these spectra, with
new peaks systematically appearing as the power is raised,
they are highly reproducible. But not straightforward to explain.

The good agreement between the simulated and experimental radial deposition locations, together with deposition
at an overdense location, constitutes again strong proof that
the O-X-B conversion mechanism is at work.
Long-pulse high-power EBW Heating
To demonstrate heating with a substantial central temperature increase due to EBH, the pulse duration was extended
to 100 ms, longer than the energy confinement time (xE ~
50 ms), and the total power was increased to 2 MW with a
modulation depth of 1 MW, as shown in Fig. 8. The injection angles of the four launchers used were chosen so as to
heat with all of them at the same "overdense" location at t ~
0.4, where (ωpe/ω)2 ~ 1.5. The more central deposition was
achieved by lowering the machine magnetic field to bring
the 2nd harmonic resonance further to the HFS [18].

Fig. 9: Lower Hybrid Parametric Instability spectra broadening with
increasing gradually injected O2 power from 30 to 530 kW [13].

Investigations of the nature of the wave conversion processes occurring in the O"X"B scheme have recently been
undertaken using particle-in-cell (PIC) simulations [19].
These show new detailed results on the waves involved in
these conversions, parametric effects and findings like the
existence of an X-wave-instability. The large excited spectra
found in these PIC simulations recall strongly the experimental LHPI-spectra measured in TCV. This is strongly suggesting that a thorough comparison of experiment and simulation would give further insight. It should also give helpful
indications for the optimization of the power deposition and
the evaluation of losses of the O-X-B heating scheme at
high power.

Fig. 8: Long pulse 1 MW EBH heating, 100 ms, on top of a longer
1 MW (not shown), demonstrating electron temperature increase
due to EBWH [18].

The central electron temperature evolution is measured
by the “absorber method”, using a few soft X-ray diodes
equipped with different beryllium thicknesses aiming at the
plasma core. This showed a consistent increase in central
electron temperature of Te ~ 80 eV during the EBH pulse,
Fig. 8. This increase is confirmed by the Thomson scattering
measurements. With the total injected power of 2 MW, large
edge instabilities were developing at a slow repetition rate
(16 ms), stabilizing the plasma density and thus ensuring
that the temperature increase is directly attributable to EBW
heating. These experiments represent the first demonstration of EBW heating in a medium aspect ratio tokamak at
high power [16].
Parasitic losses at the second slalom post?
These successful heating results imply that a large fraction
of the power launched is converted to Bernstein waves. It
is now important to address the issue of the efficiency of
the whole wave conversion process. The diamagnetic probe
found 60% of power absorbed in the plasma. This is raising
the issue of possible non-converted power or power chan-

The heating experiments described here represent a successful proof of EBW overdense heating at high power in
a medium aspect ratio tokamak by using a double mode
conversion process. To investigate the overall efficiency, the
understanding of the wave channelling occurring at the UH
resonance and its non-linear power dependence, is certainly a key element to maximize the conversion to Bernstein
waves and to consolidate and validate this "overdense"
heating scheme.
This work was supported in part by the Swiss National Science Foundation.
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Progress in Physics (62)
Lepton Flavor Universality violations: a new challenge in fundamental physics.
Gino Isidori, Uni Zürich
Recent measurements question one of the pillars of the Standard Model: the universality of the forces acting on the different families of elementary particles. If confirmed, this phenomenon could lead to a significant change of paradigm in our
understanding of elementary interactions.
The nature and the fundamental interactions of the basic
constituents of matter are well described by the so-called
Standard Model (SM). This theory, which is called “Model”
only for historical reasons, describes microscopic interactions in agreement with the principles of Quantum Mechanics and Special Relativity. It describes not only the microscopic forces, but also the nature of the basic constituents
of matter, which turn out to be three “families” of elementary
particles called quarks and leptons. Each family contains
four types of particles, two quarks and two leptons, with
different quantum numbers. These quantum numbers, and
the symmetry structure of the theory, determine completely
the properties of these particles under the three fundamental forces relevant at the microscopic level, namely strong,
weak and electromagnetic interactions. Ordinary matter
consists essentially of particles of the first family, namely
the up and down quarks (the constituents of atomic nuclei),
the electrons, and the electron neutrinos (abundantly produced by the fusion reactions occurring inside the stars).
According to the SM, quarks and leptons of the second and
third families are identical copies of those in the first family except for their different, heavier, masses. These heavier copies are unstable particles that can be produced in
high-energy collisions and that decay very fast, via weak
interactions, into lighter particles. Why we have three almost
identical replicas of quarks and leptons (referred also as
three “flavors” of quarks and leptons) and what is the origin
of their different masses, are among the big open questions
in particle physics.

Within the SM, the masses of quarks and leptons are the
result of a peculiar short-range force, namely the interaction
of these matter constituents (described by fermion fields)
and the Higgs field (the only scalar field of the theory). The
Higgs field has a non-trivial ground-state configuration, interacting with which quarks and leptons acquire an effective
mass term. The observation of the excitation of the Higgs
field, namely the Higgs boson, reported in 2012 by the ATLAS and CMS experiments at CERN, provides a remarkable confirmation of this mechanism and, more generally, of
the SM. Still, this description of quark and lepton masses
is rather unsatisfactory: contrary to the other fundamental
forces, the interaction between quarks, leptons and the
Higgs field is not controlled by symmetry principles. Each
mass is the result of a specific (ad-hoc) coupling. Altogether,
we are forced to introduce a large number of unexplained
parameters that spans several orders of magnitude (an issue often referred to as the “flavor problem”).
One of the key predictions of the SM is that quarks and leptons of the different families behave in the same way, but for
their different mass (or, more precisely, their different interaction with the Higgs field). Surprisingly enough, a series of
precision measurements performed recently by the LHCb
experiment at CERN are challenging this prediction [1,2].
The LHCb experiment has analyzed a series of processes
where a b quark (namely a quark of the third family) decays
into a strange quark (belonging to the second family) and a
lepton-antilepton pair. In a nutshell, data seem to indicate
a significant difference between processes that are identi11
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cal but for the type of leptons involved, which can be either
electrons (first family) or muons (second family). This is why
this phenomenon is denoted “violation of Lepton Flavor Universality” (LFU). More precisely, since the lepton-antilepton
pair is electrically neutral, we denote this effect a violation
of LFU in neutral-current processes. Present data indicate
a deviation from the SM prediction with high statistical significance (see Figure 1), but is too early to draw definite
conclusions. The comparison of the various decay rates is
indeed rather difficult: these processes are quite rare and
the deviation from the SM predictions is a relatively small
effect (of the order of 20%).

Figure 2: Evidence of violation of LFU in charged currents obtained
by various experiments [6]. The vertical axis denotes the LFU ratio
C(B " D*xo) / C(B " D*no), the horizontal axis denotes the LFU
ratio C(B " Dxo) / C(B " Dno). The red ellipse is the average of
the present experimental results, as obtained by the HFLAV working group. The small blue ellipse denotes the SM prediction.

These surprising results have raised a strong interest in
the particle-physics community and have stimulated a lot of
theoretical investigations. A first natural question to be addressed is the consistency of these anomalies with the tight
bounds on possible extensions of the SM derived by many
past experiments. In particular, past experiments analyzing
other flavor-changing processes, such as rare decays involving quarks and leptons of the second generation, have
set limits on possible deviations from the SM predictions in
these processes at the per-mil level. Similar strong bounds
have been derived on possible deviations from universality
in the couplings of the different fermion families to the SM
gauge bosons (or the force meditators of strong, weak and
electromagnetic interactions). A recent theoretical study of
the UZH theory group [7] has clarified that there is no inconstancy between the recent b-physics anomalies and these
tight bounds, provided the hypothetical “new force” responsible for the anomalies is not universal not only as far as the
lepton flavor is concerned, but also on the quark side. More
precisely, the strength of the new interaction should be maximal for quarks and leptons of the third generation, should
become weaker for particles of the second generation, and
must be super-weak for those of the first generation (this is
why we do not experience on ordinary matter). Interestingly
enough, this hypothesis also explains the different strength
of neutral- and charged-current anomalies, and provides a
strong hint that this new interaction maybe the key toward a
solution of the flavor problem.

Figure 1: Evidence of violation of LFU in neutral currents obtained
by the LHCB experiments at CERN [2]. The vertical axis denotes
the LFU ratio C(B " K*µ+µ-) / C(B " K*e+e-) measured on different
intervals of the lepton-antilepton invariant mass, reported on the
horizontal axis. The black points are the experimental data, the
colored points are the SM predictions obtained by different theory
groups.

What is particularly interesting of these “anomalies” is that
they do not appear in a single decay channel, but in several processes and observables. Another set of processes
showing significant deviations from the SM predictions, and
indicating a possible violation of Lepton Flavor Universality, are the decays of b quarks into final states containing a
single charged lepton and a neutrino. In this case we are
dealing with charged-current processes, and the comparison is between processes with tau leptons (third family) and
processes with muons (second family). Also in this case
the deviation relative the SM prediction is of the order of
10 - 20%, but the SM rate itself is larger, hence the strength
of the effect (if due to a new interaction) is larger in absolute terms compared to the deviation observed in neutral
currents. Interestingly enough, in this case the anomaly is
observed not only in the LHCb experiment [3]. The first evidence of an anomalous behavior was reported by the Babar
experiment in 2012 [4], and later on by Belle in 2015 [5]
(Babar and Belle are the experiments that were running at
the e+e- accelerators in US and Japan, respectively). None
of these experiments has a result that, if taken alone, has
a high statistical significance; however, all the results are
coherent and, once combined, they indicate deviations from
the SM predictions with high statistical significance [6] (see
Figure 2).
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Another relevant question that recent studies tried to address is consistency of these anomalies with the bounds
from the so-called direct searches of physics beyond the
SM. Which is the energy scale of this hypothetical new interaction? Is it consistent that no trace of the corresponding
mediator has been seen yet in high-energy proton-proton
collisions at the LHC? Also in this case the answer is yes
[7]: the mediator of this peculiar new interaction could have
escaped all direct searches performed so far. However, it
cannot be arbitrarily heavy: it could well be within the reach
of the next high-luminosity runs of the LHC. More generally,
it has become clear that if these anomalies are confirmed,
they cannot remain isolated. Many other violations of LFU
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the other hand, less attention has been devoted so far on
the flavor problem and its possible solution. This is because
the solution to the flavor problem can in principle occur at
very high energies. Actually this is what has been assumed
(explicitly or implicitly) in most of the proposed SM extensions formulated so far, mainly for reasons of simplicity. The
recent b-physics anomalies seem to indicate we need to
move from this simple paradigm: we should not “postpone”
the solution of the flavor problem to high energies. Its solution, or at least some key ingredient for its solution, may be
accessible around the TeV scale [8]. It could well be that
only addressing the flavor problem we will gain a deeper
insight on other open issues of the SM, such as the hierarchy problem and the unification of fundamental forces. As
already mentioned, the good news is that we should not wait
much before knowing if these tempting speculations have
anything to do with what Nature has is in store for us.

should appear in other rare decay channels currently under
investigation at the LHCb experiment. A key confirmation of
this phenomenon could also be obtained in a few years by
the Belle-II experiment at Super-KEK (the successor of the
Japanese B-factory, that is expected to start within less than
two years). Last but not least, other manifestations of the
same force could occur in rare flavor-violating decays involving leptons only, such as the rare muon to electron transitions searched for at PSI and in other laboratories around
the world. Altogether, there are very good chances of learning much more about this hypothetical new interaction in the
near future.
One the most fascinating aspect of this phenomenon is the
significant shift of parading that it could imply in the theoretical attempts to build an extension of the SM. So far,
most of the proposed extensions of the SM were focused on
addressing the so-called “hierarchy problem”, or the large
hierarchy between the energy scale of weak interactions
(which is related to the Higgs mass) and that of gravitational
interactions. The attempts to solve this problem have given
rise to several interesting proposals, such as supersymmetric models, models with extra space-time dimensions, or
models where the Higgs boson is a composite particle. All of
them predict the existence of new particles at the TeV scale
(not much heavier than the Higgs boson), hence within the
reach of the LHC. However, none of these particles has
been found yet, shedding serious doubts on the validity of
all these ideas, at least in their simplest implementation. On
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[2] R. Aaij et al. [LHCb Collaboration] JHEP 1708 (2017) 055.
[3] R. Aaij et al. [LHCb Collaboration] Phys. Rev. Lett. 115 (2015) 111803;
arXiv:1711.02505.
[4] J. P. Lees et al. [BaBar Collaboration], Phys. Rev. D88 (2013) 072012.
[5] M. Huschle et al. [Belle Collaboration] Phys. Rev. D92 (2015) 072014;
Phys. Rev. Lett. 118 (2017) 211801.
[6] Y. Amhis et al. [HFLAV Collaboration] Eur. Phys. J. C77 (2017) 895.
[7] D. Buttazzo, A. Greljo, G. Isidori, D. Marzocca, JHEP 1711 (2017) 044.
[8] M. Bordone, C. Cornella, J. Fuentes-Marti, G. Isidori, arXiv:1712.01368
(to appear in Phys. Lett. B).

The return of Leptoquarks

The situation has drastically changed during the last two
years, when analyses of b-physics have demonstrated
that “light” leptoquark fields (with masses around 1 TeV),
coupled mainly to quarks and leptons of the third family, are very good candidates for the explanation of the
anomalies. This has led to a revival of the original proposal by Pati and Salam, with a key modification: a non-trivial
flavor structure for the leptoquark fields, such that only
those coupled to third-family fermions are light enough
to induce sizable effects at low energies [2,3]. This fact
also explains why the hypothetic leptoquarks with mass
around 1 TeV have not been seen yet at the LHC: their
production via quarks of the third family (mainly b quarks),
and subsequent decay into leptons of the third family (i.e.
tau leptons) is a difficult signature, that could have escaped the direct searches performed so far. While it is
premature to draw definite conclusions about the existence of leptoquarks, it is interesting to note that a large
fraction of the parameter space of this class of models will
be probed in the near future during the high-luminosity
phase of the LHC. Moreover, a striking indirect evidence
could be obtained by observing a large enhancement
over the SM predictions for rare b decays into a tau-antitau pair (currently searched for by LHCb and other experiments).

Among the models recently proposed to explain the
b-physics anomalies, a particularly interesting class is the
one based on the gauge group SU(4)×SU(2)L×SU(2)R.
This gauge group was proposed long ago by Pati and
Salam [1] in order to unify the interactions acting on
quarks and leptons. Within the Standard Model (SM),
strong interactions are ruled by the SU(Nc) gauge group:
here Nc = 3 stands for the three degrees of freedom (denoted “colors”) that each quark species possesses. Leptons carry no color and therefore do not feel the strong
interaction. In the Pati-Salam extended gauge group,
color is part of a larger symmetry group, SU(4), whose
fourth degree of freedom is the lepton number. This model predicts the existence of a new type of interactions
mediated by “leptoquarks” gauge bosons, namely force
carriers transforming quarks into leptons and viceversa.
The model explains the quantum numbers of quarks and
leptons in terms of a reduced number of free parameters
and provides an (a posteriori) explanation for the quantization of the electric charge. However, till recently the Pati-Salam model was not very popular given the absence
of any direct or indirect evidence of leptoquark-mediated
interactions. Actually the bounds on leptoquarks coupled
to the first two families of quarks and leptons are extremely tight, such that the masses of these mediators, if any,
must lie above 100 TeV. The phenomenological interest
on this class of model was therefore not particularly high.
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History of Physics (19)
Fundamental research for the development
of gravitational wave detectors in Germany
Walter Winkler
1 Early History
When reading articles about gravitational wave detection by
the American LIGO detectors, one gets the impression that
this is a purely American venture. But this is not the case.
The present article outlines our contribution in Germany and
from the later GEO600 cooperation. The German group was
formed in 1971 at the Max Planck Institute for Astrophysics
(MPA) in Munich. In the late seventies, the MPA moved to
Garching near Munich, together with Heinz Billing and his
group and a 3 m interferometer to be used as a prototype.
In the early eighties, a 30 m prototype was built at the MPA
and operated there until the end of the century. In 1985,
in a groundbreaking experiment, the 30 m interferometer
reached the shot noise limit of the measurement—according to photo-current statistics. Therefore, in 1987, the construction of a 3 km interferometer in Germany was proposed
[1]. Unfortunately, it was not funded. The American proposal
for LIGO, put forward around that time as well, quoted the
results obtained in Garching, showing the feasibility of such
an experiment. LIGO was funded and eventually received
the Nobel Prize in 2017.

Fig. 1: Joseph Weber and one of his detectors

detector for gravitational waves. His idea was ingeniously
simple: a huge aluminium cylinder, 1.5 m long and 1.3 tons
heavy, was suspended on a wire sling in vacuum, for isolation against mechanical and acoustical distortions. A gravitational wave falling perpendicularly onto the longitudinal
axis of the cylinder would shorten and expand the cylinder
at the frequency of the wave. When the frequency corresponds to the longitudinal eigenfrequency of the bar, oscillations will be excited. These oscillations should be observed
with piezocrystals glued on the surface of the bar. In 1969,
Joseph Weber claimed to have found pulses of gravitational
waves. This was a great surprise for the physics community.

In the mid-1980s, a close cooperation began between the
Garching group and the group around James Hough at the
University of Glasgow. In 1989, a proposal for a common
German-British interferometer was put forward, which was
also not funded. In 1990, Karsten Danzmann, now a professor at the University in Hannover and director of MPI for
Gravitational Physics in Hannover, became the leader of
the Garching group. He started the GEO600 cooperation,
mainly between the Max Planck Society and the University
of Glasgow, which eventually built the GEO600 gravitational
wave (GW) detector in Hannover—an interferometer with a
600 m arm length. This detector has been used to observe
gravitational waves and to develop and test new technologies, which have been implemented afterwards in the other interferometric GW detectors such as LIGO in America,
VIRGO in Italy, or KAGRA in Japan.
In addition, pioneering work for the space mission LISA [2]
and its predecessor Pathfinder was performed.

2.2 The Bar Experiments in Germany
At the Max Planck Institute for Astrophysics, which was still
in Munich at that time, a series of seminars was held about
that topic. From a theoretical point of view, Weber’s results
must have had huge influence on the structure of the Milky
Way, and scientists were very skeptical about it. Therefore,
they decided to repeat Weber’s experiments under
the leadership of
Heinz Billing, and
the work started in
January 1971.

2 The Bar Experiments
When Einstein predicted the existence of gravitational
waves in his general relativity theory framework in 1915, he
realized how extremely small the deformation of space-time,
caused by any conceivable event in our universe, would be.
For about half a century therefore, gravitational waves have
been considered to be a purely academic topic, and nobody
seriously dared to think about measuring these strange ripples in space-time.

The setup was intended to be as
close as possible
Fig. 2: Walter Winkler and the Munich We- to the original exber bar detector (1972)
periment so as not
to affect comparability, but several improvements were implemented:

2.1 The Bar Experiments of Joseph Weber
Against all mainstream thinking, Joseph Weber from the
University of Maryland decided around 1960 to develop a
14

Communications de la SSP No. 54

1. Weber glued the piezos all in parallel onto the surface
of the bar. In Munich, we invented a particular structure
of the piezo arrangement to put them partially in series.
This “impedance matching” substantially improved the
electrical noise background [3].
2. Weber used electronic tubes at the input of the amplifier. We replaced those with low noise field-effect transistors.
3. Weber looked for an increase in the bar’s oscillation
energy. We looked for changes in amplitude and oscillation phase.
4. The theoreticians of the MPA developed an optimal
signal evaluation procedure.

3.1 Principle of Interferometers for GW Detection
Einstein described gravitational wave as a time-dependent
strain in space: h = δl/l. In a Michelson interferometer which
is hit perpendicularly by a gravitational wave, one arm is
shortened during the first half period of the wave whereas
the other arm is elongated. During the next half period, the
sign changes. The wave therefore produces a time-dependent arm-length difference. This is exactly what is measured
by a Michelson interferometer. For a given strain h, the
quantity to be measured δl increases proportional to l. It is
therefore desirable to choose the light path l for as long as
possible. The optimum would be reached for half a wavelength of the gravitational wave. For signal frequencies of
several hundred Hz, this would mean light paths of several
hundred to 1000 km. To realize these huge light paths, Rainer Weiss proposed in 1972 to let the laser beam traverse the
interferometer arm successively many times in the form of
a Herriot optical delay line before it goes back to the beam
splitter for superposition with the beam from the other arm.
Other experiments use Fabry-Perots instead of delay lines;
in this case, all beams are superposed on each other—also
a viable solution. Therefore, the long light path seemed to
be achievable, at least in principle.

Together with a similar
detector in Frascati, built
by Karl Maischberger
(soon a member of our
group), this was the most
sensitive room-temperature bar experiment at
that time, run for three
years. No signals were
Fig. 3: Karl Maischberger und Wal- found [4]. Weber’s findter Winkler
ings could not be confirmed despite of the significantly improved sensitivity.

4 Fight Against Noise Sources
The other question was the fight against all relevant noise
sources when measuring δl. We decided to start with a
small interferometer and to increase the light path in several
steps. The first interferometer was fixed onto an aluminum
cube of 30 cm side length. Then followed a setup with a 3 m
arm length, and eventually a 30 m interferometer was implemented, both of them with optical delay lines to increase the
light path. It was clear from the beginning that the interferometer had to be run inside a very stable high-vacuum system because of the refraction index fluctuation by thermal
motions of the gas molecules or by outgassing processes.

3 Experimental Work in Germany / Interferometers
To further improve sensitivity, cooling was considered. But
Robert Forward’s tabletop interferometers at the Hughes
Laboratories and Rainer Weiss's profound considerations
of Michelson interferometers as detectors of gravitational
waves had been known. Two substantial arguments were in
favor of interferometers:
1. Bar detectors are sensitive only at their resonance frequency whereas interferometers are broadband.
2. Fundamental physical limits such as uncertainty relation or back action of the measurement onto the apparatus are less severe for interferometers because of
their possible long baseline.
Therefore, the pioneering work on interferometers started in
Munich in 1974.

Fig. 4: 30 m interferometer prototype at the MPA in Garching

4.1 Mechanical Noise
To isolate the optical components from seismic and acoustical noise, they have been suspended as pendulums. This
turned out insufficient—and therefore, we introduced a multi-stage pendulum suspension. This is now standard in all
highly sensitive interferometers. To keep the interferometer at its point of operation, we introduced a so-called local
damping of the mirror motion. As a quiet reference, an individually suspended mass was used. Eventually, a feedback
from the interferometer output to the mirror position was introduced.
4.2 Mechanical Thermal Noise
The Brownian thermal noise inside the optical components,
especially the mirrors, modulates the light path and thus
simulates a signal. It is therefore mandatory to use mirrors
with low internal damping and keep the resonances out of
the frequency regions of observation. We chose fused silica
as substrate material; this is still in use nowadays. It turned
out to be extremely difficult to avoid extra resonances or additional damping by fixing the mirrors to some holders. That
led Karl Maischberger, a member of our group, to propose
to suspend the bare mirrors in a wire sling. This was totally
new and a big step forward.
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ometric gravitational wave detectors use lasers built by our
colleagues in Hannover and implemented from there.

In the later cooperation with the University of Glasgow,
the suspension was optimized by choosing a monolithic
arrangement. The mirrors hung on fused silica fibers, and
fiber and mirror were connected through silicate bonding.
Thus, no extra internal damping was introduced.

5.3.2 Power Recycling
In addition to using the strongest lasers available, it is also
possible to recycle the light leaving the interferometer. This
new idea was simultaneously proposed by Ron Drever (in
Glasgow at that time) and Roland Schilling, a member of
our group. For that purpose, the interferometer is run at a
minimum of the light power at the signal output, and practically all light goes back to the laser. As seen from the laser,
the interferometer acts like a mirror. When an extra mirror is
inserted between the laser and the interferometer, an optical
cavity is formed, and the light power can be considerably
increased—by several orders of magnitude, limited by the
losses inside the setup. This was the first time it was done
with a Garching 30 m prototype with a suspended interferometer [7].

5 Noise from Laser Light
5.1 Frequency Noise
Frequency fluctuations of laser light produce a signal when
two light beams with different light paths superpose. The
light path in the two interferometer arms is normally quite
different, and therefore, the laser frequency has to be very
well stabilized. We did this in a series of approaches. The
best solution turned out to be a stabilization relative to the
total light path inside the interferometer. This is possible,
as the gravitational wave signal appears as a path difference between the two arms. Even more complicated was
the contribution of scattered light, as will be described in a
following chapter.

Optical Layout
of GEO600

5.2 Geometrical Noise of Laser Light
When operating our 3 m / 30 m prototypes, we were fairly
close to the theoretical limit of sensitivity, the so-called shotnoise limit, given by the statistics of laser light. But there
was a small contribution of extra noise, which we could not
understand at all for quite some time. Geometrical fluctuations of the laser beam eventually turned out to be the
source—totally unexpected and unknown at that time. To
measure beam fluctuations, we used two photodiodes and
sent half of the light to each diode. The difference between
the signals provided a measure of position fluctuations. Our
Ar-ion laser beam turned out to fluctuate in position by some
10-10 m / √Hz. A small misalignment of the beam splitter relative to the symmetry plane between the two arms coupled
these lateral motions of the laser beam into a path difference between the two arms and thus into the output signal.
To suppress these spurious signals, we invented a so-called
mode cleaner [5].
The basic idea is to describe geometrical fluctuations of the
laser beam, for instance, in position or orientation, as an
addition of fluctuating higher-order laser modes. The mode
cleaner is an optical resonator, resonant only for the fundamental laser mode. When sending the laser beam through
the resonator, only the fundamental mode is transmitted, and
higher-order modes are reflected. The transmitted beam is
therefore as quiet as the quietly suspended optical resonator. This optical resonator also eliminates other unwanted
light contributions. The mode cleaner is now standard in all
GW interferometers.

Interferometer
with

dual recycling
mode cleaner
laser
output
mode-cleaner
detector
Fig. 5: Simplified optical layout of GEO600

5.3.3 Squeezed States of Laser Light
The shot noise limit can be further improved by the use of
properly prepared laser light, the so-called squeezed states.
For this purpose, squeezed states are sent from the output
port into the interferometer. By proper superposition with the
main light, the shot noise at the output of the GEO600 detector could be reduced and the overall sensitivity enhanced
[8]. This technique is also going to be used in the other detectors.
5.4 Signal Recycling
For signals lasting longer than the round-trip time of the light
inside the interferometer, the signal can be enhanced by
sending it back into the interferometer. This concept was
proposed by Brian Meers from Glasgow. For that purpose, a
Fabry-Perot is formed by using the whole interferometer like
one mirror and an additional mirror at the output (see Fig.
5). The resonance frequency of this signal-recycling cavity
can be chosen by the position of the recycling mirror and the
signal enhancement by the transmission of that mirror. This
arrangement is very versatile but also fairly complicated. In
Garching, for the first time both recycling techniques have
been used simultaneously in a so-called dual-recycling setup with a suspended interferometer [9]. A particular technique to effectively extract the signal from the interferome-

5.3 Photon Statistics
5.3.1 Shot Noise
The signal of an interferometer increases proportional to
the number n of photons used whereas the statistical noise
goes only with √n. For a given light power, this defines the
shot-noise limit, a fundamental limit for the measurement. In
1985, our Garching 30 m interferometer reached the theoretical limit of the measurement, the first in the world to do
so.
To meet the demands for more powerful and extremely stable lasers, the GEO600 team therefore developed and operated such lasers by themselves [6]. Currently, all interfer16
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Scattered light is produced when light is reflected at nonperfect surfaces or passes through components with areas
of an inhomogenously distributed index of refraction. The
wavefront of the beam is deformed, and light deviates from
its ideal path. Thus, the laser beam is usually surrounded
by a sort of halo of light with decreasing intensity for an increasing angle of deviation. When scattered light finds its
way back into the main beam, it shifts the phase of the beam
and thus gives rise to an interferometer signal.
Two typical examples:
Scattered light hits the tube walls of the vacuum system, is
reflected onto a reflection spot of the main beam at the far
mirror, and is scattered back into the beam. Motions of the
tube walls thus couple into the interferometer signal. An example inside the delay line: The halo around the beam hits
the area of another reflection and is scattered back into the
beam reflected there. Again, there is a huge path difference
between two interfering beams, and frequency fluctuations
produce a signal. To suppress spurious signals introduced
by scattered light, continuous careful work is needed, for
instance, low scattering components and properly formed
baffles with high absorption and vacuum compatibility. A
comprehensive treatment of scattered light and relevant
problems around optical delay lines can be found in the PhD
thesis of Walter Winkler [12].

Fig. 6: Injecting squeezed vacuum

ter by particular modulation techniques was developed and
tested [10]. To match the dually recycled interferometer to
particular signal frequencies, the Garching 30 m prototype
was run in a properly detuned mode [11]. All these techniques have been installed in GEO600 and in the other detectors afterward.

Dual recycled
Fabry-Perot
Michelson Interferometer

ETM

5.5 Some Technical Problems
It is not possible to describe here the many conditions to be
fulfilled to run an interferometer for the observation of gravitational waves. Therefore, only a few problems found out
in Germany and techniques developed and implemented in
GEO600 and later on in other detectors are mentioned.

Arm Cavities
ITM

Laser

5.5.1 Scattered Light
Scattered light is one of the most critical noise sources for
very sensitive interferometers. We found it when experimenting with optical delay lines. First, we sent the laser
beam through a small antireflective coated area of the coupling mirror into the delay line. A small fraction of the beam
was still reflected and superposed with the output beam. The
two contributions had a huge path difference, and frequency
fluctuations of the light therefore modulated the phase of the
beam—and thus produced an output signal.

LIGO
BS

ITM
ETM

PRM

Signal
Recycling
Mirror
PD

Fig. 7: Advanced LIGO layout

Squeezed vacuum signals and noise

the so called squeezing, it is possible to reduce its uncertainty in phase by increasing the uncertainty in amplitude
– or vice versa. When superposing a particularly squeezed field with the illuminating laser beam, it is possible
to reduce the photon counting error in the output of the
interferometer, by increasing the noise due to fluctuating
radiation pressure onto the mirrors. The number of photons in the second input port is not important – in principle
there need not to be any photon at all. Therefore the light
entering the interferometer to reduce the photon counting
error is called squeezed vacuum.

For a quantum-mechanically correct description of an
interferometer, one has to consider the superposition of
two electromagnetic fields: the illuminating laser mode
and the same mode entering the interferometer from the
output port (Fig.6). The second mode usually contains no
photon, but there is the ground state with energy content
of ħω/2. In a simplified consideration there are two degrees of freedom of the field in question: amplitude and
phase. By a specific preparation of the second input field,
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5.5.2 Thermal Effects in Optical Components
In the present detectors, the light power impinging onto the
mirrors approaches 1 MW. Even tiny amounts of absorption
cause huge effects by local heating of the components. The
wavefront of the light beam is then deformed by reflection at
a deformed surface or by thermal lensing when transmitted
through some local inhomogeneously heated component
[13]. To compensate such distortions, thermally adaptive
optics has been developed and implemented in GEO600
[14].

[3] H. Billing and W. Winkler "The Munich Gravitational-Wave Detector" Il
Nuovo Cimento, 33 B, 2, 665 – 680, 11 Giugno 1976
[4] H. Billing, P. Kafka, K. Maischberger, F. Meyer and W. Winkler "Results
of the Munich-Frascati Gravitational-Wave Experiment" Lettere al Nuovo
Cimento 12, 4, 111 – 116, 25 Gennaio 1975
[5] A. Rüdiger, R. Schilling, L. Schnupp, W. Winkler, H. Billing and K.
Maischberger "A mode selector to suppress fluctuations in laser beam geometry" OPTICA ACTA, 28, 5, 641 – 658, 1981
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Lett. 31, 2000-2002, 2006
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Schrempel, W. Winkler, K. Danzmann "Power recycling in the Garching 30
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225, 210 – 216, 1997
[8] H. Grote, K. Danzmann, K. L. Dooley, R. Schnabel, J. Slutsky, and H.
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[10] J. Mizuno, K. A. Strain, P. G. Nelson, J. M. Chen, R. Schilling, A. Rüdiger, W. Winkler and K. Danzmann "Resonant sideband extraction: a new
configuration for interferometric gravitational wave detectors" Phys. Lett. A
175, 273 – 276, 1993
[11] A. Freise, G. Heinzel, K. A. Strain, J. Mizuno, K. D. Skeldon, H. Lück,
B. Willke, R. Schilling, A. Rüdiger, W. Winkler and K. Danzmann "First realization of detuned Dual Recycling" Phys. Lett. A 277, 135, 2000
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[13] W. Winkler, K. Danzmann, A. Rüdiger, and R. Schilling "Heating by optical absorption and the performance of interferometric gravitational-wave
detectors" Phys. Rev. A 44, 7022 – 7036, 1991
[14] H. Lück, K. O. Müller, P. Aufmuth, K. Danzmann "Correction of wavefront distortions by means of thermally adaptive optics" Optics Communications 175, 275-287, 2000
[15] H. Lück, A. Freise, S. Gossler, S. Hild, K. Kawabe and K. Danzmann
"Thermal correction of the radii of curvature of mirrors for GEO 600", Classical and Quantum Gravity 21, 985, 2004
[16] H. Grote et. al. "The status of GEO600“, Classical and Quantum Gravity 22, 10, 2005
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Sometimes the shape of the surface of optical components
needs to be corrected in different respects like radius of
curvature or particular local deformations. To do so, the
wave-front of a reflected laser beam is properly adjusted
be measuring its deviation from a given reference, and locally heating the surface of the reflecting mirror in a fine
grid of points [15]. This procedure has been implemented in
GEO600 It is very versatile and can deal with most relevant
imperfections.
5.5.3 Lock Acquisition
A huge number of servo systems is necessary to bring the
interferometer to a particular point of operation and keep it
there. The complicated technique is described in more detail in [16]. Wavefront sensing has been used in GEO600 to
automatically align the interferometer and keep it at its point
of operation [17]. As for electrostatic actuators, some feedback force needs to be applied to the interferometer mirrors
to keep the interferometer at its point of operation. Magnets
or other components attached to the mirrors spoil the mechanical quality factor of the substrate and couple to spurious electromagnetic fields. Applying forces electrostatically
has been proven to be the most gentle procedure.
6 The Future
The observation of gravitational waves has started a fascinating new area of fundamental research, widening our
knowledge about the world. We can look closer into the development of our universe, back to the big bang. To arrive
there, many contributions from different sides have been
necessary, especially those from the members of GEO600.
To increase the sensitivity of the detectors, research is ongoing in many fields—more laser power, improvement of
the light recycling techniques, the use of squeezed states
of laser light, new materials for the optical components or
cooling the components to reduce thermal noise. We live in
an exciting time!

Walter Winkler started in
1971 at the Max-Planck
Institute for Astrophysics
to construct and operate
a Weber bar detector and
afterwards a prototype interferometric detector for
gravitational waves. He
continued this research at
the Max-Planck Institute
for Quantum Optics and
eventually at the MaxPlanck Institute for Gravitational Physics. He was significally involved in designing and constructing GEO600. He was for a long time
member of the LISA study team and of the Scientific
and Technical Advisory Committee for VIRGO.
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History of Physics (20)
What states are: an appraisal from recent history
Jan Lacki, Uni Genève
In both views however, the state is something proper to the
system which is independent of and predates any theory.

There has been recently a discussion among some SPS
board members about the inclusion of philosophical matters in the activities of the "History of Physics" section. This
seems sensible: did not an important 20th century historian
and philosopher of science, Norwood Russell Hanson, once
state: "Philosophy of Science without History of Science is
empty, History of Science without Philosophy of Science is
blind"? 1 I fully agree with this statement which characterizes
perfectly my own approach to historical research. Now, the
Board discussion is not yet over as many issues have to be
clarified, to start with exactly what kind of "philosophy" does
one want to consider (one devoted to strictly epistemological issues, or one aiming more at social matters), and how
it should concretely affect the activities of the HoP section.
The answers will very much depend on the future section
leader who will take over my duties after the next General
Assembly. In meanwhile let me take the opportunity of this
interest in philosophy to deal in this article with a too often
overlooked matter, one however that at second sight is highly non trivial and definitely philosophical. I want to deal with
the notion of "physical state".

Whatever one's view on what states ultimately are, when the
theory incorporates them, it provides mathematical characterizations/representations of the latter so as to enable predictions about distributions of values upon measurements
(in these states). Such representations can be complete or
partial, according to the (supposed) degree of perfection of
the theory. Most readers will at this point think of the situation we know in quantum mechanics where there is an ongoing debate on its interpretation. Is it a complete account
of reality and its wave functions a complete representation
of states? Quantum mechanics illustrates indeed strikingly and fiercefully the issues related to the concept of state.
Let me then consider the history of quantum mechanics and
how it ended up giving an explicit procedure to identify in a
theory (not necessarily a quantum one), what its states are.
We shall start our historical-philosophical investigation with
Bohr's theory of the Hydrogen atom. As is well known, Bohr
proposed in 1913 to quantize the orbits available to the electron in terms of an integer quantum number x which enabled him to derive the wave lengths of the Balmer series
of spectral lines 3. To cope with the problem of electromagnetic energy radiated by the orbiting electron and leading
to the instability and eventual destruction of the atom, Bohr
flatly postulated that such a process was not taking place
as long as the electron was on one of the allowed orbits.
The notion of stationary state emerged this way. Now, at
the time, the stationary states are conceptually not yet the
quantum states we are used to. They are rather stationary
processes with paradoxical mechanical and electromagnetical properties. This is also true of generalisations of Bohr's
quantization to more complex orbits or complex atoms (the
old quantum theory). One will have to wait for the rise of a
genuine quantum mechanics to see progress on the road to
quantum states.

Now, when studying physics, one rarely meets an explicit
definition of what a state is. In many ways, the concept of
state of a physical system is very close to what in mathematics is called a "primitive notion". Such a notion is not
defined with the help of an explicit definition but receives its
meaning from the way it is put into work in postulates (because of this, the latter are often considered as being just
implicit definitions) and propositions making a given theory.
We take the notion of state as granted, intuitively clear, but
a little thinking shows that without an (explicit or implicit)
definition or at least a clarification, its meaning may remain
obscure and/or worse, it may even verge on metaphysics.
As a one-liner to guide our investigation, it is useful to recall
the rather intriguing statement that Einstein once made objecting to Heisenberg on what is observable about atomic
systems. Going against the positivistic stand of Heisenberg,
Einstein declared that it is the theory which decides what
can be observed 2. Well, I shall argue that in many ways the
same could be said of states: the theory decides what the
states are. This view is rather orthogonal to the more ontological stand which considers the state as a characterisation of "this something" in the system which accounts for the
properties it has. A much less ontologically loaded position
would hold that "state" is merely a short for designing collectively the set of the properties of the system at a given time.

And here comes a surprise. The advent of matrix mechanics
in the second half of 1925 provided the first form of genuine quantum mechanics and a newcomer to the history of
quantum theory could at this point expect that the notion of
quantum state came at the same time. This is not the case,
quite the contrary. Matrix mechanics according to its founding fathers, Heisenberg, Born and Jordan, is a formalism
where each physical observable is associated to an array
of coefficients. It was Born who recognized, shortly after
Heisenberg's breakthrough, that these arrays were obeying
the algebraic rules of matrices, starting a process of systematization of Heisenberg's initial results which ended up
in a joint paper together with his assistant Jordan and Heisenberg entitled "On quantum mechanics II" 4. The matrix

1 Another 20th century major philosopher of science, Imre Lakatos, made the
same declaration. See N. R. Hanson, "The Irrelevance of History of Science
to Philosophy of Science", The Journal of Philosophy, vol. 59 (1962), 574–86;
also Imre Lakatos, "History of Science and Its Rational Reconstructions", in
Boston Studies in the Philosophy of Science, vol. viii, pp. 91–108. Engrossing
discussions are to be found in Mauskopf, Seymour & Schmaltz, Tad (Eds.). Integrating History and Philosophy of Science: Problems and Prospects, Boston
Studies in the Philosophy and History of Science, 2012, Springer.

3 See my articles in the SPG Mitteilungen Nr. 40 (July 2013) p. 52. and
Nr. 41 (November 2013), p. 28, for details.

2 Heisenberg was putting the observables (frequencies and intensities
of spectral lines) at the heart of his new matrix mechanics. The exchange
occured during Heisenberg's lecture in Berlin in 1926.

4 "On quantum mechanics II", Zeit. f. Phys., vol. 35 (1926), pp. 557615. It was a sequel to a first paper by Born and Jordan "On quantum
mechanics", Zeit. f. Phys., vol. 34 (1925), pp. 858-855, which contained
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mechanics formalism explained in the paper and the rules
to put it to work are deceptively similar to what any student
of present day quantum mechanics learns. Indeed, any
observable A corresponds to a matrix A the coefficients of
which carry physical information (transition amplitudes). The
dynamical equation is

pretation is in a sense still "classical" and conceptually way
different from Hilbert space states. Schrödinger's interpretation met with a fierce rebuttal from various tenants of the orthodox line, most of the founding fathers of matrix mechanics, not to mention Bohr himself. The arguments against
Schrödinger's view are well known 6, so let me pass to the
question of quantum states in Schrödinger's theory. Even
those who at the time did not accept the latter's undulatory
matter hypothesis quickly converted to the practical use of
his equation, easier to handle and much more mathematically familiar than the awkward matrix algebra. How did they
view }? Before Born interpreted it as a probability amplitude (autumn 1926), it did not have a specific meaning and
was something of a dummy quantity. The (stationary) wave
equation served mainly to compute energy eigenvalues, so
that the intrinsic meaning of its solutions could be put aside.
And, last but not least, neither Schrödinger nor the orthodox
people using wave equations were thinking of } as something being acted upon (save for differential operators, see
below). This remark is important, because with hindsight,
we understand that } is what Heisenberg matrices, viewed
as operators, are acting upon. But this understanding was
reached only at the end of 1926, after months of a deep
conceptual effort prompted by the need to understand the
equivalence of matrix and wave mechanics in spite of their
radically different mathematical apparatuses. Before I elaborate on this, let me sum up the situation as of early 1926.
There are no states in matrix mechanics, but one has matrices albeit not yet interpreted as operators. There are wave
functions in wave mechanics but they are not acted upon
save for differential operators associated to the Hamiltonian,
and one does not think of them as candidates for (vector)
variables in matrix operations.

dA = i 6H, A@
dt
and it can be trivially solved provided the Hamiltonian matrix
H is in diagonal form. One finds then on the diagonal the
energies of the stationary states and the time dependence
of the matrix elements of A.
I said that the similarity of Heisenberg's matrix mechanics
with present day quantum mechanics was deceptive. Indeed, there is a major difference of our views with the early
understanding of the pioneers of matrix mechanics on what,
mathematically speaking, the matrices really are. They recognized the arrays of numbers as matrices only insofar the
latter obeyed the algebraic rules of the kind. But these arrays were, in the founding fathers minds, totally deprived of
any status of operators acting in a linear space, mapping
vectors on vectors. Accordingly, there are no states in matrix
mechanics: the matrices are not "acting" on anything, there
are no columns of coefficients which could be considered as
the mathematical representatives of a quantum state. How
is this so ? One has to realize that the so-called "intrinsic
view" on linear algebra objects such as matrices, column
vectors, etc. was then quite exotic, even among professional mathematicians. The view that these are merely coordinate expressions of intrinsic objects in a linear space was
rare and certainly almost unknown among physicists which
had already a hard time just to cope with the algebraic manipulations of (infinite) matrices. We then understand where
does the so-called "Heisenberg picture" come from. Only
that in the early months of matrix mechanics, these "representation" did not result from a choice to make observables evolve in time instead of states, because there was no
choice as there were simply no states in the theory.

preliminary results.

I was slightly inexact when I stated that the eigenfunctions
of the wave equation were of no direct use. Indeed, as early
as spring 1926, Schödinger explicitely constructed Heisenberg's matrices out of the solutions to his wave equation.
He showed this by computing what we today call the matrix
elements of the differential operator corresponding to the
observable. The reader should be careful here: in spite of a
procedure which is totally coherent with our contemporary
view on what quantum mechanics is, Schrödinger's differential operators were not thought as a different "representation" of observables (i.e. different from their matrix form).
Moreover, Schrödinger phrased his construction so as to
suggest that his wave mechanics was more fundamental
than Heisenberg's (the rivalry between wave and matrix formalisms was then rather fierce!). Starting with Schrödinger's
proof the problem of clarifying the equivalence of wave and
matrix mechanics using so different formalisms became important. But this was not the only pressing theoretical problem. A very important and crucial one for the development
of the theory was to understand the analogue of classical
canonical transformations as this was the key to express
the same quantum problem in different sets of coordinates.
Without going into details, let me explain the problem in following terms. Consider a system whose dynamics are expressed classically with the help of a Hamiltonian H(pi,qi),
where the qi are the generalized coordinates and pi the momenta. The quantization procedure consisted in replacing

5 This analogy has a long history going back to the investigations of
Hamilton on the similarities between Fermat and Least Action principles
which lead him to the formulation of Hamiltonian mechanics.

6 First of all, the wave function is defined over the configuration space of
the system and not over 3d-space (save for the one particle case).

Was Schrödinger's wave mechanics more successful at
identifying/representing states? As is well known, shortly
after the publishing of the joint paper by Born, Jordan and
Heisenberg, Erwin Schrödinger released a tetralogy of papers explaining an alternative quantum formalism based on
the use of partial differential equations. He introduced first
the stationary equation and then the time-dependent one,
but in both cases his underlying physical picture was that of
an ultimately undulatory matter which shows its true nature
only at the atomic scale, while it can be successfully approximated in terms of corpuscles and definite trajectories at the
macroscopic one. The analogy with ray optics approximating, when diffraction and interference can be neglected, the
wave theory of light was the rationale behind Schrödinger's
views 5. Accordingly, the square modulus of the solution of
the wave equation } describes the distribution of (charged)
matter over space. One can consider that in this wave matter view } relates to the "state" of the electron provided all
the latter's properties can be derived from it, but this inter-
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qi and pi with matrices obeying canonical commutation relations qi " qti , pi " pti , pti qtj - qtj pti = - i'd ij . Then,as already
stated, the dynamical problem was solved once one could
diagonalize the resulting Hamiltonian matrix Ht (pti , qti ) . Now,
classically, one knows how to describe the same system
with different choices of coordinates: one uses a canonical
transformation which, for a change of coordinates

book, Mathematische Grundlagen der Quantenmechanik
published in 1932.
The transition to von Neumann's contribution to quantum
mechanics is purposeful. In his book, von Neumann not only
developed a full-fledged theory of self-adjoint unbounded
operators in a Hilbert space which is exactly what is needed
to deal with the Hamiltonian operators and the associated
wave equation (spectral theory), but he also ventured into
some considerations on the consistency and completeness
of quantum mechanics and on the measurement process.
In chapter four, one finds in particular von Neumann's celebrated and hotly debated "proof" of the non-existence of
hidden variables. The nature of the proof, its meaning and
its failure are extensively discussed in the historical and
philosophical literature and need not be considered here in
full detail 11. But, in this context, von Neumann proposed an
illuminating analysis of how one should understand states
and we shall now focus on this.

qi " Q j (pi , qi ) ; pi " Pj (pi , qi ) ,
enables to obtain a new Hamiltonian K (Pj,Qj). Now, a haunting question in the first months of quantum mechanics was
the following: if one goes through the quantization procedure for both Hamiltonians H and K, and then computes the
spectra of the resulting operators, the eigenvalues better be
the same (we are describing the same quantum system).
But what secures mathematically this equality? Are there
conditions on the classical canonically related Hamiltonians
so that their quantized forms have same spectra of eigenvalues ? A kind of quantum analogue of a classical canonical transformation was needed.

Chapter four of von Neuman's book considers the problem
of the probabilistic nature of the predictions obtainable from
quantum mechanics. Von Neumann assumed first the formalism together with the usual rules for using operators and
vectors in some Hilbert space. In this context he generalized
Born's probability-of-presence interpretation of the wave
function for operators R1,..., Rl associated to a given set of
"quantities" (observables) 12 (p. 200-1):

I have no place here to go into the details of the various,
sometimes surprising answers this question rose 7, so let me
just explain what this questioning ended in. In a beautiful paper "Winkelvariable und kanonische Transformationene in
Undulationsmechanik" 8, Fritz London was the first to reach
the remarkable conclusion that Schrödinger wave functions
were the objects on which acted (loosely speaking) the matrices of Heisenberg. London's insight was crucial as it triggered the understanding that quantum mechanics involved
some operator calculus in a linear space. This made London
the pioneer of what was soon called "transformation theory",
as developed by Jordan and especially by Dirac by the end
of 1926 9. Basically, this is already quantum mechanics as
we learn it today, where the wave function is understood
roughly as providing the (continuous) state coordinates corresponding to the (Hilbert space) "basis" of position eigenfunctions which the following identity clearly shows
} (x) =

Proposition 1 (P) 13:
The probability that in a state z the quantities with the
operators R1,..., Rl take on values from the respective
intervals I1,..., Il is
2
E1 (I1) E2 (I2) ...El (Il ) z
where E1(m), ..,El(m) are the resolutions of the identity
belonging to R1,..., Rl respectively.
The spectral "resolution of the identity" for Ri yields operators Ei(Ii) which are roughly projection operators on the
subspace corresponding to eigenvalues of Ri in the interval
Ii:This result is valid only in the case where the quantities
R1, R2,..., Rl are commuting, so that the product E1(I1)E2(I2)...
El(Il) is a projection and the probability becomes then:

# } (y) d (y - x) dy

Because of its use of delta-functions and their derivatives,
this formulation is mathematically ill-defined 10, but it was
good enough for physicists' needs and made the success of
Dirac's bra-ket formalism. But the concept of quantum state
was not yet sufficiently (I mean physically) clarified.

E1 (I1) E2 (I2) ...El (Il ) z

= E1 (I1) E2 (I2) ...El (Il ) z, z

where the bracket ..., ... is the inner product in the Hilbert
space. Von Neumann showed next that the statement P can
be obtained from two assumptions of simpler form. The first
is (p. 203):

Just a couple of months after Dirac-Jordan transformation theory Johann von Neumann revisited the topic and
explained the equivalence between matrix and wave mechanics with full mathematical rigor. To do so, he defined
the concept of abstract Hilbert space and showed that the
deep reason of the equivalence between matrix and wave
mechanics was that the latter were just two isomorphic realizations of the same abstract structure. He explained all
this in very clear terms in the introduction to his celebrated

Proposition 2 (E2)
For the expectation value of [a physical quantity] R,
[corresponding to an operator R] in the state z; we have
Exp (R; z) = Rz, z ,
11 See Max Jammer's The Philosophy of Quantum Mechanics, 1974,
for a general discussion. See also my paper "The early axiomatisation of
quantum mechanics: Jordan, von Neumann and the continuation of Hilbert's
program", Archive for History of Exact Sciences, vol. 54 (2000), 279-318.

7 For details, see my paper "The puzzle of canonical transformations
in early quantum mechanics", Studies in the History and Philosophy of
Moderns Physics, vol. 35 (2004), pp. 317-344. Today we understand that
this analogue is a unitary transformation in the Hilbert state space.

12 I am quoting from the English translation of his book published in
1955 with the title Mathematical Foundations of Quantum Mechanics. I
have changed sometimes von Neumann's notations. Also, I tend to use
loosely "observable" for von Neumann's "quantity".

8 Zeit. f. Phys., vol. 40 (1926), 193-210.
9 For context and details, see my paper "The puzzle..." cited in 7.
10 Unless one develops a full-fledged theory of delta-functions and
derivatives in terms of distributions.
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13 The letter in parantheses corresponds to von Neumann's original
labeling. See sections II.5-II.9 of von Neumann's book.
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and (p. 206)

distribution function does not consist of a single value
a0, but that several values or intervals of values are possible, and that a positive dispersion exists.

Proposition 3 (F)
If the quantity R has the operator R, then the quantity
f(R) must have the operator f(R) [where f is an arbitrary
function].

The lack of a sharp value (i.e. the presence of dispersion)
can a priori be traced to the two following reasons . According to the first, the dispersion is the result of the inhomogeneity of the ensemble, i.e.

According to von Neumann, these two assumptions can be
considered "as the foundations on which the entire theory is built". They make manifest the departure with respect
to classical determinism, because, as von Neumann points
out, "P is statistical, and not causal, i.e., it does not tell us
what values R1, R2, ...Rk have in the state z, but only with
what probability they take on all possible values", under the
proviso that the observables are mutually compatible: "The
problem of P cannot be answered for arbitrary quantities
R1, R2, ...Rk but only for those whose operators R1, R2, ...Rk
commute with one another" (p. 206).

"The individual systems S1,...,SN of our ensemble [are]
in different states [my emphasis] so that the ensemble
{S1,...,SN} is defined by their relative frequencies. [...] we
do not know in which state we are measuring, and therefore we cannot predict the results".
The other possibility is that
"All individual systems S1,...,SN are in the same state,
but the laws of nature are not causal. Then the cause of
the dispersions is [...] nature itself, which has disregarded the 'principle of sufficient cause'" (p. 302).

Comparing classical determinism against the probabilistic
character of P, von Neumann introduced then the hidden
variables hypothesis (p. 209):

We have reached the desired characterization of states. Under the assumption of determinism, systems reacting in an
identical way to all possible measurements are by definition
declared to be in the same state. If there is dispersion for a
given observable, it has to be necessarily attributed the an
inhomogeneity of the ensemble. When causality is, on the
other hand, not warranted, different responses to measurements may still be compatible with the identity of the states
making the ensemble. Those rejecting this possibility on the
ground that a different reaction to the same measurement
denotes by definition a difference in measured states must
then assume, in the case of quantum mechanics, that the
wave function description is not complete and that "other
variables must exist, 'the hidden parameters' [...]" (p. 303).

If we want to explain the non-causal character of the
connection between z and the values of the physical
quantities following the pattern of classical mechanics,
then this interpretation is clearly the proper one: In reality, z does not determine the state exactly. In order to
know this state absolutely, additional numerical data are
necessary. That is, the system has other characteristics
or coordinates in addition to z. If we were to know all
of these, then we could give the values of all physical
quantities exactly and with certainty. On the other hand,
with the use of z alone, just as in classical mechanics
when only some of the q1,q2,...,qk,p1,p2,...,pk are known,
only statistical pronouncements are possible. [...].
It is customary to call these hypothetical additional coordinates "hidden parameters". [...].
We shall show later [...] that an introduction of hidden
parameters is certainly not possible without a basic
change in the present theory.

Von Neumann's characterization of states lets one conceive
a practical procedure where more and more homogeneous sub-ensembles are obtained using measurements as
sieves (filters). But in quantum situations there is a fundamental obstacle because one measurement can undo what
the preceding has enabled to achieve: "A possibility [...] of
resolving [the ensemble] into several differently constituted
parts (according to the various states of its elements) [with
respect] to the various values which R has in the ensemble"
(p. 303) cannot be realized because it necessitates that the
partial stages of this resolving procedure have to be preserved under further manipulation and this is not warranted
since the peculiarities of the quantum measurements are
such that any measurement changes (disturbs) the measured system. Thus (p. 305),

Let us pause for a moment. As we see, the physical concept of state in the lines above is primitive and only its representation in terms of a vector in the Hilbert space is given.
But in the sequel, von Neumann does provide an explicit
physical characterization of what states are.
To do so, he considers, after R. von Mises 14, the so-called
"collectives" or "ensembles" composed of many identical
systems Si on which one will measure various quantities R.
On such ensembles S = {S1, S2, ...SN} (p. 298),
we do not measure the "value" of a quantity R but its
distribution of values: i.e., for each interval a' < a < a''
(a', a'' given, a' < a'') the number of those among the
S1,...,SN for which the value of R lies in the interval – dividing this number by N we obtain the probability function w(a', a'') = w(a'') - w(a').

we have no method which would make it always possible to resolve further the dispersing ensembles (without a change of their elements) or to penetrate to those
homogeneous ensembles which no longer have dispersion.
This situation is for instance well illustrated in the case of
the values of the spin projections on orthogonal axes using
successive measurements with the help of Stern-Gerlach
apparatuses.

Now (p. 301):
For such ensembles, it is not surprising that a physical
quantity R does not have a sharp value, i.e., that its
14 As a reference, von Neumann cited von Mises book Wahrscheinlichkeit,
Statistik und ihre Wahrheit, von Mises 1928.
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But one can at this point consider a theoretical version of
sieves. Indeed, argues von Neumann, there remains the
(purely) theoretical possibility where one could assume, if
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only in principle, that it is possible to represent each ensemble in which there is a quantity R with dispersion by
the mixture of two (or more) ensembles different from one
another and from it. In terms of the distribution function w(a)
this reads (p. 306):

versely, completely characterizes the ensemble in all its
statistical properties. [...] Of course we must still find out
which properties an R-function must possess in order to
be the Exp(R) of a suitable ensemble.
Exp functions provide an equivalent means to study the
question of the homogeneity of the ensembles (p. 306):

If [the ensemble] {S1,...,SN} were the mixture (sum) of
" S1l, f, SPl , and " S1m, f, SQm , , the probability function
wR(a) for each quantity R could be expressed with the
aid of the probability functions wRl (a) , wRm (a) of the two
subensembles,

An ensemble is dispersion free if in it, for each R,
Exp ((R - Exp (R)) 2) = Exp (R 2) - (Exp (R)) 2
is equal to zero, i.e.,
Exp (R 2) = (Exp (R)) 2
If this is not the case, is it always possible to find other
ensembles with Exp'(R), Exp''(R); Exp(R) ≠ Exp'(R) ≠
Exp''(R), such that

wR (a) = awRl (a) + bwRm (a) , a > 0, b > 0, a + b = 1. (M1)
where a = P/N; b = Q/N; (N = P + Q) are independent
of R.
This gives rise to the following theoretical problem (p. 306):

Exp (R) = aExp l (R) + bExp m (R),
a > 0, b > 0, a + b = 1

If in an ensemble with the probability functions wR(a)
there exist quantities R with dispersion 15 [...] are there
two other ensembles with the probability functions
wRl (a) and wRm (a) respectively, such that for all R, [the
equality] (M1) holds ?

always holds (a, b-independent of R)?
In order to characterize further the Exp functions, von Neumann postulated after much considerations (see p. 308) the
following requirements 16:

Even if we cannot practically resolve ensembles with dispersion into homogeneous subensembles to identify states as
what the systems in such subensembles have in common,
we can do so provided we have a theory. Indeed, we can
study the above question for probability functions wR(a). To
do so, we have first to identify what such functions mathematically are, we have to define the class of functions which
can be considered as wR(a) functions for some ensemble:
this is where a theory yielding information on measurement
results on the systems considered is needed.

1. For a finite or infinite number of quantities a, b, c ...,
and real numbers a, b, c,... (the sum of which converges) one has
Exp (aa + bb + cc + ...)
.
= aExp (a) + bExp (b) + cExp (c) + ...
2. For a quantity a which takes no negative values, one
has
Exp (a) F 0
Von Neumann reexpressed as well the conditions of no dispersion and homogeneity (p. 312):

In the case when the theory provides us from the start with a
definition of what the mathematical representatives of states
are such a construction is superfluous, but think of a theory
where only the information on measurements is provided,
a theory which does not deal a priori with states (such is
the case of matrix mechanics!). In such a situation we shall
nonetheless be able to define what states are in terms of a
correspondance with wR-functions which cannot be written
further as linear combinations (M1). Now, this is just what I
alluded to in the beginning: the theory decides what states
are!

- An R-function which is an Exp(R) is said to be dispersion-free if Exp(1) ≠ 0 and is finite, so that we can
assume Exp(1) = 1; then Exp(R2) = [Exp(R)]2 is characteristic.
- An R-function which is an Exp(R) is said to be homogeneous or pure if, [when Exp (R) = Exp l (R) + Exp m (R) ],
one has
Exp l (R) = c l Exp (R), Exp m (R) = c m Exp (R)
as a consequence (where c', c'' are constants, c' + c'' =
1 and c' > 0, c'' > 0).

Let us see how it works in von Neumann's case. It turns out
that it is mathematically more convenient to study, instead
of probability functions wR, the associated expectation value
function Exp defined over quantities R:

The definitions above are yet general. In order to consider
the statistics of quantities within a specific theory, one must
"[know] the physical quantities [...] as well as the functional
relations existing among them". In the quantum case one
assumes that each physical quantity of a system defines a
unique Hermitian operator. Von Neumann assumed furthermore that this correspondence is one-to-one, and that the
following rules hold:

Exp (R) = / (wR (ai ) - wR (ai - 1)) ai
i

Reciprocally, it is easy to see that the knowledge of Exp
for all observables enables to reconstruct all the probability
functions wR. Hence (p. 307):

I: Let A, B, ... (a finite or infinite number of them) and aA
+ bB + ... be [Hermitian] operators. If A, B ,... represent
the quantities A, B, ..., then aA + bB + ... represents the
quantity aA + bB + ...
II: For a [Hermitian] operator A and a real-valued function f(x) defined for all real values x, if A represents the
quantity A, then f(A) represents the quantity f(A).

To each ensemble there belongs one such [Exp] function which is defined for all physical quantities R [...] and
which takes on real numbers as values, and which, con15 That a physical quantity R has a sharp value a0 corresponds to the
probability function wR(a) with
= 1, for a ≥ a0
3,
wR (a) )
= 0, for a < a0
footnote p. 301.

(1)
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16 These postulates were obtained already in an earlier paper which
contains much of the material used in chapter IV of the book.
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pear at first sight, it proved retrospectively "Hilbert space
theory laden" in the sense that states other than the usual
quantum ones represented by Hilbert space rays were ruled
out ab initio. Soon after the publication of von Neumann's
book and since then various authors expressed recurrently
their worry about a possible circularity in von Neumann's
proof 18. The situation was exposed very clearly in a paper of
John Bell 19 where the latter observed that condition

Von Neumann considered that these two conditions are
quite plausible and need no further discussion. He could
then readily show that (for any quantity R) one has:
Exp(R) = Tr(UR),
where the Hermitian operator U does not depend on R and
is entirely determined by the function Exp, i.e. the ensemble
one considers. The functions Exp associated to the various
ensembles, and hence the ensembles themselves, can then
be classified according to the corresponding U operators.
Von Neumann called those operators "statistical" 17. Now,
the states correspond (one-to-one) to ensembles which are
homogeneous, ensembles which cannot be further decomposed as mixtures of subensembles. Which statistical operators (which ensembles) correspond to such cases? It turns
out that they correspond to statistical operators U = Pz, with
Pz a projection operator on the subspace generated by z, a
(unit norm) vector in the Hilbert space. We have recovered
and justified in this way the basic postulate of the quantum
mechanics formalism: states are described by vectors of the
Hilbert space.

Exp(R + S) = Exp(R) + Exp(S)
is ruling out dispersion-free states because, if one assumes
that the sole values obtained during measurement can only
be eigenvalues of operators, so that (over dispersion free
states) Exp(R + S), Exp(R), Exp(S) correspond to eigenvalues, then the condition above claims that the eigenvalues of a sum R + S are the sum of eigenvalues of R and S
which is mathematically false. However (remarkably!), on a
standard quantum mechanical state (Hilbert space vector)
{, the condition is true because of the linearity of the inner
product:
Exp (R + S) = (R + S) {, { = R{, { + S{, {
/ Exp (R) + Exp (S)

What is odd about quantum mechanics is that even in the
case of homogeneous ensembles (all the members of the
ensemble are in the same "state"), there is dispersion at
least for one observable. Von Neumann showed actually
that there are no dispersion-free non-trivial ensembles: the
condition of non-dispersion for any R,

Von Neumann's proof triggered a considerable debate, especially between those trying to improve the original proof
and those who considered it deeply irrelevant. The tenants of the orthodox interpretation of quantum mechanics
defending that the theory yields a complete description of
physical reality were happy enough with it or its avatars.
Others, on the contrary, were reassured to learn that von
Neumann result was not ruling out hidden variables in absolute terms 20. Their views went vindicated when David Bohm
proposed (1952) his celebrated re-interpretation of quantum
mechanics in terms of hidden variables. Be it as it may, it
is plain that beyond this debate, von Neumann's proof was
instrumental in triggering a new stage of the axiomatization
of quantum mechanics. Indeed, the necessity to understand
properly the proof's shortcomings and the possible ways to
improve its scope is at the roots of the majority of further developments going well into our present time 21. All this goes
much beyond the primary aim of my paper. I wanted to show
how the concept of state needs much clarification before
one can consider it sound and precise, and how this implies
to put to work the physical theory pertaining to systems one
whishes to describe. States do not come a priori, they are
not directly measureable, only observables are, and one
needs a theory to single them out.

Exp(R2) = Tr(UR2) = Exp(R)2 = Tr(UR)2
has as sole solutions U = 0 and U = 1, but the first corresponds to a trivial ensemble and the second to a non-normalizable case and anyway leading to dispersion. This is
why von Neumann concluded (p. 323):
Hence, within the limits of our conditions, the decision is
made and it is against causality; because all ensembles
have dispersions, even the homogeneous [...]
It should be noted that we need not go any further into
the mechanism of the "hidden parameters", since we
now know that the established results of quantum mechanics can never be re-derived with their help. In fact,
we have even ascertained that it is impossible that the
same physical quantities exist with the same function
connections, if other variables (i.e., "hidden parameters") should exist in addition to the wave functions. Nor
would it help if there existed other, as yet undiscovered
physical quantities, in addition to those represented by
the operators in quantum mechanics, because the relations assumed by quantum mechanics (i.e., I, II) would
have to fail already for the by now known quantities,
those that we discussed above. It is therefore not, as is
often assumed, a question of a re-interpretation of quantum mechanics, – the present system of quantum mechanics would have to be objectively false, in order that
another description of the elementary processes than
the statistical one be possible.

18 For an account see Jammer 1974 quoted above, and the more recent
one by James Cushing, Quantum Mechanics: Historical Contingency and
the Copenhagen Hegemony, Chicago, 1994
19 "On the Problem of Hidden Variables in Quantum Mechanics", Rev.
Mod. Phys., vol. 1966), pp. 447-452.
20 A close look at von Neumann's proof shows that what he actually
proved was a kind of incompatibility of hidden variables with the Hilbert
space formalism of quantum mechanics: the last quote above makes this
clear.

For completeness, let's point out that however "natural" von
Neumann's choice of postulates for Exp functions might ap-

21 It is worth quoting the work of Jauch and Piron who developped (1963)
an algebraic, lattice-theoretical, approach to the axiomatization of quantum
mechanics with the help of which they claimed to obtain a circularity-free
no-hidden variables proof. This was the beginning of the so-called "Geneva
School" in quantum mechanics.

17 One nowadays prefers the term "density matrix".

24

Communications de la SSP No. 54

Energy Highway, revisited
be ignored, forces us to seek urgently low-carbon solutions.
And finally, the problems with the current nuclear power
concept must be tackled, which are the possible release
of radioactive isotopes, the politically apparently insoluble
handling of long-lived radioactive waste, and the production
of weapons-grade plutonium. Especially this last point must
be of great concern when today politicians publicly boast
about having the bigger 'red button' at their disposal.
The following article describes thorium breeding as a contribution to redefine nuclear power technology. It is not new,
but it promises significant benefits over traditional uranium
reactors. It has not been seriously promoted over the decades, as it can’t provide the big national defense departments with material ready for nuclear weapons.
In the first part, our author describes the physics of thorium
breeding and its remarkable advantages from a first-hand
account, while in the second part (to be published in the
SPG Mitteilungen Nr. 55) he recalls a method first proposed
by Carlo Rubbia (CERN), using external neutron injection to
control reliably the breeding process. Thorium technology
also provides a solution to the unsolved problem of storing
long-term isotopes by transmuting them to short-lived isotopes. These can then be handled safely, without burdening
future generations.

For decades, the question of a long-term energy solution has
often been driven by ideology rather than based on physical
arguments. Each contestant praised their own advantages
while demonizing the disadvantages of the others, thus inhibiting bundling methods to an optimum solution. There is
no doubt that the existing nuclear power plants are based
on aged technology, and that without adequate storage capacity, renewable energy methods can’t provide band energy, and thus bring dangerous instability to electricity grids
that already are working at their capacity limits. In addition,
innovative approaches such as nuclear fusion, even in the
most optimistic scenarios, will not be ready for deployment
for several decades to come. Nevertheless, each method
has its advantages, and we should continue to search for
the optimal mix of energy sources, and also taking into account new constraints. Many innovative solutions are currently resting, or are not advancing at an adequate pace,
since current energy supplies have apparently become very
cost-effective due to the radical exploitation of new fossil
sources. However, if one looks at the damage they cause in
the long term, disillusion will set in sooner or later.
Thus, in conclusion, the energy issue has to be reviewed
considering all available facts. First, we note that demand for
affordable energy will increase much more than previously
assumed due to the increasing digitalization, mobility and
standard of living of an ever-increasing share of the population. Furthermore, global warming, which can no longer

BB, HPB

Why should you be interested in Thorium Power? (Part 1)
Maurice Bourquin, iThEC, international Thorium Energy Committee, Geneva, Switzerland
Abstract
We live in a world where the demand for energy is increasing, where the use of fossil fuels is threatening the environment, and where innovative scientific and technological
solutions are needed to meet the “decarbonization challenge”. Thorium-fueled systems are being developed in
many parts of the world, to produce electricity, to incinerate
accumulated radioactive wastes, and to contribute to protecting the climate and reducing atmospheric pollution. Is
there hope for thorium?

• a transformation and reduction of the use of fossil fuel,
• the development of new large non-fossil power plants
that are safe, environment clean and economical; together with hydropower and wind-based electricity, nuclear power is among the lowest greenhouse gas and air
pollution emitters, when their entire life cycle is considered. However nuclear energy has to be made acceptable to society, in terms of safety, waste management
and non-proliferation. This challenge may turn out to
be an opportunity, as the innovation required will drive
economic growth. This is particularly true for non-OECD
countries that do not have yet a fully developed nuclear
industry.

Innovative solutions to meet the “decarbonization challenge”
All climate conferences in the past showed, and the recent
23rd UN Climate Change Conference COP23 emphasized it
even more, that the decarbonisation challenge is of central
importance for our planet. But building sustainable energy
policies across the world is increasingly becoming a balancing act between climate protection, energy security, profitability and public opinion. This calls for:
• a cost-conscious approach to energy consumption, and
higher energy efficiency,
• an increased use of new renewable energies, such as
electricity production from solar power and from wind
turbines, taking into account that these sources are intermittent and need an equivalent amount of carbon-free
back-up power in order to cover the global needs,

The important question is therefore NOT if we should
say yes or no to nuclear energy, but is there an alternative to the present nuclear technologies? In Switzerland
the law on nuclear energy has been modified in 2017,
to the effect that “the Federal council must report regularly to the Parliament on the development of nuclear technology” (Art. 74a). This paper is in line with this
process.
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Toward innovative nuclear power
All commercial-scale nuclear power reactors in operation in
the world today, about 450 of them, rely on the uranium-plutonium fuel cycle, in which the rare isotope uranium-235 is
the principal fissile nuclide providing the fission neutrons
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needed to maintain criticality and power output. They provide about 11 % of the electric power in the world.

Fission reactions in which a natural element is first
bred into a fissionable one:

But it must be recognized that this nuclear power based on
thermal reactors has no sustainable future. It cannot solve
its fundamental problems: limited uranium resources, complex safety features (e.g. water-cooled reactors operate
at high pressure), unresolved radioactive waste handling,
economics, proliferation risks, etc. It is generally believed
that the present aging generation of nuclear power stations
should not be replaced by similar technology. A major step
of innovation is required. Most nuclearized countries are
pursuing Generation-IV reactors, where in several options
fast breeder reactors are foreseen, which are not the solution since this will lead to plutonium driven economies, with
their expected problems of safety, proliferation, etc.

Uranium Breeding Cycle

Natural U-238 + n " Pu-239;

Pu-239 + n " fission + 2.5 n

Thorium Breeding Cycle

Natural Th-232 + n " U-233;

U-233 + n " fission + 2.3 n

Extra neutrons needed to sustain a chain
reaction produced by ADS
radiotoxicity by orders of magnitude and turning a liability
into an asset in reactors.
The use of thorium as nuclear fuel is not new. Between 1950
and 1980, several critical reactor prototypes using thorium
were built. They demonstrated that such reactors could be
operated and have very good safety properties. In particular
this technology was investigated at the Oak Ridge National
Laboratory Molten-Salt Reactor Experiment in the 1960s.
However, the uranium-plutonium fuel cycle necessarily had
to be established first (in particular for producing the plutonium to be used in atomic weapons) and once the infrastructure was in place the thorium fuel cycle was disadvantaged.

The thorium solution
Can one imagine a world without uranium, without a Chernobyl accident, without a Fukushima Daiichi meltdown, without
long-lived radioactive wastes…? The properties of another
element, thorium, have been successfully demonstrated in
the past. Today thorium fuel could provide an alternative,
sustainable, safe, low-waste and proliferation-resistant fuel
for nuclear power generation.
Thorium can be found in
small quantities in most
rocks and soils, it is about
four times more abundant
than uranium and about
as frequent as lead. It is
part of several minerals,
such as monazite, which
Fig. 1. Thorium is chiefly refined can contain up to 12 % of
from monazite beach or alluvial thorium oxide, as, for exsands (credit P. K. Wattal, BARC, ample, in the rare-earth
India).
Steenkampskraal mine in
South Africa. There are also large deposits of thorium in India, Turkey, Brazil, Australia, Norway, and the USA. Thorium
is often a by‐product of mining for rare-earth metals, e.g. in
China and South Africa. Known and estimated recoverable
resources are between 6.6 and 7.4 million tons according to
IAEA, which represents about 1000 years of present total
world energy consumption (Fig.1).

U-233 is an excellent fuel for a breeder system, especially
with fast neutrons, where η, the number of neutrons produced with respect to neutron absorbed, is about 2.3 (Fig.
2). But the environment (the presence of Th-232 and U-238)
has to be taken into account. Th-232 and U-233 cannot simply be substituted for PWR fuel, mainly because of the higher neutron capture rate on thorium and the relatively long
half-life of Pa-233.
Several countries have understood the potential of thorium
for electric power generation and reduction of radioactive
wastes. Many current R&D activities were reported during
the international conference organized at CERN by iThEC
in 2013 [2]. For example, a three-stage strategy to use thorium is being developed in India, a test burning spent nuclear
fuel using thorium will be conducted in China in a few years,
thorium fuel is being tested in a light water reactor in Norway, researchers in a Dutch nuclear-material firm have begun tests of nuclear fission using thorium salts. The thorium
fuel cycle should have major advantages over the uranium
fuel cycle:
• Thorium is more abundant and wide-spread than uranium. ThO2 should be cheaper than UO2 on the world
market. Its price may not escalate as much as that of
UO2. There are for example already thousands of tons of
thorium stockpiled in the Nevada desert;
• The reactors can use liquid fuels which have significant
advantages in operation, control and processing over
solid fuels. Liquid fuels work at high temperature without
pressurization;
• The use of thorium minimizes long-lived nuclear waste
production. For instance, it takes 7 successive neutron
captures to produce Pu-239 from Th-232, an unlikely
chain. For similar reasons, the production of minor actinides is highly suppressed, contrary to U-238, thus

Unlike uranium-235, thorium-232, the only isotope of thorium occurring in nature today, is not fissile and must first be
transformed within the core into the isotope uranium-233,
which is fissile (see Info Box). This breeding reaction uses
almost all of the thorium present in the core, giving a potential gain factor of 140 compared to pressurized water reactors (PWR), where U-235 used constitutes only 0.7% of
natural uranium, in addition to a factor of 4 in abundance.
Other advantages are a) the negligible production of plutonium, b) the hard gamma radiation from U-232 rendering fuel completely unsuitable for weapons, c) the simple
control to avoid the production of macroscopic quantities of
tritium and finally d) the potential to burn present and future
nuclear waste, instead of storing it for hundreds of millennia
underground. Very long-lived plutonium and minor actinides
(neptunium, americium, curium) generated by the uranium
cycle can be mixed with thorium and burnt as fuel, reducing
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Fig. 2. Number of neutrons produced per neutron absorbed in various fissile nuclei, as a function of neutron kinetic energy (credit C.
Rubbia, [1]). For breeding to be possible, η has to be larger than 2, which is the case with U-233 for nearly all neutron energies.

The second part of this article will describe present efforts in
developing thorium-fueled ADS.

reducing the size and complexity of long-term nuclear
waste storage sites;
• Thorium is an excellent fuel for burning plutonium in both
thermal and fast reactors;
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U-233 formed cannot easily be used for weapon manufacture, since U-232 is also produced. U-232 radioactive decay chain leads to highly radioactive thallium 208, providing
resistance to nuclear proliferation. The high decay heat of
plutonium produced, if medium enriched uranium is used
to start the thorium cycle, also provides resistance to proliferation.
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thorium energy systems, with a focus on Accelerator-Driven Systems.

Thorium reactor options
There are three main methods:
• Breeding U-233 in thorium “blankets” around critical reactors, to introduce it afterwards in advanced thermal or
fast critical reactors; this is the Indian strategy;
• Continuously recirculating or recycling the burnt fuel after removing accumulated neutron poisons and continuously refueling the reactor, in order to always have fresh
fuel to guarantee a positive neutron inventory; this is
the solution implemented in molten salt critical reactors,
such as Liquid Fluoride Thorium Reactors, which can be
operated at atmospheric pressure, thus requiring much
simpler containment than water cooled reactors;
• Providing extra fast neutrons with an external source
generated by a spallation target driven by a beam of
high energy protons from an accelerator. In the 1990s,
Nobel Prize laureate Carlo Rubbia gave a major push
to this Accelerator-Driven System (ADS) technology, by
launching a vigorous research program at CERN, based
on the development of innovative simulation of nuclear
systems, specific experiments to test basic concepts,
and construction of an advanced neutron Time of Flight
facility to acquire neutron cross-section data.
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Physicists in Industry (6)
The following report narrates the early years of superconducting technologies in accelerator physics. Several sophisticated
techniques had to be mastered to achieve a high surface shape fidelity, the best surface polishing quality, and a reliable
deposition and ablation of brittle metals to assure high Q factors of large-scale RF cavities. Moreover, it was necessary to
reliably manipulate the interior surfaces of the cavities. Our author, Dr. Ursula Kaufmann, gives us a firsthand account of
those pioneering days.
BB

History of Accelerator Technology at Dornier GmbH
Ursula Kaufmann
The Early Years
Since the end of 1970s, Dornier GmbH’s Product Division
“Satellites and Application Systems” in Friedrichshafen,
Germany, has developed and built components for accelerator facilities, such as cryostats, UHV components, couplers, and carbon fiber–reinforced polymer vacuum tubes
and RF resonators such as cavities. The activities involved
designing and manufacturing self-supporting cavities made
of solid normal conducting copper as well as solid superconducting niobium (Nb) for various frequencies from 350 MHz
to 3 GHz for accelerator facilities at DESY in Hamburg (D),
Research Centers in Jülich (D), Cornell University (USA),
and CEBAF (USA) 1, as well as prototypes of Nb-coated
copper cavities for CERN in Geneva.
In 1985, I joined Dr. Werner Scherber’s team at the Research Division of Dornier System GmbH, a subsidiary of
Dornier GmbH, and had the opportunity to collaborate with
Dr. Gabriele Arnolds-Mayer to develop niobium-coated copper cavity prototypes for CERN. Gabriele had been recruited by Dornier as an expert in high frequency physics from
Wuppertal University, Germany.

material had to be as pure as possible to provide the required high thermal conductivity and to avoid emission of
residual gases dissolved in the sheet material during electron welding of the cavity shells, which could create defects
in the weld seams.
Because of the chosen
frequency of the accelerator facility, which was
350 MHz for the CERN
LEP collider, 4-cell cavity
structures were required,
which are four cavities
connected in series with
inlet and outlet tubes
at both ends where the
particle beam should enter and leave the cavity
structure. The length of
such a 350 MHz 4-cell
cavity structure including the input and output
tubes is nearly 2.5 m
Dr. Werner Scherber during a visit with a diameter at the cell
to CERN in front of a 4-cell cavity.
equators of about 75 cm.
However, high-purity Nb
is quite soft. As a result, big structures made of high-purity
Nb tend to sag because of the material’s softness, thus corrupting the required cell structure geometry.

Q Factors and Thermal Conductivity
For accelerators with very high end energies, cavities with
very high quality factors (about 1011) are required; orders of
magnitude above the quality factor feasible with normal conducting materials. This means that the resonator cells must
be made of superconducting material instead of normal conducting material. Additionally, the material needs to provide
high thermal conductivity because the cavities would have to
be cooled by suprafluid liquid helium to keep the cavity shell
in a superconductive state. During operation, the RF current in the cavity generates heat, which has to be removed
and transported through the cavity shell from the inside of
the cavity to the cooling liquid. Superconducting materials,
however, have inherently poor thermal conducting properties. Even minimal defects, in particular normal conducting
defects such as pinholes of copper in the Nb layer, induce
a huge temperature increase in the cavity, limiting the maximum achievable energy or even destroying the cavity.
In addition, the interior surface of the cavity had to be free
of defects, such as less than a pinhole in a square meter
comparable to a high-quality polished optical laser mirror.
The material of choice as superconductor was Nb, having
a transition temperature to superconductivity of 9.26 K. The
1 Continuous Electron Beam Accelerator Facilities in Newport News (VA,
USA).

Nb Coating on Copper Surfaces
At that time, a new cell manufacturing process was developed at CERN which combined the high thermal conductivity of oxygen-free copper shells and the superconducting
properties of thin, high-purity Nb films deposited thereon. To
provide the interior surface of the cavities with the required
high-end quality, a chemical polishing process was developed which generated the desired mirror-like surfaces prior
to a sputter deposition of a thin Nb film inside the cavity
structure. Transferring the cavity from the relatively “dirty”
and wet ambient in the chemical treatment step to a clean
UHV-vacuum ambience for sputter deposition of Nb onto
the interior surfaces posed one big challenge to the manufacturing process. Another obstacle was the chemical treatment itself. The interior geometry of the cavity determines
the resonator properties such as the frequency. Therefore,
the interior geometry prior to polishing the surface had to
include the amount of material removed during the chemical
treatment.
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The deposition technique chosen for Nb deposition
on the interior surface of the cavity was magnetron
sputtering. The cavity serves as vacuum chamber, anode and substrate and a Nb tube inserted in the cavity along its symmetry axis served as cathode. After
evacuation to a low base pressure below 10-7 mbar,
the cavity is filled with high purity Argon (99.9999) to
about 10-2 mbar.
A ring magnet with axial magnetization is inserted into
the Nb tube and an electric voltage of a few hundred
Volts applied between the cavity and the Nb tube. Ar
atoms are ionized as a result of collisions in the vacuum chamber, generating positive Ar ions and electrons.
The magnetic field gradient of the ring magnet behind
the wall of the Nb tube traps electrons in a narrow volume close to the surface of the Nb tube and more Ar
ions are generated by collision ionization in this volume. Ar ions hit the adjacent Nb surface which releases Nb atoms so that a very high deposition rate can be
achieved on the copper surface close to the magnet
position, improving the purity of the growing Nb coating. First, the inlet/outlet tubes are coated one after the
other by placing the magnet in the Nb tube in a corresponding position and then the magnet is moved into
the center of the cavity. Deposition of about 1 µm of Nb
in the cavity center took about 30 min. Then, the cavity
is vented with air and ready for inspection.

inside the cavity after insertion and collapsed before removal to an appropriate diameter).
After the polishing step, the cavity was thoroughly rinsed
with ultrapure water, dried with inert gas, and transported
into a clean room ambient. There, the cavity was opened
and a hollow Nb tube inserted as cathode for magnetron
sputtering. After a short sputter cleaning step of the copper surface, a magnet was shifted inside the Nb tube during sputtering where the location of the magnet determined
the location of the plasma plume and hence the location
of material deposition onto the interior surface of the inlet
tube, cavity, and outlet tube. A few 1.5 GHz cells had been
prepared that way.
The coated cavities fulfilled the requirements nicely, and the
technique could be successfully transferred to single-cell
350 MHz cavities and even a 4-cell cavity structure. Optical
inspection of the cavities polished and coated with the described process revealed high-quality surfaces.
In the end, CERN decided to use sputter-coated cavities in
the LEP accelerator facility.

The chemical polishing mixture inside the cavity removed
copper from the interior surface as long as it was in contact
with the surface. Discharging the mixture at the end of the
process needed some time, and copper removal was still
occurring on those surface areas which were still in contact with the chemical polishing mixture, while the process
had already stopped in areas where the mixture had already
been drained off.
Therefore, one of the first problems we had to solve in our
development was providing the interior cavity surface treatment with a well-defined start and stop in the polishing procedure.

Ursula Kaufmann (born in 1957
in Ludwigshafen/Rhein, Germany) studied physics at Karlsruhe Technical University and
received her doctoral degree in
1984 for her work on tunneling
spectroscopy on superconducting Nb3Sn at the Karlsruhe Research Center. She was a postdoc at IBM Research Laboratory
in Rüschlikon, Switzerland, 1984–1985. From 1985 to
1991, she worked with Dornier System GmbH in Friedrichshafen, Germany, on prototype development of
superconducting Nb-coated copper RF cavities, as well
as on Josephson devices and ceramic superconductors. In 1991, she joined the Research Laboratory of
Daimler AG in Ulm and worked on molecular beam epitaxy of ceramic superconductors. From 1994 to 2003,
she worked in the patent department of Daimler AG in
Frankfurt and Stuttgart. Since 2003, she has been in
private practice as a German and European patent attorney in Stuttgart.

Special Electrochemical Polishing Technology
For pragmatic reasons, we started the whole development
process on a smaller 1.5 GHz cavity instead of a 350 MHz
cell, which could be more easily handled. We chose electrochemical polishing for treating the cavity, as we have dealt
with the subject in another project. The electrochemical polishing fluid was inert as long as no electrical voltage was
applied to the electrodes, that is, the cavity shell and a counterelectrode inside the cavity, and the reaction time could
be controlled by switching the voltage on and off. Because
of the elliptical shape of the cavity, some effort was put in
the design of a counterelectrode inside the cavity to allow
for homogeneous material removal during electrochemical
polishing. The counterelectrode had to be inserted and removed through the inlet/outlet tube and nevertheless had to
at least have a constant approximate distance to the interior
surface of the cavity shell. As a result, the electrode turned
out to be an umbrella-like module (which could be expanded
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Thinking about Space and Time:
100 Years of Applying and Interpreting General Relativity
1

Claus Beisbart 1, Tilman Sauer 2, Christian Wüthrich 3
Universität Bern, 2 Johannes Gutenberg-Universität Mainz, 3 Université de Genève

In 1917, two years after having published the field equations
of the General Theory of Relativity, Einstein laid the ground
for modern cosmology by applying his new theory to the
universe at large. His famous paper “Kosmologische Betrachtungen zur Allgemeinen Relativitätstheorie“ [Einstein
1917] not only modified the original field equations by adding a cosmological term, but also provided one of the first
solutions to the field equations – a static world model which
is often called “Einstein world.” This work set the stage for
modern relativistic cosmology.

(Waterford, IE) provided a guided tour through Einstein's
1917 paper. His main claim was that Einstein's cosmological
model was not just an application of General Relativity, but
that it was deeply rooted in considerations that had led Einstein to his theory in the first place. O'Raifeartaigh illustrated
his claim by pointing out that the Cosmological Principle, an
assumption that has figured centrally in relativistic cosmology, was initially called “extended principle of relativity.”
Shortly after Einstein had developed his cosmological model, other researchers followed suit and explored the space of
relativistic world-models more systematically. Most of these
models are dynamic because they have the Universe expand. Such models obtained some empirical support when
Edwin Hubble discovered a correlation between the velocities and the distances of other galaxies with respect to our
own. Nevertheless, as Chris Smeenk (Ontario, CA) noted in
his keynote lecture, even in the 1930s, the relativistic world
models had at most qualitative empirical support. He identified three different research strategies that cosmologists followed to avoid problems with their models. These strategies
are what became known as the observational cosmology
program, perturbative approaches, and the attempt to infer
consequences of the models for local physics.

Fig. 1: The first page of Einstein's famous paper about cosmology
from 1917 (source: ECHO, Max Planck Institute for the History of
Science via a cc-by-sa License).

Taking the centenary of Einstein’s cosmological paper as
its starting point, a recent conference raised the question of
how Einstein's General Theory of Relativity gained momentum in physical applications and philosophical discussions.
The conference was titled "Thinking about Space and Time:
100 Years of Applying and Interpreting General Relativity"
and took place at the University of Bern. It was organized by
the authors of this article.

Fig. 2: The distribution of galaxies according to the Sloan Digital
Sky Survey. Our galaxy is in the middle; each dot represents another galaxy. Apart from selection effects, which e.g. restrict the
coverage of the sky, the galaxy distribution is homogeneous in a
statistical sense (sdss.org).

A philosophical challenge for modern cosmology was raised
by Casey McCoy (Edinburgh, UK). He looked at the heuristic and methodological role that the requirement of stability
played for the construction and choice of relativistic cosmo-

Celebrating the 100th anniversary of Einstein's famous cosmological paper, it was only natural that the conference began with a session on cosmology. Cormac O'Raifeartaigh
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logical models. Einstein’s world model was static, but unstable: Small perturbations of some parameters would lead to
a dynamical evolution. In addition to Hubble’s observations,
this instability was another key reason why Einstein came to
reject his original model. Questioning why instability should
be a problem at all, McCoy rejected the idea that instability would be problematic because it makes the actual world
unlikely.

far from trivial. In fact, it leads to two puzzles, that Read explained to the participants to illuminate the approach.
Another group of talks were devoted to the history of General Relativity. Galina Weinstein (Haifa, IL) related Einstein's
work in General Relativity to his discussion of Quantum Mechanics. There is a striking similarity between a particular
solution to the gravitational field equations, the so-called
Einstein-Rosen bridge [Einstein & Rosen 1935], and the
thought experiment of the famous “EPR”-paper by Einstein,
Rosen and Podolsky [1935]. So might the Einstein-Rosen
bridge have served as a heuristic guide for Einstein in developing the quantum mechanical thought experiment? Weinstein argued against this conjecture and contended that
there was no conclusive evidence for the claim that the EPR
paradox would have been inspired by the Einstein-Rosen
bridge.
Claus Kiefer (Cologne, DE) focused on an influential conference on General Relativity that was held in 1955 in Bern,
which in some ways marks the beginning of the renaissance
of the theory after its “low water mark” (Jean Eisenstaedt)
in the thirties and forties. Taking place only weeks after Einstein’s death, the Bern conference can be considered the
true beginning of a regular international conference series
“General Relativity and Gravitation”, which is still ongoing
and which led to the institutionalization of an ever growing
and active research community in General Relativity. Kiefer,
himself a physicist working in General Relativity and Quantum Gravity, offered an assessment of the scientific content
of the 1955 Bern conference.

Fig. 3: The Cosmic Microwave Background Radiation as measured by the Planck mission. The temperature of the radiation was
measured for various directions on the celestial sphere. The data
is projected as is common for world maps. To a high degree, the
temperature is the same in every direction. The tiny fluctuations
reflect inhomogeneities that late became structures, e.g. galaxies
(Photo: ESA).

General Relativity gives rise to a number of interpretive issues. Philosophers debate what the theory entails for the
basic concepts of space and time as well as motion. One
session therefore was devoted to the relationship between
relativistic space-time and motion. Within the theory, one
such relationship is established on the grounds of the geodesic principle, according to which test bodies follow geodesic lines of a curved space-time manifold. In his keynote
lecture, Jim Weatherall from the University of California at Irvine (USA) presented a mathematical framework that allows
a precise formulation and, indeed, a derivation of the socalled geodesic principle. The problem has been troubling
theoreticians for a long time because of subtle interpretive
difficulties in defining what exactly a small body would be
and in establishing how the equation of motion would follow
from the field equations, while also allowing for back reaction.

Another presentation featured work by Sjang ten Hagen
and Jeroen van Dongen (Amsterdam, NL) on the history of
General Relativity in inter-war Belgium in its academic, industrial, and institutional context. Skillfully relating this local
context to a more global one, the authors drew conclusions
about the history of the reception of General Relativity that
are valid also beyond the confines of the Belgian context.
Another historical talk was given by Marco Giovanelli
(Tübingen, DE). In his keynote address, he argued that the
influence of the French philosopher Émile Meyerson [e.g.
Meyerson 1925] was seminal in amplifying and accelerating Einstein's turn-away from the logical empiricism of Mach
and the Vienna Circle. Relatively unknown among philosophers of the analytic tradition, Meyerson’s work, which was
inspired by the philosophy of the German idealist Hegel, effectively pushed Einstein towards a realist position, which
assumes that theoretical posits of well-supported theories
reflect unobservable features of the world. This development in his philosophical thinking cannot be neglected to
appreciate the direction of his scientific work after World
War I.

Damian Luty (Poznan, PL) discussed the ontological status of events or space-time points in General Relativity. According to a moderate version of ontic structural realism,
space-time points do not have an existence independent of
the relations in which they stand, i.e. of the distances between them. To make sense of this idea, structural realists
need to specify how space-time points obtain their identity, a task that is particularly challenging if the space-time is
highly symmetric. Luty compared and assessed two recent
attempts in this respect by Michael Esfeld and Vincent Lam
and by F. A. Muller.

Another session of the conference dealt with the scientific
and philosophical evaluation of solutions to Einstein's field
equations. The first exact solution to the equations to be
found was the Schwarzschild solution describing what was
later called a black hole. As the keynote lecture by physicist Sabine Hossenfelder (Frankfurt, DE) made clear, black
holes are still a matter of intensive research. Hossenfelder
explained how the so-called 'black hole information loss par-

In a heavily debated work about the interpretation of relativistic theories, Harvey Brown [2005] set out to explain why
the symmetries of the space-time metric are also found to
be dynamical symmetries. While Brown so far has focused
on special relativity, James Read (Oxford, UK) extended
Brown’s approach to General Relativity. Such extension is
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adox' arises from an apparently innocuous combination of
established physics and the most common ways to tackle
the unsolved problem. Her provocative talk, which drew a
continuous line from black hole information to the recently
articulated 'firewall paradox', led to a heated discussion period surrounding, among other topics, the question of how
an apparent time asymmetry can arise from fundamentally
temporally symmetric theories.

a thermodynamic Carnot cycle involves a black hole. This
example, they claimed, offers a strong case that black holes
are indeed thermodynamic objects.
Dennis Lehmkuhl (Pasadena, USA) urged the importance
of interpreting vacuum solutions from a more general perspective. It is vacuum solutions or, at least, those parts of
the solutions in a matter-free region, as he emphasized,
that are used in the now four classical tests of general relativity, i.e. red shift, light deflection, perihelion advance, and
gravitational waves. He supported his argument by a careful
analysis of the evolution of Einstein's own thinking about
vacuum solutions.
In the last talk of the session, Dan Kennefick (Fayetteville, USA) presented a keynote lecture about gravitational
waves. These are wave-like solutions to the field equations
that lead to vibrations of space-time. Einstein himself had
discussed the notion of gravitational waves in a linearized
approximation of his field equations. He thus initiated a line
of research that would lead to the spectacular success of a
direct detection of gravitational waves recently reported by
the LIGO-VIRGO collaboration. Kennefick stressed crucial
developments that enabled this success: Both the emerging
consensus that gravitational waves exist and advances in
numerical relativity as well as in the development of the detection technology were important for the final detection of
this elusive but fundamentally important phenomenon.

Fig. 4: Light rays according to the Schwarzschild (black hole) solution of the gravitational field equations (source: M. v. Laue 1921,
Die Relativitätstheorie. Bd. 2. Die allgemeine Relativitätstheorie und Einsteins Lehre von der Schwerkraft, Braunschweig: F.
Vieweg, p. 226).

In a public evening lecture, John Norton (Pittsburgh, USA)
traced Einstein's path from the special theory of relativity to
the discovery of the general theory. He argued that it was
an error that initially misled Einstein to formulate an untenable theory of gravitation. But this same error, ironically, then
gave rise to a heuristic method, which later turned out to
successfully guide Einstein towards his final breakthrough
to General Relativity in late 1915.
The third day started with a session on cosmology and the
principles of General Relativity. Ruth Durrer, a cosmologist
from Geneva (CH), took as a point of departure the famous
measurements of supernovae distances, which suggest that
the expansion of the Universe is accelerating [e.g. Riess
1997]. In the framework of General Relativity, this acceleration can be accounted for by a cosmological constant or by
assuming a dark energy, the nature of which is unknown.
Durrer argued that, so far, the evidence for dark energy is
based upon distance measurements, which assume the validity of General Relativity. She stressed that, for an independent test of the hypothesis, new data are needed that do
not presuppose the validity of General Relativity.

Fig. 5: The center of our own galaxy, the Milky Way, as seen by
the X-ray observatory Chandra. Physicists have shown that there
is a supermassive black hole at the center. The black hole cannot
be seen, but sometimes X-ray flares like the one in the inlet are
emitted from the vicinity of the black hole (NASA/CXC/Stanford/I.
Zhuravleva et al.).

Philosopher Ryan Samaroo (Bristol, UK) considered the
conceptual structure of General Relativity. He referred to
Michael Friedman’s work, according to which the theory has
several layers. In particular, the Equivalence Principle is assumed to be not just an empirical hypothesis, but rather a
constitutive principle of the theory [Friedman 2001]. Samaroo defended Friedman's view of General Relativity against
recent objections. In the discussion, it was hotly debated
how useful the distinction between different layers is for our
understanding of General Relativity and of physical theories, more generally.

Philosophers Carina Prunkl and Chris Timpson (Oxford, UK)
presented joint work that also was dealing with the interpretation of black holes. They argued that one can consistently
apply notions of thermodynamics to black holes without invoking 'information' or similarly dubious notions. To make
this point, they developed a thought experiment in which
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further analysis by philosophers and physicists alike. There
is also interesting new work about the principles upon which
the theory is based, e.g. concerning the dynamical approach to space-time. Thus, the history of General Relativity
will continue to provide challenges for, and insights about,
physics and philosophy.

The presentation of philosopher Niels Linnemann (Geneva,
CH) and physicist Manus Visser (Amsterdam, NL) exemplified the productivity of collaborative research at the borderline between physics and philosophy. The question of their
talk was whether gravity and space-time, as described by
General Relativity, emerge from more fundamental physics.
A closer examination of the notion of emergence and an
analysis of arguments for emergence showed that the case
for emergent gravity is far from conclusive.
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Valeriya Chasova (Louvain, BE) started out from Noether’s
two theorems connecting symmetries and conservation
laws, which were formulated around the same time as early applications of General Relativity were first developed.
She then moved on to the systematic question of the extent
to which General Relativity falls under the purview of the
second Noether theorem, in particular, and to what extent
it could be considered a gauge theory. Interestingly, this
second theorem can be directly applied to General Relativity, and it turns out that the corresponding conservation law
does not require that Einstein's field equations hold.

Glossary
According to the Cosmological Principle, the Universe
is spatially homogeneous and isotropic about every
space-time point, at least at large scales. To our best
knowledge, the observed Universe obeys the principle.
Symmetries are transformations of a space-time that
leave certain structures invariant. A symmetry of the
metric, for instance, maps each space-time point to a
space-time point for which the metric is the same.

Although many solutions to Einstein's field equations, e.g.
the cosmological models, display symmetries, most real-world systems to which General Relativity is applied do
not have such symmetries, strictly speaking. Sam Fletcher (Minneapolis, USA / Munich, DE) thus developed the
notion of an approximately symmetrical space-time in the
framework of General Relativity. Starting from a suggestive
intuitive idea, he elaborated it into a full-fledged definition
of approximate symmetry. As it happens, on this definition,
approximate symmetry is relative both to an observer and a
context. In the discussion, it was much debated whether this
twofold relativity is troublesome.

Black holes are certain types of singularities in a space-time. They have an event horizon, which means
that, at least classically, no information can leave a
black hole. Physicist J. Bekenstein famously proposed
that black holes have entropy proportional to their surface area.
According to the Equivalence Principle, locally, motion
in a gravitational field cannot be distinguished from
motion as seen from an accelerated observer. The
equivalence principle draws on the fact that inertial
mass and gravitational mass coincide. Einstein used
the principle to construct his field equations.

In summary, the talks and the ensuing discussions showed
that Einstein's General Theory of Relativity continues to
foster active and innovative research at the intersection of
physics and philosophy. Solutions to the field equations fit
observational data of various sorts with highest accuracy
and Einstein’s theory continues to be the confirmed basis
of our current understanding of space and time. But the development and understanding of solutions to the field equations, their applications to the world and their conceptual
implications continue to raise deep questions that require

Scientific realism takes mature theories to be true and
literal descriptions of reality, even if they move beyond
the realm of the observable. Structural realists think
that mature theories only furnish a true description of
structures of the world, not about the things underlying
them.
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Bücherecke - Le coin aux livres
Thierry J.-L. Courvoisier
Des Etoiles aux Etats, Manifeste pour la gouvernance à l’écoute de la science 1
Georg Editeur, Genève 2017, ISBN 978-2-8257-1057-9

From Stars to States, A Manifest for Science in Society
Springer 2017, ISBN 978-3-319-59232-9

Keine Gesellschaft ohne Wissenschaft
Springer 2018, ISBN 978-3-662-55556-9

Thierry Courvoisier shows the important role that science
plays in our society and in shaping our environment, and
discusses the resulting responsibility of researchers for the
development of the world, that of making knowledge "really useful to society". As part of an analysis of the relationship between science and politics, his book provides clues
as to how scientists can (and indeed must) contribute with
their findings to the evidence-based policies that the society
needs. This means also countering the sometimes-hostile
approach of science that some of our contemporaries have
developed.

politicians: education, attitudes, language and also personalities. The precise, cautious, even sceptical language of
the scientists constructing knowledge differs starkly from the
necessarily simple and direct language of politics in search
of adherence and action. In addition, scientists owe their
recognition to the novelty and quality of their research, while
politicians are elected. A scientific theory is never totally definitive, can be criticized and recognized, but its acceptance
does not go through a poll or even a definitive election. The
timescales also are vastly different, long in sciences from
the fundamental findings to applications, contrasting with
the short re-election cycles in politics.

At the example of astronomy, his field, Courvoisier takes
stock of what astronomy has brought to society in the course
of history in terms of knowledge and innovation, as provider of time and seasons and time measuring techniques et
cetera. More generally, science as a whole has provided
comfort, health and longevity, the ability to travel to the four
corners of the planet – but with this domination over the
world, humankind is also modifying it: we have entered the
age of the Anthropocene.
Humanity profoundly modifies the planet Earth as a whole.
The effects are global: emissions of gases modify the atmosphere, lead to global warming, rising sea levels, local
droughts; the resulting scarcity of resources bring about population movements that become sources of political
conflicts. Local political decisions are no
longer sufficient when it comes to global
issues.

However, special attention to communication is essential to
improve the links between the two worlds, because society
needs science, as science is a necessary part of the solution to major societal challenges. Though science is not all:
society is held together by values and important aspects of
our lives are led by emotions.
To provide answers where necessary, science has to be
pedagogical with a language that can be understood. A
real cultural program, in which Thierry Courvoisier takes
us with the knowledge he has developed notably during his
engagement with the Swiss and European academies. In this book he offers us
his experience, and makes us scientists
aware of our responsibility to develop the
appropriate attitudes and communication
skills. Thierry Courvoisier plays here the
role of a mediator between science and
society. His book provides wonderful support to deepen this relationship, and is an
indispensable vade mecum that should
be put in the hands of all scientists and
policy makers!

Hence the responsibility of scientists
whose method is able to tackle the causes and effects of the complex climate
machine, for example, but also the mechanisms of human societies and psychology. "It is one of the responsibilities of scientists to bring the knowledge where it is
necessary for our societies to make the
right decisions and carry out the actions
that flow from them", explains Thierry
Courvoisier.

Antoine Pochelon

Bringing knowledge means proper communication with society and politics. While
many things distinguish scientists from
1 After the release of "Des Etoiles aux Etats, Manifeste pour une
gouvernance à l’écoute de la science", Thierry Courvoisier’s French text
has been translated into English and has appeared as "From Stars to
States – A Manifest for Science in Society", and is now also available in
German with the title "Keine Gesellschaft ohne Wissenschaft".
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The European Physical Society celebrates its 50th anniversary
Christophe Rossel
With a series of events, the EPS will celebrate this year the
50th anniversary of its foundation that took place at the University of Geneva in 1968. Under the impulsion of the Italian
physicist Gilberto Bernardini, the creation of this truly international cooperative venture in physics became reality with
the aim to contribute to the strength of European cultural
unity. Initially consisting of 62 individual members representing 20 countries the EPS has grown to become the large
learned society and umbrella organization of today, grouping 42 national physical societies and representing about
130’000 physicists in Europe.

Following this event on the
next day an EPS Forum on
Physics and Society will be
organized on the topic ‘Physics and ethics for society in
the Horizon 2050‘.
In order to trace the major The new building of EPS in Mulmilestones in the develop- house (2004) on the campus of
ment of the EPS, a special the Université d'Haute-Alsace.
booklet is in preparation by
several authors. Various individual blocks will present texts
and pictures relevant to the different EPS periods and domains of activity, and will be published in the magazine Europhysics News (EPN).

The different events will cover the history of the EPS from
its beginning in Geneva to its move to Mulhouse and its presence in Brussels, following the evolution of its involvement
in scientific excellence in research and education and in the
science policy debate.

Another ongoing project is the preparation of display panels
for an exhibit on ‘Physics in YOUR life’. These panels will
present in a simple accessible way some important discoveries issued from basic science that have impacted our
everyday life such as the laser, MRI or LED.
The EPS Young Mind section are organizing a photo contest entitled ‘50 years & counting’ open to everyone. The
pictures, celebrating the EPS 50th anniversary, can show
any scenes related to scientific research and education, in
the laboratory or elsewhere with colleagues. The condition
of participation and deadline can be found under http://www.
eps.org/?page=photo_contest or in EPN 48/5&6 page 7.

A special logo has been created for all EPS document, illustrating the deformation of space-time by a heavy mass
according to Einstein’s general relativity theory (see title
page). It is also a reference to the newly created Gravitational Physics Division.
At the EPS Council meeting in Paris, on 7 April 2018, a special session will be organized with 3-4 speakers talking respectively about the History of EPS, Physics in Everyday
Life and Perspectives in Physics.

Now it is evident that the celebration of this anniversary can
be shared by all national physical societies and all individual
members willing to contribute in any manner, e.g., by organizing special sessions, inviting or sponsoring speakers
and setting up displays or contests. It is also possible to
send any material that you may have to the EPS archives
or to request pictures or documents from these archives by
writing to the EPS Secretariat. All good and original actions
are welcome during this year either here in Switzerland or
elsewhere.

Gilberto Bernardini, first EPS president, signing documents during
the initial ceremony in the Aula Magna of the University of Geneva,
26 Sept.1968.

Since the EPS was founded at the Aula Magna of the University of Geneva, an official celebration ceremony in presence of prominent guests will be take place at this same
location on 28 September 2018. This event will remember
those who have contributed significantly to the EPS, summarize the main achievements in physics over the past 50
years and look also towards the future of science and the
grand societal challenges.

Nine former EPS presidents of EPS during the Council 2016 in
Mulhouse. From left to right - front row: Norbert Kroo (1993-95),
John Dudley (2013-15), Renato Angelo Ricci (1988-91), Herwig Schopper (1995-97), Fritz Wagner (2007-09), second row:
Ove Poulsen (2005-07), Christophe Rossel (2015-2017), Martial
Ducloy (2001-03), Dennis Weaire (1997-99)
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Bringing together scientists and artists to beautifully
communicate science - Science Film EXPOSURE Hackathon
Oriane Loiseau, Marquis McGee, Pedro Molina Cabrera, Alexandre Pinault, Laura Symul, Jane Yi, Antoine Pochelon
During a 3-day weekend in late November 2017, about forty
young science enthusiasts met to learn and develop science
communication skills by producing short science films under
the umbrella of the EXPOSURE Science-Film Hackathon
(http://www.exposurehackathon.com).

Trying to understand the alchemy of their success, the
members of the group S.o.S agreed to elaborate on two
questions: What motivated them to create a science film?
And what difficulties they encountered and how these were
solved?

Each of the eleven teams brought together three scientists
(PhDs and Post-doc students), a professional filmmaker,
and a mentor. The teams aimed to make short films that
are both beautiful and clearly convey a scientific concept to
non-scientists. The subjects chosen ranged from life sciences (biodiversity, bio-resistance, brain sciences, tardigrades),
social sciences (psychology, scientists lives, robots-human
relationship, altruism), to physics (“seeing” light, nuclear fusion).

What attracted the participants to make a film was to learn
about the important subject of science communication,
starting completely from zero. Professional scientists rarely learn about science communication inside their curriculum. “It is important to show to the general public and young
people that science is beautiful. Science communication
is fundamental to motivate young people to join science!”
The participants were surprised to discover that making a
film allowed them to express one’s artistic-side, which is not
usual in academic research. Oriane mentions: “With art, you
connect with people at an emotional level. You can engage
people emotionally with science”.
The choice of the scientific concept for the video was the
product of deliberation during the first day of the hackathon.
In the end, the team opted for Pedro's research topic since
they found nuclear fusion to be an exciting topic with potential for powerful story-telling that could stir interesting
physics with current global-scale issues. With his expertise
on the subject, Pedro ensured the scientific soundness of
the content while the other members were instrumental in
making sure that the film could remain understandable by
the general public.

The group S.o.S presented “Sun in a box”, a film about the
quest for fusion energy. The film was awarded the joint-first
prize by the expert jury and won the second-best prize of
the public. It is interesting to note that the participants in
the group come from different backgrounds: Oriane Loiseau (PhD in evolutionary biology - illustrator), Marquis
McGee (composer, musician, and artist - music), Pedro
Molina Cabrera (PhD student in plasma physics for fusion),
Alexandre Pinault (PhD in neuroscience and professional
film-maker/animator) and Jane Yi (PhD in neuroscience “the voice”). They came together to create an excellent narrative, enchanting, poetic and colourful, resulting in a very
appealing presentation. In their own words:
“This story is about a character who represents humanity
embarking on an epic quest to capture the sun. As capturing
the sun is impossible, the character resorts to building its
own sun using plasma. The implication of this achievement
may be a clean source of energy and a better understanding
of where we come from”. The story, the rhythm of narration,
the calm voice, the beautiful watercolours, and the delicate
music in the background, all contribute to a really captivating ensemble. (“Sun in a box”, https://www.youtube.com/
watch?time_continue=15&v=BZnueRroExM).

Regarding the difficulties encountered, the time constraint
of 3 days was difficult for the team. After deciding on the
idea, there were only two days for sketching, painting, animating, lighting, and editing. The presence of Laura Symul,
the mentor of S.o.S., was very important to keep the group
on track. Team morale and great chemistry was very important too. The team managed to strike up a good division of
labour. Near the stressful end of the weekend Pedro played
music for the group, which was very refreshing. The strength
of the stop-motion technique chosen allowed the filmmaker,
Alex, to carefully control the environment, which is not the
case in live-action film. Even when “mistakes” were made,
these were found to fit with the feeling of the film: the lack
of perfection added an artistic touch. About outreach/science-communication, in general, the group found it quite
hard to strike a balance between being correct and not being
overly complicated. You need to communicate the absolute
essentials, and leave out details not to drown the audience.
The group also found it difficult to share that fusion has not
yet generated net electricity. But, the team came to the conclusion that it was important to be humble and factual: “The
sharing of the difficulties with the public may call forward
their compassion on human strive, to the advantage of the
emotional connection about science, which we are seeking
with the video”. The nice result speaks by itself.
36

Communications de la SSP No. 54

Technologischen Entwicklungen auf der Spur
Beatrice Huber, SATW
Expertinnen und Experten der SATW diskutierten Anfang November an den Journées de Réflexion industriell relevante
technologische Entwicklungen. Dies ist Teil der Früherkennung der SATW im Auftrag des Bundes.
Die SATW ist dank gewählten Einzelmitgliedern, Mitgliedsgesellschaften sowie Expertinnen und Experten das bedeutendste Expertennetzwerk im Bereich Technikwissenschaften in der Schweiz. Im Auftrag des Bundes identifiziert
die SATW mithilfe dieses Netzwerks industriell relevante
technologische Entwicklungen. Innerhalb der SATW ist der
Wissenschaftliche Beirat (WBR) zusammen mit den Themenplattformen für diese "Früherkennung" zuständig. Dazu
formuliert der WBR mit den Inputs der Themenplattformen
jährlich einen Früherkennungsbericht. Dieser dient als
Grundlage für den Technology Outlook, der alle zwei Jahre veröffentlicht wird, letztmals im Mai 2017. Zudem treffen
sich einmal im Jahr ausgewählte Vertreter des Netzwerks
zu den Journées de Réflexion. Dort werden die technologischen Entwicklungen und deren mögliche Auswirkungen
auf die Schweiz als Werkplatz und Lebensraum diskutiert.
Daraus entstehen Vorschläge für Projekte und Schwerpunktprogramme. Am 9. und 10. November war es wieder
soweit.

Maschinenbauindustrie.

Entwicklung 1: Robotik
Eine der relevantesten technologischen Entwicklungen ist
die Robotik. Dabei geht es weniger um Industrieroboter,
sondern um kollaborative Roboter. Diese können ihre Umgebung wahrnehmen und somit ohne besondere Schutzeinrichtungen operieren. Sie können Menschen bei der Arbeit
oder zu Hause unterstützen, zum Beispiel als Haushaltsroboter wie Staubsaugerroboter. Dies ist ein riesiger Wachstumsmarkt. Für die SATW stellt sich immer die Frage, was
die konkreten Chancen, aber auch Risiken solcher Entwicklungen für die Schweiz sind. Bei der kollaborativen Robotik
sieht die SATW eine grosse Chance für die Schweizer Maschinenindustrie und Medizintechnik, denn die Schweizer
Forschung verfügt über die notwendigen Kompetenzen und
Ressourcen. Flugroboter haben in der Landwirtschaft, bei
"Search and Rescue"-Missionen sowie im Bau ihre Feuertaufe bestanden. Die Schweiz ist im Bereich professioneller
Flugroboter gut aufgestellt, Schweizer Start-ups gehören
zur Weltspitze. Wie bei vielen Entwicklungen braucht es für
die industrielle Umsetzung Risikokapital. Dazu wurde die
Swiss Entrepreneurs Foundation gegründet, was die SATW
sehr begrüsst.

Entwicklung 4: Künstliche Intelligenz
Künstliche Intelligenz eignet sich für extrem vielfältige Anwendungen. Das Spektrum reicht von Bild- und Spracherkennung über Augmented Reality in der Medizintechnik und
im Maschinenbau bis hin zu selbstfahrenden Autos und
Drohnen. 2017 hat die SATW ein Forum zum Thema organisiert. In einem anschliessenden Brainstorming der Themenplattform wurden Empfehlungen formuliert: Die Schweiz
soll sich als sicheren Ort für Daten positionieren und das
Sammeln gekennzeichneter Daten vereinfachen. Dazu ist
eine Zertifizierung von Systemen nötig, damit klar ist, was
man von diesen z.B. punkto Robustheit erwarten kann. Die
Zertifizierungsstelle sollte auf Regierungsebene angesiedelt sein. Zudem sollte ein geeignetes Set-up für Schweizer KMU geschaffen werden, damit diese von Künstlicher
Intelligenz profitieren können. Neben den vielen Chancen
hat Künstliche Intelligenz auch ein Imageproblem, da sie
stark mit dem möglichen massiven Verlust von Arbeitsplätzen verbunden wird. Dies muss aber nicht der Fall sein. Es
liegt an der Schweiz und ihren Akteuren, die Chancen der
Künstlichen Intelligenz zu nutzen, ohne die Risiken zu verharmlosen.

Entwicklung 2: Photonik
Die Photonik gilt als Basis für die Entwicklung bedeutender
technischer und industrieller Anwendungen. Sie zählt laut
EU-Kommission zu den sechs "Key Enabling Technologies". Aus Sicht der SATW ist die Schweiz ein exzellenter
Standort sowohl für akademische Forschung als auch für
die Photonikindustrie. Für die Schweiz ist vor allem die Entwicklung von neuartigen, hochintegrierten Systemen relevant, welche rein optische Verarbeitungs- und Messtechniken kombinieren. Damit lässt sich die Oberfläche eines
Werkstücks bearbeiten und in situ vermessen, ohne dass
dieses bewegt werden muss. Diese kombinierte Technologie ist eine grosse Chance für die Schweizer Optik- und

Entwicklung 5: Lebensmitteltechnologie
Die Ernährung der wachsenden Weltbevölkerung ist eine
grosse Herausforderung. Im Zentrum steht aber nicht die
Produktion, sondern die Verteilung. Beispielweise werden
heute viermal mehr Lebensmittel weggeworfen, als nötig
wären, um alle zu ernähren, die an Mangelernährung leiden. In der ganzen Wertschöpfungskette – Landwirtschaft,
Verarbeitung, Verkauf an Endkunden, Verzehr, Reaktion
des Körpers (Gesundheit/Krankheit) – gibt es Chancen für
Verbesserungen der Prozesse. Dafür können viele Ansätze
genutzt werden, mit denen sich die SATW beschäftigt, wie
Big Data/Digitalisierung, Robotik, Additive Fertigung, Künstliche Intelligenz, Medtech und vieles mehr. Speziell für den

Entwicklung 3: Mikrobiota / Mikrobiome
Auch technologische Entwicklungen in Medizin und Biotechnologie waren Thema der diesjährigen Journées. Dabei ging es unter anderem um Mikrobiota und Mikrobiome.
Mikrobiota sind die Gesamtheit aller Mikroorganismen im
menschlichen Körper, das Mikrobiom die Gesamtheit ihrer
Gene/Genome. Die menschliche Haut und Schleimhaut ist
von Geburt an mit Bakterien, Pilzen und manchmal auch
Viren besiedelt. Jeder Mensch hat also seine persönliche
Mikrobiota und diese ist für seine Gesundheit sehr wichtig. Die Mikrobiom-Forschung steht noch am Anfang, aber
die Fortschritte sind beachtlich. Geforscht wird an Behandlungen von Diabetes, Krebs, Reizdarmsyndrom, aber auch
Herz-Kreislauf-Erkrankungen. Mikrobielle Therapeutika
könnten klassische Antibiotika ersetzen. An der ETH Zürich
wird zudem fachübergreifend darüber geforscht, wie Darm
und Hirn miteinander kommunizieren.

37

SPG Mitteilungen Nr. 54

Lebensmittelbereich sind die sehr kritischen Konsumenten
als Endnutzer. Wenn Lebensmittel immer billiger sein sollen, dann leidet natürlich die Qualität. Wenn Konsumenten
jedoch Vertrauen in die Qualität der Lebensmittel haben,
sind sie auch bereit mehr zu bezahlen. Besonderheiten der
Schweiz machen "Versuchsanlage für Innovationen" im Lebensmittelbereich möglich: Weltklasse-Expertise in Hochschulen und Industrie, Innovationsfähigkeit, grosse Bereitschaft der Bevölkerung, Geld für Lebensmittel auszugeben.

DNA-Stück genau an der beabsichtigten Stelle eingebaut
werden. Dennoch sind Fehler möglich. Diese Nebeneffekte
konnten in der Zwischenzeit schon verringert werden. Was
der Technologie aber wirklich fehlt, ist ein standardisiertes
Prozedere, damit Experimente aus unterschiedlichen Labors adäquat verglichen werden können.
Dieser Beitrag ist der Auftakt für eine Blog-Serie zum diesjährigen Früherkennungsbericht. In mehreren Beiträgen
stellen wir im Verlauf der kommenden Wochen unsere Erkenntnisse zu einzelnen Technologien im Detail vor.

Entwicklung 6: "Genschere" CRISPR
Inzwischen stammt jedes zweite zugelassene Medikament
aus einem Biotechlabor. Anlass, um sich etwas genauer mit
einer neuen Technologie namens CRISPR zu beschäftigen.
Ein besonderes Werkzeug, mit dem es möglich ist, genau
dort in der DNA zu schneiden, wo es gewünscht ist. Das
ging bislang kaum. Mit CRISPR kann zudem auch ein neues

Auskunft
Beatrice Huber, Kommunikation und Marketing, Tel. +41 44
226 50 17, beatrice.huber@satw.ch
Claudia Schärer, Leiterin Früherkennung, Tel. +41 44 226
50 20, claudia.schaerer@satw.ch

2. Internationales Jost-Bürgi-Symposium
Das diesjährige Internationale Jost-Bürgi-Symposium vom
Samstagvormittag, 14. April 2018, 9:00 - 13:00 Uhr, in
Lichtensteig ist der Astronomie gewidmet und präsentiert
durch internationale Fachleute der Astronomieforschung
(Aurora Sicilia Aguilar) und der Raumfahrt (Claude Nicollier)
modernste Erkenntnisse sowie die Höhepunkte und das
Wissen zur Zeit Jost Bürgis, des engsten Mitarbeiter von
Johannes Kepler. Bürgi schuf den heute im Zürcher Lan-

9.15 Uhr

desmuseum ausgestellten Himmelsglobus, der von seinem
Kurator Bernard Schüle vorgestellt wird. Dies im Anschluss
an die Präsentationen über das hybride Himmelsmodell von
Bürgis Freund Ursus und über die Neuentdeckung einer
bis jetzt unbeachteten Schrift, die Bürgi auch als kenntnisreichen Metallurgen ausweist.
Details finden Sie auf https://www.jostbuergi.com

Mit Bürgi
zu den Sternen

Symposiumseröffnung

Mathias Müller, Stadtpräsident Lichtensteig

Wer war dieser Jost Bürgi wirklich?

Der mathematisch-technische Genius
Fritz Staudacher, Bürgi-Biograph, Widnau

Nicht nur die Sterne

Die Entdeckung völlig neuer Facetten
Jürgen Hamel, Astronomie-Historiker, Berlin (DE)

Ursus’ hybrides Modell

Astronomie:
Aurora Sicilia-Aguilar

Jost Bürgis Zürcher Himmelsglobus

Raumfahrt:
Claude Nicollier

Pause (25 Minuten)

2. Int. Jost-Bürgi-Symposium
im Toggenburg

Eine himmlische Demonstration
Günther Oestmann, Uhrmacher und Historiker, Berlin (DE)
Vier Kernkompetenzen Bürgis vereint
Bernard A. Schüle, Kurator Schweizer Nationalmuseum
10.55 Uhr

Moderne Messkonzepte

Die Bildung von Sternen und Planeten

Was Zeitmessungen über den Raum sagen
Aurora Sicilia-Aguilar, University of Dundee (UK)

Saalöffnung 8.45 Uhr
Eintritt frei

Faszination der Raumfahrt

Erkenntnisse eines Astronauten
Claude Nicollier, Swiss Space Center, EPF Lausanne

13.00 Uhr
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o
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Bürgi-E

Samstag, 14. April 2018
9.15 – 13.00 Uhr
Jost-Bürgi-Halle
Bürgistrasse 14, Lichtensteig

Angeregt durch Bürgische Ansätze
Bernhard Braunecker, Swiss Physical Society

12.50 Uhr
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ril 2018
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Schlussbemerkung

Bernhard Braunecker

Symposiumspartner:

Schluss des Symposiums
www.jostbuergi.com/symposium

Medienpartner:

Mini.
Kultur

Mini.
Kultur
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Universität Zürich Zentrum, KOH-B-10
Rämistrasse bei 71, 8092 Zürich
https://www.plaene.uzh.ch/KOH/room/KOH-B-10

Physikalisches Symposium zu

Joseph
FOURIER

Moderne Wissenschaft in seinem 250. Geburtsjahr
Fourier's Life and the Theory of Heat
Jan Lacki, Université de Genève
Fourier für Erleuchtete –
Neues aus Optik und Photonik
Markus Rossi, AMS (Heptagon)
Das Spektrum der Erde
Andreas Fichtner,
Departement Erdwissenschaften, ETHZ
Schnelle Fouriertransformation:
Algorithmen, Implementierungen, Anwendungen
Markus Pöschel,
Institut für Computersysteme, ETHZ
Eintritt frei
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Und wie viele AWG Kanäle
benötigt Ihre Anwendung?
für weniger als

CHF 5 500.–
pro Kanal

Der neue Zurich Instruments HDAWG ist der Multi-Kanal AWG mit der höchsten Kanaldichte
und der niedrigsten Trigger-Latenzzeit. In Kombination mit LabOne®, der Zurich
Instruments Geräte Software, kontrollieren Sie einen oder mehrere HDAWGs bequem
von jedem Web-Browser und über die mitgelieferten APIs.

Neu

Benutzen Sie den HDAWG mit LabOne und

Hauptmerkmale

∏lernen AWG-Programmierung in Minuten
∏erstellen mit Leichtigkeit komplexe Ausgangssignale und behalten dabei den Überblick
∏automatisieren Messungen mit dem
parametrischen Sweeper
∏integrieren den HDAWG in Ihre MATLAB®, .NET,
LabVIEW®, C und Python Experimentsteuerung

∏4, 8 und mehr Kanäle
∏2.4 GSa/s, 750 MHz, 16 bit
∏bis zu 500 MSa Speicher/Kanal
∏< 50 ns Trigger-Latenzzeit
∏schneller Transfer von Wellenformen
über 1GbE und USB 3.0

Sprechen
Sie uns an
asdf
Intl. +41 44 515 0410
info@zhinst.com
www.zhinst.com

Your Application. Measured.

Zurich
Instruments

